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Abstract

Lanthanum doped strontium titanate is a potential n-type thermoelectric material at moderate
and high temperatures. (Lao.12Sr0.88)0.95T103 ceramics were prepared by two different routes,
conventional sintering at 1500 °C and spark plasma sintering at temperatures between 925 and
1200 °C. Samples with grain size between 40 nm and 1.4 pm were prepared and characterized
with respect to their thermoelectric transport properties at temperatures between 100 and 900
°C under reducing conditions (Hz/H2O-buffer mixtures). The thermal conductivity was
significantly reduced with decreasing grain size reaching a value of 1.3 Wm™'K-! at 600 °C for
grain size of 40 nm and porosity of 19 %. Electrical conductivity increased with increasing
grain size showing a maximum of 500 S.cm! at 200 °C for a grain size of 1.4 um. The highest
figure-of-merit (z7) was measured for samples with 1.4 um average grain size reaching 0.2 at

500 °C.

1. Introduction
The efficiency of energy systems can be improved by converting waste heat to electricity by
thermoelectric generators (TEGs). These are silent and compact but have limited efficiencies

as well as stability challenges under high temperature operation [1, 2]. The efficiency of a given
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thermoelectric (TE) material can be calculated by the dimensionless figure of merit, z7 [3] as
shown in Eq. 1
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where S is the Seebeck coefficient (thermoelectric power), o is the electrical conductivity, 7 is
the absolute temperature, and « is the total thermal conductivity corresponding to the sum of
electronic and lattice contributions. For applications of thermoelectric generators where maximum

electrical power generation is of importance (infinite heat source) the material selection should be

focused on materials with high power factor, P =S 2o, and the reduction in thermal conductivity
becomes less important [4-6]. For applications where maximum conversion efficiency is the key factor
(limited heat source) the optimization of z7 is still important [5]. In the literature survey below the

different material systems are distinguished with respect to the highest achieved figure-of-merit.

The state-of-the-art thermoelectric materials are represented by tellurides such as Bi;Tes and
SbyTes [7-8] with zT values well above 2. These systems are representative for a number of
thermoelectric materials based on heavy, toxic and rare metals and combined with low melting
temperature and oxidation in air, these materials are ruled out for applications in oxidizing
atmosphere at elevated temperatures. In contrast, a number of oxide based thermoelectric
materials are nontoxic, stable in oxidizing atmosphere even at high temperatures and made of
abundant and less expensive elements, which make them candidate materials for high
temperature applications. However, the TE-properties of oxides are still inferior to the metallic

based systems and the thermoelectric properties need to be improved.

Whereas oxides with p-type electrical conductivity, such as NaxCoOz and Ca3Co4-xOo-+s, show
zT-values above the threshold value 1 [9] and =~ 0.7 [10], respectively, the n-fype TE-oxides still
suffer from low to moderate z7-values. The most promising backbone structures for n-fype
oxides are ZnO [11], CaMnOs and SrTiOs (STO) [12], however oxygen deficient fluorite
derivative Gaz.xIns+Sn>O oxides also show promising performance with z7=0.28 at 727 °C
[13]. Koumoto et al. [14] and Walia et al. [15] have given general reviews on thermoelectric
properties of a variety of oxides while an updated review on STO based ceramics is given

below.

Undoped STO shows poor to moderate thermoelectric performance even in reducing atmosphere [ 16-
21] and donor doping on the A- and B-site is a common approach to enhance the TE-properties. The

variation in z7 for La-doped STO has been reported in [22-24] showing z7 values between 0.16 and



0.37. The highest z7 was reported by Kikuchi et al. [23] reaching 0.37 at 772 °C based on spark plasma
sintered (SPS) combustion synthesized powder. Ekren ef al. [4] doped STO with 10 % Nd on A-site
and added small amounts of ZrO> and BxOs to increase electrical conductivity and promote
densification by liquid phase sintering, respectively They reported a significantly enhanced power
factor and z7 reached 0.37 at 742 °C.

