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Abstract

The thermoelectric properties ofiStax2Smw2TiOs-s (0.05< x< 0.30) ceramics have been investigated with compositions
batched, synthesised by solid state reaction and sintered irn/5at 1500 °C for 6 hrs. All X-ray diffraction patterns were
fully indexed according to a cubic perovskite phase. Scanigsg@n microscopy revealed homogeneous grain structure in the
ceramics ad confirmed relative density > 89 %. The electrical conductivity (¢) of X< 0.15 displayed metallic behaviour withs <
1000 S/cm, whereasx0.20were semiconducting withh < 250 S/cm. The Seebeck coefficient of all compositions waatineg
indicating n-type behaviour. Within this series, x = 0.20 displayetbthest thermal conductivity of ~ 3 W/m.K (at 973 K)=x
0.10 displayed the highest power factor of 1400 pW/K2.m (at 573 K) and overall x = 0.15 had the highest dimensionless @i§ure
merit (ZT) of 0.24 (at 875 K).
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1. Introduction

Non-renewable energy based on fossil fuels currently remain thevidesy used source of electricity generation.
The high cost of these fuels and their attendant environmental pollutissiensi of greenhouse gases have resulted
in researh towards the development of alternative energy sources and means to vegsteer energy from existing
sources [1,2]. Amongst these promising energy solutions, tedectric (TE) materials have received significant
attention as a way of converting waste heat energy back into a useabl&Fomaterials have the capaditygenerte
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electrical power using temperature difference (power generation) or to convert electrical powex tertgperature
difference (which can be used for applications such as solid state rfdggf3].

The performance of TE materials is evaluated using the dimensionlagsdiguerit,ZT, defined by:

_ s26T

ZT p 1)

where S is the Seebeck coefficients the electrical conductivity, T is the absolute temperature at which therpes
are measured, and k is the total thermal conductivity. From Equation lowee factor (PF)PF = So can be
determined and is a measure of the electrical power anticipated from a TE devide[#igher the value &T, the
higher the efficiency of the TE material. It is clear from equation 1 thatvailyles ofZT therefore require a high PF
and a low Kk [5].

Non-oxide intermetallic compounds such aslBi/Se;, SbhTes, PbTe/Se, SiGe and their corresponding alloys are
the most extensively studied TE materials [6] mainly because theggsossall phonon group velocity and low k,
desirable for optimizedT. The broad application of these materials is limited, however, due to toxitgity, cost,
and limited operational temperature range [7]. There is evidence, howexdratisition-metal oxide thermoelectric
materials are viable alternatives that may, given improvemei§, isurmount the challenges associated with non-
oxides[8-11].

Reduced rare earth (RE) doped Srfi€@ramics have recently been shown to have promising TE rjespe
[12,13]. SrTiQ as an end-member material has been widely studied in terms dfiettteoé different dopants doping
mechanisms, and processing conditions [14]. The most conRBodoping mechanism is based on A-site donor
doping via an electronic mechanism, i.e.*RE € —Sr?* (general formula SKRETIO3) in attempts to increase
Despite reported high S, high and largePF, ZT remains low due to high k when compared with non-oxide TE
materials [7].

The aim of this research is to study the structure-property relatiorafhipsdoped RE SrTi@s ceramics based
on the electronic doping sintered in 5% N2 gas mixtures. The purpose of co-doping instead of single dapary
attempt to enhance the phonon scattering and therefore reduce k withtigesitiy affecting the PF. To do this, we
select La as the largest RE ion and Sm as an intermediate sized RE ion tsigyivecant variation in the ionic radius
and mass of these A-site doping ions compared to Sr.

2. Experimental procedure
2.1 Ceramic processing

Compositions o6r-4Law2Smy2TiO3.5(0.05< x< 0.30) were prepared lasolid state reaction method from Sr€O
(99.90 %, Sigma-Aldrich, UK), L#®s; (99.99 %, Sigma-Aldrich, UK), Si@®; (99.90 %, Stanford Materials
Corporation, USA) and Ti€(99.90 %, Sigma-Aldrich, UK) as starting materials. These starting reagergsiried
and stoichiometric quantities mixed by ball milling in isopropanol usthgnm yttria-stabilised zirconia milling media
for 24 hours. The mixed powders were dried at ~@Gitved through a 250 um mesh and calcined at 1573 K in air
for 6 hours using an alumina crucible [15]

The calcined powders were mixed and ground with 5 wt.% poly vioghal binder and then pressed into 20 mm
diameter pellets using a uniaxial steel press using 1 ton of applied load fminute. The pellets were pre-sintered
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in air at 873 K for 1 hour to burn-off the binder and then siatén 5 % H/N, flowing gas at 1773 K for 6 hours.
Finally, the sintered ceranswere wet polished to remove surface impuritiestaqmtoduce smooth (and flat) surface
samples. The experimental density of the samples was determined pingpjrichimedes principle using an
electronic digital density balance (Mettler-Toledo AG balance).

