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Abstract

La-doping mechanisms and thermoelectric properties ¢fif&); Ruddlesden-Popper
(RP) ceramics sintered under air and flowing 5%at 1773 K for 6 hours have been
investigated. Changes in lattice parameters and conductivity revealed a limited interstitial
anion mechanisnf~1 at%) based orLa®* + 20" — SF* which resulted in insulating
samples when processed in air. In contrast, electronic donor-dopitigHlea— SF*)

and oxygen loss [ — % O, (g) + 2 € are the dominant mechanism(s) in 5% H
sintered ceramics with a solution limit of ~5%t.The increased solubility limit is
attributed to the formation of ¥i during reduction which compensates for the extra
positive charge associated with La on the A-site and also to the occurrence of oxygen loss
due to the reducing conditions. For 5%-sintered samples, an insulating surface layer
formed associated with SrO volatilisation and oxygen up-take (during cooling) from the
sintering. Unless removed, the insulating layer masked the conductive nature of the

ceramics. In the bulk, significantly higher power factors were obtained for ceramics that



were phase mixtures containing highly conductive perovskite-b&ga)TiOz s (ST).

This highlights the superior power factor properties of reduced perovskite-type ST phases
compared to reduceP-type SgTi,O; and serves as a precaution for the need to identify
low levels of highly conducting perovskite phases when exploring rare-earth doping

mechanisms in RP-type phases.

. Introduction

Considerable research activity in the field of thermoelectric materials has taken
place in recent years due to their ability to directly convert heat into electricity. The
performance of a thermoelectric device is characterised by the dimensionless figure-of-
merit ZT, which is defined as, ZT = S’6T/k, where S is the Seebeck coefficient, & is the
electrical conductivity, k is the thermal conductivity and T is the average temperature in
Kelvin. Large ZT values for state-of-the-art thermoelectrics have been obtained in
antimony-', tellurium->, and germanium-"based compounds, which are made up of toxic,
rare elements that melt easily at high temperatures in air®. Thus, oxide materials are
promising candidates for high-temperature thermoelectric applications based on their
potential nontoxicity, natural abundance, durability, cheapness and high thermal stability™
7.

ZT is typically optimised due to a combination of high ¢ and S coupled with low
K. Strontium titanate, (ST) with a simple cubic perovskite structure is a good n-type
thermoelectric material based on its prominent ¢ by doping higher valence donor ions on

the A- and B-site and the high effective mass of the carriers. For example, heavily donor-



doped (electronic) ST with La®" and Nb>", show power factors (PF = S*c) of ~800® and
1300 pW/m/K? at 1000 K°, respectively. In addition to chemical doping, removal of
lattice oxygen by processing ST materials in reducing atmospheres (e.g., 5% H, at >1473
K) is another effective method to increase carrier concentration, Eq. (1).
05 = V5 +2e" +1/20,(g) (1)
These materials have high ¢ and large S which are sufficient to compete with
conventional thermoelectric materials'’. Unfortunately, « is high (~10 W/m/K at 300 K)
due to the lack of effective phonon-scattering centres in the simple cubic perovskite
structure, even with the presence of cation dopants and/or oxygen vacancies as defects.
To promote lower k in perovskite-type phases requires a lowering of crystal
symmetry to shorten the mean free path of the phonons and this can be achieved by
exploring Ruddlesden-Popper (RP) phases as opposed to cubic perovskites. The
perovskite layers of doped and reduced RP phases should retain high ¢ without
significantly suppressing S but disruption of octahedral phonon modes across successive
perovskite blocks separated by Rock Salt (RS) layers can reduce x compared with
conventional ABO; perovskites. Based on the best thermoelectric properties obtained in
Nb-doped SrTiOs, the thermoelectric properties of RP phases have been studied for Nb-
doped compounds prepared in an inert atmosphere by Lee et al., where they reported a
highest PF of ~300 p,tW/m/K2 at 1000 K for Sr3Ti1,95Nb0_0507”. They extended their
research to A-site doped RP phases and reported a PF ~430 pW/m/K? at 1000 K for 5 at.
% La-doped Sr3Ti,O;'* '* and achieved a maximum PF (~450 pW/m/K* at 1000 K) for
(Sr0.95Gdo,05)3Ti20714’ 5 The lower PF values compared to ST perovskites was primarily

due to the lower o of the RP phases containing insulating RS layers between the



perovskite blocks and this has been proposed to be the main obstacle in the development
of good thermoelectric properties in RP phases'®. However, these materials were prepared
in inert atmospheres and therefore the influence of reduction from mechanism (1) on o
has not been investigated.