Nb as a B-site dopant has been investigated in [25-27] and Zhang et al. [26] reported z7=0.40 at 827 °C
for sintered samples where small amounts of a secondary phase were observed (possibly Ti0»). Li et
al. [28] have reported the highest z7 values to date for a bulk STO material co-doped with La and Nb.
They reported values between 0.41 and 0.43 at temperatures between 496 and 736 °C. Their powder
precursors were produced by a hydrothermal method and minor amounts of carbon powder was added
prior to sintering by hot pressing. Sintered samples contained small amounts of secondary phases

corresponding to TiO, and NbC.

The possibility of A-site deficiency in doped/co-doped STO has attracted attention from several
research groups [29-36]. Azough et al. [29] investigated the variation in thermoelectric properties of

St La,,;Ti0, ; withx between 0.0 and 0.9. They infer that A-site vacancies are randomly distributed

at x< 0.3, vacancy clustering occurred at intermediate x and finally ordering of both A-site vacancies
and La at x=0.9. They show that increasing x significantly reduce the thermal conductivity, while the
highest electronic conductivity was reported for x= 0.3 and the lowest for x=0.9. zT'reached 0.27 at 800
°C forx=0.5. Lu et al. [33] made a similar study as Azough et al. [29] although using a different notation
for the La-doped A-site deficient STO: Sr, , ,La TiO, ;. They reported the thermoelectric properties

of sintered samples varying y between 0 and 0.30 and reached z7=0.41 at 700 °C for y=0.15 (equal to
x=0.225 using Azough'’s notation). The most obvious reason for the discrepancy between these two
reports is most likely the electrical conductivity which is much higher in Lu et al.’s samples and may

originate from differences in pO..

A-site deficient STO co-doped with La and Nb is reported in [30, 32, 35], and the highest z7" was
achieved by Srivastava et al. [30] reaching 0.35 at 727 °C. Chen et al. [34] co-doped A-site deficient
STO with Nd and Nb and obtained z7=0.32 at 800 °C. They observed a significant reduction in thermal
conductivity with increasing concentration of Sr-vacancies.

In the present investigation we take advantage of the encouraging results related to A-site deficient,
donor doped STO [29, 33]. Our prime aim is to investigate the variation in TE properties (g, S, x

and z7) with grain size, porosity and temperature in reducing atmosphere. STO-materials with



5 mol% A-site deficiency, corresponding to the nominal stoichiometry (Lao.12Sro.88)0.95T1035
(LSTO), alternatively written as Lao.11Sr0.84V Ao.05T103.5, where VA is cation vacancies on A-
site was selected. The TE properties are reported for materials with grain size varying between

40 nm and 1.4 pm at temperatures between 100 and 900 °C.

2. Materials and Methods

Dense ceramic samples with grain size ranging from 40 nm to 0.8 um were prepared from
powders produced by spray pyrolysis (SP) and densified by spark plasma sintering (SPS) (Dr.
Sinter 2050 SPS, Sumitomo Coal Mining Co., Tokyo, Japan). Synthesis and sintering
procedure are described more in detail by Loland et al. [37]. Samples with average grain size
1.4 um were based on powders prepared by solid state reaction (SSR). Stoichiometric amounts
of dried Lax03 (99.9 %), Ti02(99.9 %) and SrCO3 (99.9 %) (Inframat Advanced Materials),
were mixed using a planetary mill for 60 min with yttria-stabilized zirconia (YSZ) balls in
isopropanol followed by drying in a Rotavapor and heat treatment at ~120 °C to produce a dry
powder. The resulting powder was calcined at 1100 °C for 7 h in an alumina crucible and
subsequently ground and sieved. Disc- and bar-shaped samples were prepared using uniaxial
pressing followed by cold isostatic pressing (CIP) at 200 MPa and finally sintered at 1500 °C
in 5 % H2/95 % N for 4 h. Heating and cooling rates were 200 °C/h. Density and porosity were
determined by the Archimedes method using isopropanol and pueorzs70=5.160 g/cm® [37].
Phase purity was analyzed on sintered and ground samples by powder X-ray diffraction (XRD)
(Bruker D8 DaVinci 1 diffractometer). SPS samples sintered at 925 and 1100 °C resulted in
small grains, and crystallite size was determined by XRD based on the solution of the Scherrer
equation [37], which can be used for crystallites less than 200 nm. The SPS sample sintered at
1200 °C was prepared by tripod wedge polishing before subjected to TEM analysis and
scanning TEM (STEM) images were recorded to reveal both grain size (linear intercept
method) and the presence of secondary phases by EDS analysis. The sample sintered (SSR) at
1500 °C was carefully polished and subjected to thermal etching (10 min at 1400 °C) to reveal
the grain boundaries and the grain size was estimated based on scanning electron microscopy
(SEM, Hitachi S-3400N) using the linear intercept method. Electrical conductivity was
measured by the 4-point DC-method (homemade setup [38]) and Seebeck coefficient
measurements were done using a ProboStat (NORECS, Norway). All electrical
characterization (conductivity and Seebeck) was done on bar shaped samples (20-3-3 mm?) in