2.2 Structural and microstructural investigation

The phase assemblage and crystal structures of crushed sintered pellets veeterideal by powder X-ray
diffraction (XRD) with Cu K, radiation £ = 1.5406 A) at room temperature usi§iemens D 5000 diffractometer.
Scans were conducted over a scan range from 202@®80sing a step size of 0.9&nd a scan rate of’dmin. The
collected data were analysed using Diffrac.Suite Eva.

Samples for microstructural examination were prepared by grindingaistiing ona diamond polishing wheel.
The polished samples were thermally etched at 90 % of the sintering tengardiu¥o H/N, gas for 30 minutes.
After carbon coating of the samples, the microstructures were studiedcad®ilgps XL 30 S FEG scanning electron
microscope

2.3 Thermoelectric properties

The Seebeck coefficient and electrical conductivity of disaples with diameters < 20 mm were measured
simultaneously in an argon atmosphere over a temperature rafga-6¥3 K using a Netzsch SBA 458 Nemesis
Seebeck and electrical conductivity analyser. The thermal properties (thermsildiffu; specific heat capacity,,C
and thermal conductivity, k) were measured using a high-speed Xeaubrarge pulse source on 10 x 10%souare
samples using a Anter Flashline TM 3000 thermal properties analyser.

3. Resultsand discussion
3.1 Crystal structure

The XRD patterns of the crushed ceramics sintered in 5kt 1773 K for 6 hours are shown in Figure 1. All
major peaks could be indexed on a simple cubic perovskite cell (sfmageRm-3m), however x =0.05, 0.2 and 0.3
exhibited weak intensity peaks (<1% relative intensity) that correspond€iio0The absence of a trend for the
appearance of second phase as a function of x suggests that thal FfE€dd is most likely due to unreacted raw
material. The lattice parameters, cell volumes and theoretical density were determimaduay calculation using
the XRD data and the results are shown in Table 1.

The lattice parameter of the ceramics decreases progressively with incogsimg bvel, 0.05 < x<0.20 and
then levels off at a value of ~ 3.9@3 The decrease is attributed to the smaller ionic radii &f (1136 A inco-
ordination number (CN) 12) and $n{1.24 A in CN 12) in the substitution for large#Sons (1.44 A in CN 12) [5,
16-18]. Kovalevsky et al. have shown a tetragonal phase f&r @&ming and 3.9096(3) A for &lao 1TiOz:s [13].

Our data suggests that the co-doping inhibits the apparent distortion tonatragt without further diffraction data
(electron, neutron) it is difficult to determine whether co-doping bhppressed the distortion or reduced its scale
length to below the detection of the X-ray diffractometer. However, weluwda that La and Sm had become
incorporated onto the A-site of the perovskite lattice in accordance with tieddtecmulaFurther crystallographic
study would provide more insight on the lattice distortions and incatiparof the co-doped elements, and provide
clarification on the solid solution limit.
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Figure 1. XRD patterns of SiLa.Smy,TiOs; (0.05 <X < 0.30) ceramics sintered in 5% KN, at 1773 K for 6 hours.
Table 1. Lattice parameter (a), cell voluméyaheoretical, 4), experimentald) and relative densityf) of Sh..LawSmu,TiOz.s ceramics
sintered in 5 % kN, at 1773 K for 6 hours.

X a (R) a (A3) pu(glem) pe (g/cn?) pr(%)
0.05 3.910(6) 59.802 5.17 5.05 97.6
0.10 3.907(9) 59.682 5.26 5.14 97.7
0.15 3.907(7) 59.673 5.34 5.15 96.4
0.20 3.903(2) 59.465 5.44 4.94 90.8
0.30 3.904(9) 59.582 5.59 5.00 89.4

3.2 Microstructure

After sintering all samples had a relatiansity of > 89 % (Table 1). SEM images of the thermally etched, carbon
coated surfaces for St.ay.Smy,TiO3s ceramics are shown in Figure 2. The SEM images of0x350.15 ceramics
revealed homogeneous and dense structures consistent with their higk dedasity of ~ 97 %. The images of x
0.20 and 0.30 ceramics showed evidence of porosity consistena Vatier relative density of ~ 90 %. The lower
density of x> 0.2 most likely relates to the more refractory nature of La andx3ahe in comparison to SrTiCand
suggests that further optimisation of sintering conditions is requdrachieve higher densities. The impact of porosity
in these compositions is unclear. Some authors suggest that the prdgmres create discontinuities in the lattice
which act as scattering centres, impede carrier mobility and enhance @uatt@ning [19]. In consequence s
decreased due to the restricted carrier mobility [19,20], while k is dedrégsadditional phonon scattering by the
pores [19]. These pores in the SEM images may therefore contributeuterthlows and low k values observed in
the x> 0.20 ceramics.