The electronic or so-called ‘donor-doping’” mechanism in Eq. (2) has been widely
used to create free electrons in the lattice to increase ¢ of La-doped SrTiO; and
SKTi,0p % 4 1719 However, there are at least three compensation mechanisms in La-
doped SrTiO;, which can also be dependent on the conditions of synthesis, e.g., Py, and

2022 These are listed as mechanisms (2)-(4) and represent electronic, A-site

temperature
and B-site vacancies, respectively. In the case of RP phases there is a further possibility
of oxygen interstitials, as shown in mechanism (5). Note that the cation compositions for
mechanisms (2) and (5) are identical; however, samples based on mechanism (2) are

generally good n-type electronic conductors whereas those based on mechanism (5) can

have various properties ranging from insulating, mixed ionic/electronic to ionic (O*)

conductors®.
2+ 3+ -
Sr*" > La’ +e (2)
3Sr*" — 2La’" (3)
Sr** + % Ti*" — La’" (4)
Sr*" > La*" + 1%0* (5)

Improvement of o for La-doped Sr3Ti;O; under inert atmospheres may
predominantly be a consequence of mechanism (2) and possibly some oxygen loss

[mechanism (1)] in the process of ceramic preparation.



To clarify the influence of reducing conditions on the La-doping mechanism(s)
and PF properties of the RP phase Sr;Ti,O7, we present results for ceramics based on the
La-doping mechanisms listed above prepared in ambient (air) and reducing (5% H,)
atmospheres. Furthermore, we highlight the influence of heterogeneity associated with
resistive surface layers and conductive secondary phases on the electrical properties of
ceramics processed under reducing atmospheres. Recognition of these heterogeneities is
important as processing titanate-based ceramics under reducing conditions is a common
method to induce significant levels of oxygen-loss, mechanism (1), and therefore n-type

conduction in these materials.



1. Experimental

(SnxLay)sTi207, (Sr-ayaay)sTiO7 and (Sri-,La,);Tiz-3,407 ceramics (from 0 to
0.10) were prepared from SrG(O(99.90%, Sigma Aldrich), L®; (99.99%, Sigma
Aldrich) and TiQ (99.90%, Sigma Aldrich) by a solid state reaction method.
Stoichiometric amounts of dry raw materials (drying temperatures of 573 K {5rCO
1173 K (TiG andLayO3) were weighed with a precision of £ 0.0001 g. Starting powders
were mixed using an attrition mill for 60 minutes with yttria-stabilised zirconia (YSZ)
media in iso-propanol. After being dried at ~353ukd sieved through a 300 pm mesh,
mixed powders were calcined at 1473 K for 12 hours in an alumina crucible to
decompose the carbonate and homogenise the reactants. Pellets and bar samples were
prepared using a uniaxial press with calcined powders in a square die, followed by cold
isostatic pressing at 200 MPa and finally sintering in air or flowing 5%93% N, gas
(referred to as 5 % Horthwith) at 1773 K for 6 h, respectively.

A high resolution STOE STADI-P ffractometer (STOE & Cie GmbH,
Darmstadt, Germany) with a linear position sensitive detector (PSD) was used for
crushed samples with CuKa (A = 1.5406 A) radiation. The operating voltage and current
were 40 kV and 30 mA, respectively. Ceramic microstructure was examined using an FEI
Inspect F Scanning Electron Microscope (SEM) and JEOL JEM 3010 Transmission
Electron Microscopy (TEM). All SEM samples were carbon-coated prior to examination.

Impedance spectroscopy (IS) was performed on an Agilent E4980A over a
frequency range of 20 Hz-2 MHz with an applied voltage of 100 mV using In/Ga

electrodesS ando were measured simultaneously on ~20x3x3 mm bar samples with Ag



electrodes by a conventional steady state method and a four-probe method, respectively,

in air from 473to 973 K.