humidified atmosphere (3 % H20 in 5 % H/Ar) at 1 atm total pressure, corresponding to



variation in oxygen partial pressures between 8102° and 2:10"'7 atm at temperatures between
500 and 900 °C. The humidified atmosphere was chosen to establish a defined partial pressure
of oxygen (p0O>) at each temperature, as opposed to a dry non-buffered atmosphere with an
undefined pO:. The samples were equilibrated at high temperature (800 or 900 °C) before the
temperature was decreased stepwise by 100 °C intervals for each measured value recorded.
Residence time at each temperature was sufficiently long to establish thermal equilibrium. The
thermal conductivity (k) was calculated from the product of thermal diffusivity (D), specific

heat capacity (Cp) and density (p), x = DC,p, where the thermal diffusivity was measured by

the laser flash method (Netzsch LFA 457 MicroFlash) on disc shaped samples (diameter=12.2

mm, thickness=2.5 mm).

3. Results and Discussion

3.1. Phases and microstructure

Powder XRD patterns of the sintered materials given in Fig. 1 show the main cubic SrTiO3
phase along with small amounts of secondary phases. La>Ti3O9 is observed in all samples, in
addition to observation of a TiO2-phase at both 1200 °C (rutile) and 1500 °C (anatase). Since
both TiOz and La,Ti309 are observed in materials sintered at 1200 and 1500 °C, it is anticipated
that these phases to coexist with the main cubic SrTiOs-based phase. The presence of TiO: at
lower temperatures cannot be ruled out, however, if present, the amount is below the XRD
detection limit. Since anatase is the low temperature modification of TiO», while rutile is the
stable phase at higher temperatures [39], the opposite observation in this case remains
unexplained.

Density and grain size of the sintered materials are given in Tab. 1. There is a significant
increase in grain size with temperature and the porosity is low for samples sintered at 1100°C
and above, while a rather high porosity (19 %) is observed for the sample sintered at 925 °C.

Microstructures of samples sintered at 1200 and 1500 °C are presented in Fig. 2.
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Figure 1. XRD pattern of (Srosslao.12)0.95TiO3 sintered at 925, 1100, 1200 and 1500 °C.
Secondary phases are marked: La>Ti3O9 (*): 29.3 °, PDF:01-075-4857) and TiO: (), 25.4 °
PDF:01-086-1155 (Anatase-tetragonal), TiO> (%) 27.5 °, PDF:04-003-0648, (Rutile). Main
phase Lao.10Sr0.90T103 (with Miller indices and indicated with grey vertical lines at the abscissa
PDF: 04-002-1010), and the peak at 2 theta equal 31.1 ° is due to the instrument (secondary
radiation from tungsten (WLaa1) originating from the X-ray tube).



Figure 2. a) STEM image of sample sintered at 1200 °C. The black arrow points at a secondary
TiOz-rich grain (EDS analysis) while the white arrow points at the main LSTO phase. b) SEM
image of sample sintered at 1500 °C (polished and thermally etched).

