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Abstract

Donor-doped SrTi@ ceramics are very promising n-type oxide thermoelectrics. We show that
significant improvements in the thermoelectric Power Factor can be achieved by odnihnel
nanostructure and microstructure. Using additions gd:Band ZrQ, high density, high quality
Sio.dNdo.1TiO3 ceramics were synthesised by the mixed oxide route; samples were heditrasingle

step under reducing atmospheres at 1673 K. Synchrotron and electron diffraction stediles! raw
14/mcm tetragonal symmetry for all specimens. Microstructure development ddpemdbe ZrQ
content; low level additions of Zeup to 0.3 wt%) led to a uniform grain size with transformation-
induced sub-grain boundaries. HRTEM studies showed high density of dislocatioimstiaét grains;

the dislocations comprised (100) and (110) edge dislocations with Burger vectgsoadrdl ¢hio)
respectively. Zdoping promoted atomic level homogenization and a uniform distribution of Nd and Sr
in the lattice, inducing greatly enhanced carrier mobility. Trangpogerty measurements showed a
significant increase in power factor, mainly resulting from the enhancedi@éctinductivity while

the Seebeck coefficients were unchanged. In optimised samples a power f2cBr16f W nrt K2

was obtained at 500 K. This is a ~ 30% improvement compared to the highest values reported f
SrTiOs-based ceramics. The highest ZT value faydSd, 1 TiO3; was 0.37 at 1015 K. This paper
demonstrates the critical importance of controlling the structure at thecdéord and the effectiveness

of minor dopants in enhancing the thermoelectric response.



I ntroduction
Oxide materials are promising for high temperature thermoelectric applicdtiens thermal and
chemical stability at high temperatures in both oxidising and inert atmospRemedidate materials are

2
frequently screened by evaluating the dimensionless thermoelectric figure oniﬁe?é—T; where ¢

is electrical conductivity, & Seebeck coefficient and k thermal conductivity. To maximise ZT requires
a simultaneous increase in electrical conductivity and decrease in thermal adgtydwidthough the
two parameters are intimately linked. Following early work on layered cesalitwide variety of
different oxides have been investigated with n-type thermoelectrics including ;SrUaMnQ,?
Zno.oAl 0.0:Gan.040,° Magneli phase oxides (TiQ* WO..¢° and Nh2O,°), tungsten bronze structare
oxides (Ba1dNdss4Ti180s4’) and homologous series oxides(ZnO)d and GaO3(ZnO).Y). The
most promising p-type thermoelectric oxides include Na§&p o5).04° CaCoiOs,'t and
Bi-SrC0,0,'2

The n-type SrTi@has attracted considerable interest because of its high Seebeck coefficitht and
fact that the power factor of single crystal material is comparable toothBi;Tes! employed in
commercial thermoelectric devices. However, the high lattice thermal conduofiyiblycrystalline
SrTiOs is still a drawbackk>3 W mt K1 at 1000 K)!* and the small mean-frgeth of phonons (= 2

nm at 1000 K) limits use of nanostructuring as a route to reduce thermal comgéidtiyeneral, the
highest ZT values for SrTiOhave been achieved by sintering at high temperatures for extended
sintering periods under reducing atmospheres. The collected results of stubiesftects of different
dopants and doping conditions (summarised in Figure S.1, supplementary information) shbwed th
optimum concentration for A-site doping was ~10 at.% and preferably with dopamidafnthanide
series of elements.?? In this regard, doping SrTivith lanthanides having greater ionic radii (La, Pr,
etc.) tends to lead to an increased power factor as a result of reducedarzatigation!3!7:1929-22 |n
contrast, doping with smaller ionic radii lanthanides (Gd, Dy, etc.) tends td iedower thermal
conductivity because of the increase in mass and strain catfaétz: For example Liu et af showed
that Nd doping at 10 at.% simultaneously improved the ZT value of Sbli®@nhhancement of power
factor and reduction of thermal conductivity. Subsequently Kovalevsky'gaadl Liu et al* further
increased the power factor of SrEifdy inclusion of 10 at.% Nd, and Kovalevsky et®dhowed that
annealing in a strongly reducing atmosphere (18%1%N,) would lead to a further improvement in
power factor. The highest power factor among Nd-doped Sfi@ies reported thus far is ~1.55%10
W mt K2 at 673 K and the highest ZT value reported is 0.39 N8k 1TiOz at 1073 K!* For many
applications increasing the power factor is more valuable than simply incrédsasghe power output
(Pow) is directly related to the power factor (Equation 1) whereas the relationsivgebehe efficiency

(n) and ZT is not as straightforward (Equation 2224For instance, increasing the power factor by 25%



leads to 25% improvement indwhile there is only 11% improvement in n when ZT is improved
from 0.37 to 0.42.

0S2(AT)?
Pout = ——4—— (1)

Ty—T.| J1+2ZT—1

Ty 1+ﬁ+TC/TH

n= 2)
where; AT=Ty—Tc, Tn is the hot side temperature; i§ the cold side temperature &ilis the average
ZT of the module.