1. Results

(1) La-Doped Sr3Ti,O7 Ceramics Sintered in Air

All doped samples (irrespective afyor z) prepared in air were off-white in appearance
and with the exception of x = 0.01 all were confirmed as phase mixtures by
combination of XRD (not shown) and analytically electron microscopy. Secondary
phases identified included a perovskite-type SgTi@ x and y and B-site deficient
hexagonal-type perovskite SyJa;O;5 and an anion-excess layered-type perovskite
SrLayTisO;7 for z. Identifying low levels of perovskite-type Srgi@s a secondary phase
was challenging for the x series but was confirmed in x = 0.02 and 0.05 by the
appearance of an additional reflection in the XRD patterns dttw#0Otheta (hkl = 111)

Fig. 1(a) and was also observed by TEM (discussed later). The XRD pattern for powder
of x = 0.01 crushed pellets fully indexed taBsO; ([11-633] ICDD card) and there was

an expansion of the unit cell volume compared to undopdd.&x prepared in air, Fig.

1(b). The high frequency arc in impedance complex plane, Z*, plots was used to extract
the bulk (grain) resistivity, (pp) of undoped SiTi,O7 and x = 0.01 ceramics sintered in air.
The bulk conductivity, o, = 1/pp, plotted in Arrhenius-format shows the La-doped
ceramics to have lower conductivity (~1 to 1.5 orders of magnitude at ~893 K) and a
significantly higher activation energy for bulk conduction, E1 eV) compared to

undoped SiTi,07, Fig. 2.

(2) Undoped Sr3Ti,07.s Ceramics Sintered in 5% H»
The colour of undoped gIri,O; ceramics sintered in 5%,HSrTi,0;;5) was dark green

suggesting oxygen-loss with partial reduction ¢f T Ti** ions had occurred within the



ceramics. This was in contrast to the off-white colour with fully oxidiséd ibns for
undoped SiTi,0; cefamics prepared in air. XRD performed on the surface of undoped
SiTi,075 ceramics sintered in 5%Hand on powder from crushed pellets gave very
different results, Fig. 3. The XRD pattern for the powder of crushed pellets fully indexed
to SkTi,0O7 ([11-633] ICDD card) but with considerable expansion of unit cell volume
when compared to undoped ceramics prepared in air, Fig. 1(b). In contrast, the XRD
pattern for the ceramic surface contained many additional reflections. Some of these are
associated with a simple SrT3®pe cell (presumably oxygen-deficient and referred
forthwith as SrTiQs due to the high temperature and low,p&nployed during the
synthesis), however, there are other reflections that do not index to any known phase in
the ICDD database.

Backscattered electron images (BEI) on a cross section of a pellet sintered in 5%
H, are shown in Fig. 4. The BEI demonstrated clear evidence for the presence of a
surface layer with a different composition to that of the ceramic interior. EDS analysis
showed the Sr/Ti ratio to be lower for the surface layer (Sr/Ti ~ 1) compared to the
interior of the ceramic (Sr/Ti ~ 3/2), Table 1.

Typical Z* plots at RT for unpolished and polishedT$O;; ceramics sintered
in 5% H, were dramatically different, Fig. 5. A Z* plot for an unpolished ceramic was
dominated by a single, large arc that could not be fully resolved as the total resistivity of
the sample exceeded ®>MQcm, Fig. 5(a). In contrast, the Z* plot for the polished pellet
showed a single arc with a total sample resistivity 4f kQcm at RT, Fig. 5(b). This
showed the as-sintered ceramic to contain a resistive surface layer. Using the relationship

oRC =1 at the arc maximum in Fig. 5(b) showed the associated Capacitance, C, of this