Table 1. Sintering method, sintering temperature, grain size and density for the

(Lao.12Sr0.88)0.95sT103 materials.

Sintering
Density Powd ) hod
o owder preparation metho
Method Temperature Grain size (%)
°C)
925 40 nm 81
SPS 1100 130 nm 97 Spray pyrolysis
1200 0.8£0.1 pm 99
SSR 1500 1.4£0.1 pm 99 Solid state reaction

Heating the material with nominal stoichiometry (Lao.12Sr0.88)0.95T103.5 yielded small amounts
of secondary phases. The solid solubility of La>Os in STO is significant [40] and the presence
of secondary phases may be due to A-site deficiency. Several research groups [26, 28, 30, 33,
41-42] have observed the presence of secondary phases in donor doped STO both for A-site
deficient and stoichiometric compositions and a systematic study of phase relations and
stability in the LSTO system has not yet been encountered in the literature. Considering the
presence of secondary phases, the final stoichiometry of our materials may be described by

Eq. 2,

0.057La20s + 0.836SrO +Ti02 — (Lao.12S10.88)0.95T103.5



— xLa;Ti309 +yTiO2 + Lao.1142xSr0.836 T11-3xyO35 2

suggesting that the final composition represents the equilibrium composition which will be
established at least at high temperatures. x and y in Eq. 2 are unknown and the possible
consequence with respect to the final stoichiometry of the LSTO phase will not be treated
further. The materials will simply be referred to using the nominal stoichiometry

(Lao.12Sr0.88)0.95T103-5 or alternatively Lao.11Sr0.84VA0.05Ti03.5.

3.2. Electrical conductivity

Electrical conductivities of the STO-based materials are presented in Fig. 3a. The relaxation
time at temperatures above 400 °C was at least 8 h. At temperatures below 400 °C, the
relaxation time was rather short due to low mobility of defects such as oxygen- and Sr-
vacancies, corresponding to a “frozen-in” state. Since the porosity also affects the measured
electrical conductivity, the conductivity of the material with the highest porosity (19 %) was

adjusted using the Landauer equation [43].

s=o —1 (3)

(1-p)?

where om is the measured electrical conductivity, p is the fraction of pores and o is the
calculated electrical conductivity for a non-porous material. Taking the porosity into account,
a moderate upward shift in electrical conductivity is observed (gray square symbols in Fig. 3a).
Whereas the 40 nm sample shows a pronounced increase in electrical conductivity with
temperature in the whole temperature interval, the electrical conductivity of samples with grain
sizes 130 nm and 0.8 pm are virtually independent of temperature above 300 °C. Further
increase in grain size to 1.4 um gave the highest conductivity at all temperatures, however with
a pronounced decrease at temperatures above 300 °C. At temperatures below approx. 700 °C,
the conductivity is significantly enhanced with increasing grain size, which is also evident in

Fig. 3b where the isothermal electrical conductivity is plotted against grain size.
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Figure 3. a) Temperature dependence of electrical conductivity. The uncertainty in conductivity
is £1 %. b) Isothermal electrical conductivity as a function of grain size. ¢) Temperature
dependence of the Seebeck coefficient, S. Uncertainty within £5 %. d) Power factor, P, as a

function of temperature.

The defect chemistry of La-doped STO is one important key to understand the variation in electrical

conductivity with temperature and partial pressure of oxygen (pO:) and is extensively treated by
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e.g. Moos et al. [40, 44-45] and Blennow et al. [46]. A simple approach to n-type electronic

conductivity in oxides is given by the formation of oxygen vacancies (V, ) and charge

compensating defect electrons (&),

0=V, +2¢' +% 0, (4)

where O is an oxide ion on its regular site. According to Eq. 4 the electronic conductivity should
increase with decreasing pO: at constant temperature and increase with temperature at constant

pO:. However, it is well established that A-site deficiency, i.e., Sr-vacancies (Vs/f ), plays a

crucial role with respect to the electrical properties both in pure- and donor-doped STO [44],
and the same goes for three-valent cations such as lanthanum as a donor dopant on A-site ( Lag,