The objective of the present study was therefore to improve the thermogbeoperties, or more
specifically the power factor, of 10 at.% Nd-doped SegTi® using minor additives to control the
microstructure and transport properties. We select€d # promote liquid phase sintering, thereby
improving sinterability at lower temperatures. The amount #ds;Bvas determined from earlier
studie$® which suggested that 0.5 wt.% addition was sufficient for the preparatiensé ceramics.
ZrO, was used to modify the electronic properties of Nd-doped Sniile maintaining acceptable
thermal conductivity. It was also anticipated that Ze@ditions could improve carrier mobili§?’
One of the few studies on the effect of Zr@&lditiong’ suggested that zirconia increased carrier
mobility, but reduced sinterability when the amount of Zeddition was greater than 1 wt.%. By
adding small amounts of both@®@s and ZrQ we sought to improve both microstructure development
and transport properties. By the addition of 0.5 wt#@:@nd 0.3 wt.% Zr@ the thermoelectric power
factor was increased by nearly 30% and ZT was at least comparable to the |yregfmrsed work

on Spk.dNdo.1TiOs. The significant improvements were a consequence of the modification and control of

microstructure and chemical homogeneity of the material.

Experimental
Synthesis and Processing of $ido.1TiO3

Samples 0ofSroNdy.1TiO3 were synthesised by conventional mixed oxide techniques usings SrCO
(Sigma Aldrich, >99.9%), Ti@(Sigma Aldrich >99.9%) and NgDs; (IT-KEM, >99.9%) powders.
Nd.Os; powders were dried in air at 1173 K for 6 hours prior to weighing. The starting mowedes
wet-milled for 24 hours using zirconia media and propan-2-ol then dried at 36324 fours. The
mixed powders were calcined in air at 1473 K for 8 hours using an alumina eriiglants (0.5 wt%
B-Os and x wt% Zr@; x=0, 0.2, 0.3, 0.4 and 0.8) were added and the same milling and drying
procedures were then used to homogeneously mix the additives with calcined powdersuliihg re
powders were uniaxially pressed at ~50 MPa to form cylindrical pellets 20 mm ietdiaamd then

sintered in 5%K95%Ar atmosphere at 1673 K between 4 and 24 hours. Since all the formulations



contain 0.5 wi of B2Os, hereafter the BD; content will not specified; only the Zs@ontent will be

mentioned. The sample codes are listed in Table 1.

Table 1 Sintering times, additive levels and samples codes
Sintering Sample
time Code

0.5 w.% BOs 12 hours 0Z-12h
0.5w.% BOs+ 0.2 wt.% ZrQ 12 hours 2Z-12h
0.5w.% BOs+ 0.3 wt.% ZrQ 12 hours 3Z-12h
Sro.oNdo1TiOs:5 | 0.5 w.% BOs+ 0.4 wt.% ZrQ 12 hours 4Z-12h
0.5 w.% BOs+ 0.8 wt.% ZrQ 12 hours 8Z-12h
0.5 w.% BOs+ 0.3 wt.% ZrQ 4 hours 3Z-4h
0.5w.% BOs;+ 0.3 wt.% ZrQ 24 hours 3Z-24h

Composition Additives

Characterisation

Phase analysis was undertaken witthilips X Pert diffractometer with a Cu-Ka source (A=1.540598

A): diffraction patterns were collected betweef 208X using a step size of 0.005 and a dwell time of
7 seconds/step. Diffraction patterns for selected samples were also obtange8ymihrotron X-ray
powder diffraction (SXPD) on beam line 111 at the Diamond Light Source®High resolution SXPD
patterns (0.001° data binned size) were recorded using multi-analyser crystal (@é¢fecjors.

Structural details were obtained from data refinements using TOPAS 5.0 Séftware.

The microstructures of the polished sample surfaces were investigated usiliygsaXPBi0 FEG-SEM
equipped with an energy dispersive X-ray (EDX) detector. Bar shaped samgplesut from the
sintered pellets and ground using SiC papers down to 4000-grade. The surface was fistieat pol
using 1 and % pm diamond paste to achieve mirror-like finish; final polishing was carried out using a
colloidal solution of silica suspension (OPS). The average grain sizéletasnined using linear

intercept method of Mendelséh.

Samples for TEM and STEM investigation were prepared by both standard crushiran doeghin
thinning techniques. For the crushing method, the sintered disks were crushed toysimgian agate
mortar and pestle. Grains of individual powders were dispersed in chlorofappedronto a copper
grid covered with a holey carbon film, and then dried. For ion beam-thinning, specimen8rster
ground on 1200 grade SiC to reduce thekitess to ~300 pm. They were ultrasonically cut into 3 mm
diameter disks (Model KT15®&erry Ultrasonic Ltd.) then dimpled (Model D500; VCR Group, San
Francisco, CA) to reduce the thickness of the centre of the disk to 30 um. Finally, the disks were ion
beam thinned (using a Gatan precision ion polishing system model 691" Ptp8rating at 46 kV.