arc to be 173 pF/cm, consistent with non-ohmic contacts between the polished ceramic
and the metal electrodeBhe size of this arc changed with the application of a small dc
bias (<2 V) to the IS measurements and also when changing the work-function of the
metal electrode by replacing In/Ga electrodes Wigh(not shown). These observations
support the assignment of this arc to non-ohmic electrode contacts. Inspection of high
frequency data in the RT Z* plot showed the presence of a non-zero intercepfah~4
associated with the total resistivity of the ceramic, Fig. 5(c). Cryogenic measurements
were performed in an attempt to quantify the bulk (grain) response via the presence of a
high frequency Debye peak in the imaginary component of the electric modulus M”
spectruri* . A combined Z” and M” spectroscopic plot at 10 K showed a low
frequency Z" Debye peak associated with the resistive, non-ohmic contact, however, the
M" spectrum showed an incline at high frequency indicating the grain (bulk) response
remained too conductive to measure by IS, Fig. 5(d)0 K. The M” Debye peak at
intermediate frequency is attributed to a thin layer (electrode/surface) response, Fig. 5(d)

but was not investigated in detalil.
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Fig. 1. (2) XRD patterns for ($xLax)3Ti-O7 ceramics sintered in air and 5%, Hb) unit
cell volume for x-series ceramics sintered in air (black filled circles) and 5%seld

filled circles), and (c) lattice parameters fori(fhray)3Ti.O7s ceramics sintered in 5%,H
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Fig. 2. Arrhenius plots of o, for undoped SiTi»O; (filled black squares) and x = 0.01

(filled red circles) ceramics sintered in air.
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Fig. 3. XRD patterns of powder from a crush8dTi,O;; pellet (lower) and its surface

(upper) prior to crushing. The ceramic was sintered in 5%tH773 K for 6 h.
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Fig. 4. Backscattered electron images on a cross sectiBhikO;; ceramic sintered in

5% H,.

Tablel. Relative percentage of Sr, Ti and the Sr/Ti ratio from theinterior and
surfaceregionsof Sr3Ti,O7.5 ceramic sintered in 5% H at 1773 K. Theoretical
valuesfor Sr3Ti,O7 are Sr = 60.00%, Ti =40.00% with Sr/Ti=150and Sr =

50.00%, Ti = 50.00% with Sr/Ti =1.00for SrTiOs.

Bulk Surface layer
Element

SrL TiK Sr/Ti SrL TiK Sr/Ti

59.31 40.69 146 5276 47.24 1.12

62.08 3792 164 5214 4786 1.09

6225 37.75 165 53.08 46.92 1.13
Relative %

62.61 37.39 167 53.37 46.63 1.14
59.80 40.20 1.49 5058 4942 1.02
60.98 39.02 156 49.88 50.12 1.00

Average Relative %  61.17 38.83 158 51.97 48.03 1.08
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Fig. 5. Typical RT Z* plots of (a) an unpolisheds$i,07.; pellet, (b) a polished pellet, (c)
inspection of high frequency data of (b); (d) combinetladdM" spectra of a polished

SiTi,07 pellet at 10 K, sintered in 5%,H

(3) La-doped Sr3Ti,0;.s Ceramics Sintered in 5% H»

The development of resistive surface layers on ceramics sintered i &fgo-bccurred
in La-doped samples and was attributed (in part) to the uptake of oxygen during the post-
sintering cooling process in 5%,Hn an attempt to minimise the deleterious influence

on o [reverse reaction of mechanism (1)] for any re-oxidation on cooling, all ceramics
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were prepared using a fast cooling rafe80 °C/min after sintering at 1773 K. Ceramics
were then polished ta58% of their original thickness prior to electrical measurements.

Powder samples of polished crushed pellets for the x-series compositions
appeared single-phase by Laboratory XRD up to x = 0.05 with a simple cubic-type
perovskite SrTiQs (ST) cell as an observable second phase in x = 0.10 sintered in 5%
H,, Fig. 1(a). XRD showed observable secondary phases includingrdiQ, and
SiTizOq for the y and z series (not shown).

The XRD patterns of the La-doped oxygen-deficienT 50, type phase in all
samples were indexed on a tetragonal unit cell (space group 14/mmm) as reported in the
literaturé®. For the x-series processed in 5%, fthe lattice parameters and unit cell
volume decreased smoothly with increasing x, Figs. 1(c) and (b), respectively therefore
confirming the existence of a larger solid solution when compared to ceramics prepared
in air.