), so that the total electroneutrality condition, Eq. 5 may be written

n=[La;, |+2[ Vi ]-2[ Vi ] (5)

where 7 is the concentration of electrons. Moos et al. [45] showed that at some intermediate pO:
the concentration of electronic charge carriers was defined by the dopant level of La in STO,

corresponding to Eq. 6.

n=|Laj | (©)
With a fixed value of n, the temperature variation of ¢ will be dictated by the variation in mobility of
the electronic species, un, and according to [45] the mobility follows a variation with temperature

described by Eq. 7,

()= [EJ'M )
n o K
where u, is (field) mobility at nominal temperature, and M is an exponent, independent of temperature,
but increases monotonously with the lanthanum content. The material with the largest grain size (1.4
um) shows a decreasing conductivity with increasing temperature above 300 °C (Fig. 3a) and is well
explained by the derivation given above. The same characteristic variation in o with temperature under

reducing atmosphere has been observed by several research groups for A-site deficient, donor doped

STO [28-30, 33-35, 41-42].
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However, for the materials sintered by SPS (40 nm, 130 nm and 0.8 pum) the conductivity vs. temperature
deviates significantly from the characteristic behaviour explained above. The 40 nm material showed
an increase in electrical conductivity with increasing temperature, while the overall electrical
conductivity was lower than for the other materials at all temperatures. The materials with grain size
130 nm and 0.8 um show a similar behaviour, increasing conductivity with temperature at 7<500 °C,
however becoming apparently independent at even higher temperatures. Ohta et al. [25] investigated
the effect of grain size (200 nm, 20 pm, and single crystal) on the thermoelectric performance of Nb-
doped STO. The concentration of charge carriers was found to be constant and independent of
temperature. However, for materials with grain size 200 nm they observed a low electrical conductivity
at low temperatures followed by a steep increase with increasing temperature. They explained their
observations by the formation of a double Schottky barrier (DSB) at the interface between the grains
which would reduce the carrier mobility significantly at low temperatures. The width of the DSB was
shown to decrease with increasing temperature leading to an increase in mobility corresponding to
enhanced electrical conductivity. Single crystal and materials with grain size 20 um showed a gradual
decrease in mobility over the whole temperature range (10-1000 K). Although Ohta et al. [25]
investigated Nb-doped STO we suggest that a similar mechanism explains the conductivity behaviour
also in the samples sintered by SPS, corresponding to a reduced conductivity with increased density of
grain boundaries. Ekren et al. [4] have also acknowledged grain boundaries as scattering centres for
charge carriers and that a more uniform microstructure will improve carrier mobility. Comparable
behaviour has been observed by Roy ef al. [47], for Nb-doped STO sintered by SPS for 5 min at
temperatures between 1250 and 1500 °C.

Segregation at grain boundaries may also affect the electrical conductivity. Longworth et al. [48]
observed a depletion of La at the grain boundaries for La-doped STO, which again will increase the
electrical resistivity at the grain boundaries. Dehkordi ef al. [49], on the other hand, investigated the
variation in thermoelectric properties of Pr-doped STO and observed enhanced carrier mobility
originating from the formation of Pr-rich grain boundaries. Hence, [48-49] emphasize the importance of

segregation of the dopants on the electrical conductivity.

According to the XRD analysis (Fig. 1) it is evident that secondary phases (La2Ti309 and TiO») are
formed during sintering. For samples sintered at 1200 °C, TEM/EDS analysis also show the
formation of TiO; at triple points between the LSTO grains (Fig. 2 ¢). It is anticipated that the
electronic conductivity of the secondary phases is lower than the main LSTO phase, and the effect

on the measured electrical conductivity will depend on whether the secondary phases are formed
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mainly at triple points or at the grain boundaries. Formation at the grain boundaries will be the most
detrimental to the electrical conductivity due to the separation of the grains with a phase with a lower
conductivity. A more elaborate TEM study is however needed to locate the distribution of secondary

phases in detail.