3.3 Thermoelectric properties

The temperature dependence of the thermoelectric properti8sk, PF andT) of Sh.laweSmy2TiO3.5 (0.05<
X < 0.30) ceramics sintered in 5%/N at 1773 K for 6 hours are shown in Figurd=Bjure 3a indicates thatfor x
< 0.15 decreases with increasing temperature, showing typical metplidsghaviour. At high dopant levebs%
0.20), a switch from metallic to semiconducting behaviour was obsérliecwitch from metallic to semiconducting
behaviour is currently the subject of further investigation. Theesigélectrical conductivity recorded was 942 S/cm
at 573K for x = 0.15. Seebeck coefficients of all the ceramics are nedBiiure 3b), revealing that electrons are the
dominant carriers. S increases linearly with increasing temperatanging metallic behaviour, but decreases with
increasing doping level. For examp|&| ~ 263 uV/K for x = 0.05 at 97X and decreases to1 19 pV/K for x = 0.30
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Figure 2. SEM images of the surfacesSaf,Lay.Smy,TiOs; (0.05< x < 0.30) ceramics sintered in 5%/N, at 1773 K for 6 hours and thermal
etched at 1623 K for 30 min.

at 973K. The power factqiS’s, can then be calculated. The power factors for the different composit®psesented

in Figure 3c. As the temperature increaseisfor 0.05 < x < 0.15 ceramics decreases progressively in the entire
measured temperature range. Fer2Q the PFincreases with increasing temperature over the measured range but
with very low values. x = 0.10 exhibits the high®# of ~1400uW/K2m at 573 K. The interplay of Seebeck
coefficient and conductivity in reduced oxide compositions to give Riesé complex. The O stoichiometry is most
likely inhomogeneous with bulk having higher oxygen concentrakian the grain boundary regions. The resulting
inhomogeneous electrical microstructure may result in differing Seebeck carffiaied conductivities as a function
distance within the sample, with the macroscopic properties representing easmhgviour. Total thermal
conductivity, k, Figure 3d, decreases with increasing temperature Withimeasured temperature range, suggesting
that heat transfer is controlled in the samples by phonon scattering][2lh2 increase in the phonon scattering is
attributed to the size and mass difference between the A-site dopar#adlSm) and host (Sr) speci€ke lowest
value of kis observed for x = 0.20 ceramic with a value of 3.0 W/m.K atl.7Bowever, we note that the increase
in porosity will also play a role in reducing thermal conductivity.

Overall, x = 0.15 possesses the highest ZT value (0.24) at 875 K due to thelyetagh PF and low k as shown
in Figure 3e. There are a wide range of values reported for RE-doped,ShEi@ajority of which relate to the same
electronic compensation mechanism discussed in this contribution [13]18h2se reported ZT values for reduced
bulk polycrystalline strontium titanates include 0.22 at 573 K fge3r0.1TiOzand 0.28 at 873 K for $§Ndo.1TiO3
[13, 1824], 0.22 at 800 K for Skl apsTiOz and 0.17 at 1045 K for SrddolTa0.1TiO3[18], 0.24 at 1073 K for
Sro_QSm)_lTi03 and 0.31 at 1023 K for &ﬂ_ao_lebo,ozTiO:g [13], and 0.36 at 1045 K for 'g_aSI'o_gsDyo_oﬂ-iO3 [13, 24].
Perhaps the most significant data however, was presented byl {i1&] who studied La-doped SrTi®ut batched
their ceramics in accordance with an ionic (A-site vacancy) compensagicmanism, St l ax,TiOs. Lu et al. [18]
concluded that A-site cation vacancies played in significant role in enablinggtiessrand egress of O which was
pivotal in influencing the concentration and distribution of charge caa@asrding to equation 2,

0% >V, +2€ +30,(g) @

resulting in larger PFs than reported here. The net result overall was aZiigl@e41) at 973 K.
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Figure 3. Temperature dependence ob(&) | S | (c) PF(d) k and (e¥T for Sn.4Lay,Smy,TiO3, (0.05< x < 0.30) ceramics sintered in 5%
H./N, at 1773 K for 6 hours.

Sm and La were chosen as co-dopants in this study to test the hypibiieaisange of ions with mass and ionic
radius dissimilar to Sr on the A-site would enhance phonon scatteidndegrease k whilst simultaneously acting as
a donor dopant, potentially increasing the carrier concentration. Evidepecesented that La and Sm co-doping
enhance&T in part through a reduction in k (3.0 W/m>= 0.2). However, as the RE dopant concentration increases,
the electrical conductivity decreases with a commensurate decreasé’i ©empositions with x = 0.15, with the
highestZT, reflect an optimum compromise between reducing k and maintaireteglic behaviour with higla. The
switch from metallic to semiconducting behaviour as a function ofuriently under investigation but may relate to
structural phase transitions involving rotations of the O-octahedra at@dtnown to occur in RE-doped SrEif28].
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4. Conclusions

Here we have presented a novel electronieatgioped SrTiQ@ material withZT of 0.24 at 875 K. Calopng with
La and Sm suppresses or decreases the scale length of a predisesiyed tetragonal distortion associated with Sm
as a single dopant, a point to be investigated further. Co-doping hadahéffect on k leading to the conclusion that
optimising ZT by this method is of limited value. In light oétlvork reported here and by Lu et al. [18] we suggest
that batched stoichiometries which favour the formation of A-site vacancies erémpmrtant to optimisingT.
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