TEM images of (SrxLay)sTi2O7 (x = 0.01, 0.05) ceramscsintered in air and 5%

H, obtained close to [110] are presented in Fig. 6. The [110] zone axis contains the (001)
plane and thus reveals information about the SrO layers and any defects in the stacking
sequence, particularly in samples thagre tilted off-axis to give two beam bright field
diffraction contrast conditions. Faint planar defects in these images represent essentially
unstrained stacking faults in the RP superstructure, as shownsn6fey for x = 0.01
processed in 5% HDarker contrast planar defects were observed for x = 0.01 processed
in air, Fig. 6(a) an@rose because of deviations as a function of distance from a coherent
Bragg condition andvere associated with local lattice strain. Comparing Figs. 6(b) and

(d) (x = 0.05, air and 5% Hrespectively) the main difference is the clear formation of

15



discrete blocks of SrTi@in air sintered samples interleaved between the RP phase. In
contrast, the grains in x = 0.05 sintered in 5% ¢inain essentially single-phake-type

Sr3Ti 207.

100 nm

Fig. 6. Two-beam bright field TEM images of (St.ay)sTi.O; samples obtained with the
electron beam close to [110]. (a) x = 0.01 and (b) x = 0.05 sintered in air and (c) x = 0.01

and (d) x =0.05 sintered in 5%.H
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Fig. 7. Secondary electron images of a fractured surface for (a) x = 0.01 and Q)%

ceramics sintered in 5%,H

500 —~ 60

£ | @ -9-x=010-9-x=0.05 E | _gx=010-0-x=005

>=. ~@-x=0.02-9~x=0.01 o 50 ——x=0.02—Q—x=0.01

=0 -@-5r,Ti,0, e ~9-5r,Ti,0,

ﬂ. > 40

Ea30f O ¢ ——o—9 2

K g 30}

£ :

200

8 3:—3,—_—_0-_——--3—'==°d 8 ¢

] El
[ Q

g 100 | "E 10+
3 o

@ 0 L L . L . 1 w 0f I 1 L

400 600 800 1000 400 600 800 1000
Temperature, T (K) Temperature, T (K)
200

~50l© —9-x=010-9-x=005 — @D -@-8r,,La,),Ti,0,
x —@—x=0.02—@—x =0.01 X :

- e - -9~ (Sr La ),Ti,O
£ =@ 5r,Ti,0, 150 @ 1-3y12 yi‘i 2775
Z 60 = =@ (SryLa)Ti, 4,0,
2 2

- " 100
7] 7 L
I 40 -
£ 2
g 2
= 20 = 50
@ @

: :
& =
0 C 1 1 1 D 1 i 1 4 1 L Il i 1 i 1
400 600 800 1000 0.00 0.02 0.04 0.06 0.08 0.10
Temperature, T (K) La concentration

17



Fig. 8. Temperature dependence of (a) | S | , (b) o, and (c) PF = o for series x sintered
in 5% H; (d) PF at 973 K versusa-content inSiTi,O75 ceramics sintered in 5%,H

based on compositional series x, y and z.

Secondary electron images of fracture surfaces for x = 0.01 and 0.05 sintered in 5%
H, showed the former to have a much larger average grain size compared to the latter,
Fig. 7. The mechanism of grain growth under reducing conditions is not known at this
juncture and is the subject of further study.

S values for all La-doped samples sintered in 524vere negative, suggesting all
are n-type carriers. The absolute S value decreases with increasing x, Fig. 8(a) due to an
increase in the carrier concentration, Fig. 8@mparison ofc at 973 K showss to
increase with x, however x = 0.01 shows metallic conduction whereas all other x values
show semiconducting behaviour. The PF shows the same trendidtstemperature and
reaches a maximum of ~70 pW/ni/fr x = 0.10 at ~973 K due to its high Fig. 8(c). x
= 0.10 contains the presence of a secondary ST phase, see Fig. 1(a), and this has a
dramatic effect on the thermoelectric properties, Fig. 8(d). This observation made it
prudent to measure the thermoelectric properties of ceramics from the other two series as
they are phase mixtures by XRD that contain ST as a secondary phase, which implied

higher power factors may be obtained in such ceramics, Fig. 8(d).