3.3. Seebeck coefficient

The Seebeck coefficients, S, presented in Fig. 3c are all negative, confirming n-fype conductivity
for all the materials at the given conditions. The variation in S was in the range from almost -140
uVK-! to approx. -270 pV'K-!. For metals or degenerate semiconductors, the relationship between S

and carrier concentration, 7, is given by Eq. 8 [50],

_ 87k,
3eh’

2
s m*T (=) ()
3n
where kp is the Boltzmann constant, e is the elementary charge, / is Plank's constant, m* is the

effective mass of charge carrier, and 7 is the absolute temperature. Hence, |S] is inversely proportional

2
to the carrier concentration (7 *), which is reasonably fulfilled for the material with grain size 1.4

pum according to Fig. 3a and 3c. The Seebeck coefficients are also in the same range as reported for
Lao.12Sr0ssTiO3 by Shang et al. [24], as their values were in the range -80 to -180 pV-K-! measured
between room temperature and 700 °C. The materials with grain size 40 nm show a significantly
higher |S] due to the low o (Fig. 3a) and a decreasing |S| with increasing temperature in correspondence
with the conductivity given in Fig. 3a. The materials with grain size 130 nm and 0.8 pm show a more
anomalous behaviour, apparently with a maximum in |S| around 500 °C. The variation in | S| for these
materials contradicts the proportionality predicted by Eq. 8. However, considering the +5 %
uncertainty, the variation in |S] between the materials with grain size ranging from 40 nm to 0.8 pm is

relatively small.

3.4. Power factor (P =cS?)

The power factor in terms of temperature for all samples is shown in Fig. 3d. Although the
variation in the measured Seebeck coefficients was significant (Fig. 3c), the relative variation
in power factor is dictated by the electrical conductivity as evidenced by comparing Figs. 3a
and 3d. The material with the 1.4 pm grain size stands out with a considerably higher power
factor than any of the other materials, reaching almost 13 uW'K-2¢m™ at 300 °C, comparable

with 15 uWK2cm™! achieved by Azough et al. [29] at 200 °C for a similar composition. Even



13

higher power factors have been reported by Ekren et al. [4] reaching 20 pWK->cm™! at 227 °C
for Nd-doped STO, essentially due to the high electrical conductivity (1100 S-cm™) at the same
temperature. This emphasize the potential of donor doped STO in applications where electrical

power generation is of importance [5-6].

3.5. Thermal conductivity

The thermal conductivity, x, presented in Fig. 4a shows decreasing values with temperature, in
accordance with scattering governed by the mean free path of the phonons (a /T
proportionality). Whereas the thermal conductivity of the materials with grain size 0.8 and 1.4
um is similar and shows a high value, a distinct reduction in x is observed for the sample with
grain size of 130 nm. Reducing the grain size further to 40 nm and introducing porosity gave
another significant reduction in thermal conductivity showing the lowest value of 1.3 W-m~
LK1 at 600 °C. Wang et al. [19] investigated the variation in & for nanograined SrTiOs3
(prepared by SPS) and showed a theoretical minimum of 1.4 Wm™'K-! for 10 nm grains just
above room temperature. Loland et al. [37] modelled the expected variation in x with grain
size and porosity for SrTiO3 at 1000 K based on data published by Wang et al. [19]. A 40 %
increase in x was estimated for 100 nm grain size for an increase in density from 81 to 100 %,
emphasizing a significant contribution from pores with respect to reducing the thermal
conductivity. Assuming that a 40 % increase is a reasonable estimate also for our 40 nm sample
the thermal conductivity would increase from 1.3 to 1.8 W-m™'K-! assuming a shift in density
from 81 to 100 %. It should also be emphasized that x will be reduced by the presence of Sr-
vacancies in combination with La-dopant (heavy element) [29, 34], suggesting that 40 % is
somewhat overestimated.

According to the XRD-analysis (Fig. 1), the presence of secondary phases is more dominating
for the 0.8 and 1.4 pm materials and for that matter it seems that grain size and porosity is more

decisive for x than the presence of secondary phases in this case.