18



V. Discussion

XRD and TEM results show a very limited solid solution of La intgT 80, for the x-

series prepared in air with a small volume expansion in the unit cell of x = 0.01 compared
to undoped SiTi,0; (x = 0.00), Fig. 1(b). A larger solid solution withx0.05 appears to

exist for samples processed under reducing conditions with an initial expansion of the
unit volume for undoped &Fi,O75 (x = 0.00), followed by a systematic decrease with
increasing x, Fig. 1(b). There was no appreciable solid solution for any y and z samples
prepared in air or 5% 4ht 1773 K.

These results show that creation of cation vacancies (A- or B-sitepadaping
mechanisms, equation (3) and (4), respectively, are not favoured in RP-phases in air or
reducing atmospheres which is in contrast to perovskite $mi@re a substantial solid
solution containing A-site vacancies is known to é%isAll ceramics processed in air
were white/yellow in appearance suggesting they were fully oxidised and IS showed all
air sintered ceramics to be electrical insulators with low bulk conductivity and high E
(>1 eV), confirming electronic compensation, mechanism (2), does not exist for La-
doping of ceramics sintered in air, Fig.The lower bulk ¢ and higher E, of x = 0.01
samples compared to undopedTHO; ceramics confirms limited La-doping of the
SiTi,07 lattice does occur and that a change in conduction mechanism must also occur
given the substantial increase ipfBr x = 0.01, Fig. 2La>" is a smaller ion than $f so
the observed increase in unit cell volume for x = 0.01 is attributed to the interstitial
mechanism (5) that can occur in RP-type phases. The excess oxygen fronOhmaa

be associated with the interfaces betweerR8dayers and perovskite blocks in the RP

19



structure in the form of disordered defects and/or fill up any residual oxygen vacancies in
the lattice due to acceptor impurities associated with the FEi&ge The TEM image

in Fig. 6(a) for x = 0.01 processed in air supports the idea of increased stain associated
with the interstitial doping mechanism whereas the Arrhenius plot of bulk conductivity in
Fig. 1 supports the change in conduction mechanism may be associated with a
suppression of extrinsic (acceptor-type) conduction in undopddSy with an E ~1.2

eV towards intrinsic conduction with,B2 eV due to the filling up of extrinsic oxygen
vacancies by the interstitial oxide ions. Unfortunately, the solid solution limit is low and

it is not possible to unambiguously prove either (or both) of these possibilities.

Lattice parameters and cell volume obtained from XRD data of crushed powders
from polished ceramics of the x series (including x = 0.00) sintered in 5%id¢$. 1(b)
and (c), reveal some interesting trends, especially when combined with the electrical
conductivity results, Fig. 8 (b).

First, there is considerable expansion of the cell volume and a substantial increase
in o when processing ceramics under reducing conditions when compared to those
processed in air, as observed for both undoped (x = 0.00) and doped compositions (X
0.01), Fig. 1(b). In the case of x = 0.00 this can be attributed solely to oxygen-loss with
partial reduction of Ti to Ti¥* ions based on Eq. (1). The ionic radius of 7§ 0.67 A
compared to 0.605 A for Ti (for octahedral co-ordination) and this results in lattice
expansion. The creation of oxygen vacancies can also result in lattice expansion due to a
reduction in the Coulombic forces between the cations and anions in perotskies.
green colour and significart (~1 S/cm at 1000 K) for reduced x = 0.00 ceramics is

consistent with the creation of mixed37Ti* ions in the lattice whereas ceramics

20



processed in air are fully oxidized and insulating with onff Tins in the lattice. In the

case of x = 0.01, the larger unit cell volume of reduced ceramics compared to those
processed in air can primarily be attributed to the creation of nikédTi** content and

this is consistent with an increasesin

Second, despite reduced ceramics containing largdt idis, cell volume
decreases smoothly with increasing La-content for reduced La-doped samples, Fig. 1 (b).
There is no systematic trenddnwith La-content; howevery and therefore T content
(based on the assumption tleais dominated by carrier concentration as opposed to any
changes in carrier mobility) is generally higher than that of reduced x = 0.00 and all are
~1 order of magnitude higher at 973 K, Fig. 8(b). This decrease in cell volume on La-
doping is in contrast to the increase in cell volume observed for the La-doped x series
processed in air, Fig. 1(b) and indicates the processinginglDences the doping
mechanism(s).

The increase in cell volume for=x0.01 processed in air despite the smaller ionic
radius of L&" compared to $f was attributed to the interstitial doping mechanism [Eq.
(5)] with incorporation of excess oxygen. Under reducing conditions, the most likely
scenario is that donor doping [EqQ. (2)] occurs as any interstitial oxygen ions are
presumably more prone to removal under reduction compared with conventional lattice
oxygen ions associated with the RP structure. Therefore, despite the production of larger
Ti** ions [Eg. (2)] and the possibility of creating oxygen vacancies under reducing
conditions [Eqg(1)], unit cell volume contraction occurs due to the partial replacement of
larger Sf* with smaller L&" ions on the cation sublattice. It has previously been siown

that RE-dopants prefer the cation site associated with the RS layer compared to the
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perovskite blocks in $Fi>O; due to the lower co-ordination number of this site and the
smaller ionic radius of RE-ions compared to Sr.

The electronic donor-doping compensation mechanism [Efis(2)ell known to
occur in SrTiQ at low pO;?# With increasing La doping level, the formation of local
defect clusters in the matrix (maybe’[-©-Ti**) was observed by TEM along the [001]
direction of the tetragonal cell, restricting grain growth and the average grain size as
shown by SEM, Fig. 7. The TEM images also provide evidence about differences
between series x samples sintered in air and 3%-km this data, it is proposed that a
reducing atmosphere not only encourages electronic compensatior? fautanay also
be beneficial in releasing strain between the layers, thereby facilitating substitution into
the Sr-sites of the RP §Ji,0;5 phase and therefore extending the limit of the solid
solution.

For x = 0.10, a simple perovskitgpe ‘SrTiOs5’ precipitates as an observable
secondary phase, Fig. 1(a). The stoichiometry of the ST perovskite phase is unknown but
is likely to be oxygen-deficient due to the reducing conditions and possibly contains La
on the A-site and is therefore also A-site deficient. As discussed later, we propose this ST
perovskite-phase to be more electrically conductive than the La-doped ;RBOS¢
phase.

Processing in reducing conditions has a dramatic effect on undoped and La-doped
SiTi,O; ceramics. SinteringrsTioO;in 5% H, at 1773 K yields green coloured ceramics
and is an effective method to strip oxygen (8) based on EQ. (1) to induce
semiconductivity in the interior of the ceramics, Fig. 5(c); however, this method also

induces compositional changes on the ceramic surfaces. XRD on an unpolished ceramic
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surface revealed the presence ofT&0;, a SrTiQ-type phase and several unindexed
peaks that could not be assigned to any knowhi&-phase(s) in the ICDD system, Fig.

3. A BEI of an unpolished ceramic from SEM revealed clear evidence of a surface layer,
Fig. 4 and EDS analysis showed the surface to have a Sr/Ti ~1 compared to the expected
value of ~1.5 observed from the interior of the ceramic, Table I. This change in phase
assemblage and composition suggests some volatilization of Sr (possibly as SrO) in
addition to oxygen-loss occurs from the ceramic surfaces under these reducing conditions
at 1773 K. A combination of dense ceramics and higher surface diffusion of ions
compared to bulk diffusion in these materials ensures outer pellet surfaces experience a
lower local pQ compared to the pellet interiors and this introduces agp&lient within

the ceramics. We propose this limits the level of SrO volatilization from the ceramic
interiors (as they experience a higher locab gGmpared to the outer surfaces) but the
local pGQ remains sufficient low to obtain a level of oxygdess (5) to induce
semiconductivity in the RP &Iri,O; phase. Although polished ceramics are single phase
SiTi,075 by XRD and TEM, the variation in local p@xperienced by these interior
regions results in a heterogeneous distribution of the oxygen vacancies and the polished
ceramics can be considered as being functionally graded.