3.6. Figure-of-merit (zT)

Fig. 4b presents zT values for all the materials in the present study. The 1.4 pm material
exhibited the overall highest zT" with a peak value of 0.2 at 500 °C. Including the presence of
A-site vacancies the stoichiometry may be written as Srogslao.11VAo.0s5TiOs5, which

corresponds to x=0.16 in Azough et al.’s [29] notation (Sr, La, ;TiO;;) and y=0.11 in Lu ez

al.’s [33] notation (815 ,La TiO, ;). For the same stoichiometry and temperature (500 °C)
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there is close agreement between z7=0.2 and their reported values, with the distinction that Lu
et al. reach approx. 0.3 at higher temperatures (700 °C). However, Lu et al. reported even
higher zT values for materials with nominal stoichiometry Sro.775La0.15VA0.075Ti03-5, ranging
from z7=0.2 at 500 °C to 0.4 at 700 °C. The high z7-values are due to the high electronic
conductivity varying from 750 S.cm™ at 500 °C to 400 S.cm™! at 700 °C.

Whereas the material with 1.4 pm grain size showed the highest z7, the 40 nm material
exhibited the lowest values. Even though the thermal conductivity was significantly reduced by

smaller grain size, this was on the expense of the electrical conductivity, and the resulting z7 values

became low.
7
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Figure 4. a) Thermal conductivity, «, as a function of temperature. The uncertainty in the
thermal conductivity values is £6 %. b) Temperature dependence of the dimensionless figure-

of-merit, z7.

To take advantage of the reduced thermal conductivity due to nano-sized grains, measures are
necessary to significantly reduce the electrical resistance represented by grain boundaries. This may
be accomplished by introducing alternative donor dopants which are enriched (segregated) at the
grain boundaries [49] rather than depleted [48]. Still, challenges may be encountered associated with
the formation of a double Schottky barrier (DSB) at the interface between the grains as pointed out by
Ohta et al. [25].
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Materials with grain size 40 nm to 0.8 pm were sintered by SPS (high pressure and short time),
while the materials with grain size 1.4 um were sintered conventionally. Applying SPS, the
driving force for mass transport will be enhanced and it is also commonly assumed that the
grain surfaces become cleaner due to the formation of a plasma between the grains during
sintering. This mechanism is not active in conventional sintering, and it cannot be ruled out
that these differences also may affect the thermoelectric properties of the materials. From Fig.
1 it is observed that the phase distribution in the materials sintered at 1200 °C (SPS) and 1500
°C (conventional) is very similar, except that rutile was formed at 1200 and anatase at 1500 °C.
Whether this may affect the TE properties remain speculation and can only be answered by
doing a further comparative study with focus on the role of the sintering method with respect

to TE properties.

Finally, the many research reports on STO based materials give some promise to future exploration
of this material system for applications in thermoelectric devices at high temperatures. Nevertheless,
it should be emphasized that from an application point of view, devices assembled with STO based
materials are restricted to reducing conditions and high temperatures, which complicates operation

in ambient atmospheres.

4. Conclusion

(Lao.12Sr0.88)0.95T103 materials were prepared by two different routes, conventional sintering at
1500 °C and spark plasma sintering at temperatures between 925 and 1200 °C. TE properties,
were measured on samples with grain size ranging from 40 nm to 1.4 pm in reducing
atmosphere (H2/H>O-buffer mixtures) in the temperature range from 100 to 900 °C. The
thermal conductivity, x, was significantly reduced with decreasing grain size, and the lowest
thermal conductivity was observed for samples with grain size of 40 nm reaching 1.3 W-m™"K-
'at 600 °C. The reduction in thermal conductivity was due to a combination of nanosized grains
and porosity. The electrical conductivity, o, increased with grain size signifying the resistive
nature of the grain boundaries. The highest figure-of-merit, z7'=0.2, was measured at 500 °C
for the sample with grain size of 1.4 pym and was dictated by a high electrical conductivity
compared to samples with smaller grains. To take advantage of the reduced thermal conductivity
due to nano-sized grains, it is concluded that measures, such as appropriate doping, are necessary to

significantly reduce the electrical resistance represented by grain boundaries.
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