IS at RT on an unpolished ceramic showed the presence of an insulating surface
layer with R 30 MQ, Fig. 5(a), that could be removed on polishing to reveal a non-
ohmic electrode contact with Ri6-kQ, Fig. 5(b), and a total ceramresistivity of 4
Qcm, Fig. 5(c). Based on a combination of the XRD, SEM/EDS and IS results, we
propose the insulating surface layer(s) on ceramics sintered under reducing conditions is

associated with oxygen up-take and therefore oxidation of the re@udeeD phases at
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the ceramic surfaces (including Srgi@nd SgTi,O7) during the cooling procedure after
sintering.

All ceramics show negative S values, confirming n-type conduction consistent
with mixed T, Ti*" ions in the samples prepared under reducing conditions.
Considering a temperature of 973 K to compare the thermoelectric properties, S drops by
a factor of ~2-3 in series x up the solid solution limit of ~0.05 but the high tempesature
(at 973 K) has increased by ~1 order of magnitude (for all X) compared tc0® =This
shows the La doping mechanism has increased the carrier concentration, as all samples
have been treated under the same reducing conditions so any conductivity due to oxygen-
loss should be similar in all samples, irrespectiv&. d-or electronic compensation [Eg.

(2)], o should increase systematically with X, however, x = 0.01, 0.02 and 0.05 all have
similar ¢ at 973 K. In addition, X = 0.01 shows metallic temperature-dependent behaviour
whereas 0.02 and 0.05 show semiconducting temperature-dependent behaviour, Fig. 8 (b),
so the conduction mechanisms are different. The switch from metallic to semiconducting
behaviour with increasing x may be related to extended defects/clusters/strain/grain
boundary trapping of conduction electrons. For the single-phase samples in series x, the
PF (at 973 K) has a dome shape with a maximum of ?\m/K? (for x ~0.02) that

reflects the balance between a decrease in S with an inéneaséth increasing X, Fig.

8(d). This behaviour is consistent with the general observation that an increase in carrier
concentration leads to a lower Seebeck coeﬁﬁrnt

It is interesting to consider the thermoelectric properties of x = 0.10 ceramics in
series x as they contain secondary phases, including aSril@;; (ST)-type phase, Fig.

1(a). This has a dramatic effect on the thermoelectric propertiess iBheow a factor of
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~50 higher than x = 0.00 and 5 times higher than x ~0.01-0.05 so clearly this secondary
ST-type phase is more conductive than the RP phase. S drops for x = 0.10 ceramics as
would be expected for its higher but this multi-phase ceramic has the highest PF for
series x with a value of ~60 pW/nfiKFig. 8(d). Series y and z are also multi-phase
ceramics that contain a highly conducting $pe phase. Generally, ¢ and S are higher in

the y series compared to those in the x-series and as a consequence, PF values are
substantially higher with y = 0.02 showing the highest vhi&0 pW/m/K?) of any
ceramic, Fig. 8(d). A notable difference in the z series is the higher S values of z = 0.01
and 0.02 compared to the corresponding samples in the x and y series. This results in
much higher PF values at lower temperatures in this series. At 973 K, z = 0.10 has the
highest PF of this series with a value comparable to that of x = 0.10, Fig. 8(d). These
results infer the cubic Sfiype perovskite phase(s) have higher ¢ than any La-doped RP

phase and therefore are more suitable for thermoelectric applications than RP phases.

V. Conclusions

The La-doping mechanism in the RP-phase Sr3Ti,O7 is dependent on the ceramic
processing conditions. In air, a very limited oxygen interstitial mechanism [Eq. (5)]
occurs with ceramics being electrically insulating whereas reducing conditions (e.g., 5%
H, at 1773 K) are conducive towards electronic doping of La [Eq. (2)] and oxygen-loss
[Eq. (1)] in Sr3Ti,07.5 ceramics. The heterogeneity of undoped and La-doped Sr3;Ti,O;
ceramics prepared under reducing conditions has a significant impact on the measured

thermoelectric properties, especially with the development of resistive surface layers and
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the presence of highly conducting secondary phases. Compared to SrTiOs, ¢ of La-doped
RP Sr;3Ti,07.5 prepared under reducing conditions remain too low for the development of

good thermoelectric properties at elevated temperatures, e.g., 973 K.
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