Structures were initially investigated using selected area electron titffra@SAED) and high-
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resolution transmission electron microscopy (HRTEM) techniques adhif) FEGTEM (Tecnai G2,
Hillsboro, OR) operating at 300 kV. Subsequently, atomic level resolution lexattustl
characterization was carried out using an aberration-corrected Nion microscop8TBM100; Nion

Company, Kirkland, WA) located at the Daresbury SuperSTEM Laboratory in the United Kingdom.

X-ray photoelectron spectroscopy (XPS) patterns were obtained by a Kratos Axispéitteometer
with monochromatic Al K radiation (Eource= 1486.69 eV). XPS binding energies were calibrated using
C 1s peak (284.8 eV). Peak fitting was carried out using the CASA XPS prognérh, allowed the
determination of FWHM, peak location, and optimal peak shape within the data conssiaigts mix

of Lorentzian and Gaussian characters.

The electrical conductivity and the Seebeck coefficients of the samples waraidet simultaneously
using bar shaped samples (2.5x2.5x15°mmith an ULVAC ZEM-3 facility between 300 and 1050 K

in a low pressure He atmosphere.

The thermal conductivitgk=apC,) of the samples was determined frtiermal diffusivity (o), density

(p) and the specific heat capacity (Cp) data. The thermal diffusivity was determined using laser flash
method in Ar atmosphere with a NETZQFA-427, while the specific heat capacity was obtained by
differential scanning calorimetry (DSC) with a Netzsch STA 449C in Amoaphere. These
measurements were undertaken between 300 and 1050 K. The densities of the sampleduged

from mass and dimension measurersent

Results and Discussion

Bulk Properties

All the ceramic samples were high density (> 95% theoretical), crackdficedark grey in colour. The
incorporation of 0.5 wt% BDs in the starting materials enabled effective synthesis by a liquid phase
sintering mechanism, and reduction in the processing temperature by 50 to 150 K campzaey
earlier studie$®>*>31Boron oxide is well established as a processing aid for electrocefamitsyhen

it was used as a dopant in single crystal SgTiQvas shown to improve the electrical conductivtty,

hence an additional reason for its use here.

Phase Analysis

From initial structural characterisation, using laboratory X-Ray Ditfifvac all the SgoNdo1TiO3
ceramics (0Z to 82) were single phase (Figure S.2, supplementary informatengffect of Zr@
additions on the structure of the samples was examined by synchrotron X-ray pivffveetion
(SXPD). The ceramics sintered for 12 hours had tetragonal structure/fa, and ¢~ 2a, with space

group I4/mcm) irrespective of Ze@ontent. This was apparent from the splitting of (2p@pk and the



appearance of a weak reflection corresponding to anti-phase tilting obdtehedra as shown in Figure
la. The changes in lattice parameters obtained by Rietveld refinement of th@&¥d?Dare presented
in Figure 1b and Table S(kupplementary informatign With increasing Zr@ additions, the peak
positions were displaced to lower angles reflecting the net increase gelinviolume. This could be
linked to the reduction of titanium frofi**—Ti%* (ionic radii:Ry«+=0.605 A andR;3+=0.67 A), and
the formation of oxygen vacancies under reducing conditiofidt could also result from the
substitution of Zr into the host matrix as obseriveéarlier studie$® however, it is hard to estimate the
degree of substitution of Zr into the perovskite lattice. As expected thecelhitvolumes for
Sro.oNdo 1TiOz samples were smaller than for the SriT{@=3.905A) base material, confirming the
successful substitution of the smalla for Sron the perovskite A-sitRg,2+=1.31 A anRy43+=1.16
A%). The lattice parameters for ¢@Ndo1TiOs (Figure 1b) are comparable to those reported

previously314

Our initial study showed the addition of 0.3 wt.% Zt®be optimum for improving the thermoelectric
properties. Thus, the effect of sintering time (4, 12 and 24 hours) on this formulation was investigated.
Figures S.3 and S.4 (see supplementary information) show the Cu-radiafiopaxterns and Rietveld
refinements for the samples; the variation in lattice parameter withisghtene is presented in Figure
1c. The 3Z samples sintered for less than 12 hours exhibited a mixture ofRuBin)(and tetragonal
(14/mcm) structures while the samples sintered for 12 and longer wefte phse with tetragonal
structure (I4/mcm). The cubic structure fos $tdo 1TiOs had previously been reportéavhile the most
recent studies suggested a tetragonal struttuder data clarifies the apparent discrepancy between
the earlier studies since a shorter sintering time leads to a cubic structtinenbzhanges to tetragonal
with prolonged heat treatment. This change in the crystal symmetry wighisintime can be linked

to the increase in oxygen deficiency content with sintering time. GongZ3étshdwed that with

increasing oxygen deficiency, SrH@crystals developed a tetragonal crystal structure.
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Figure 1 (a) Full profile Rietveld refinement of SXPPL=0.825939(10) A) data for SsoNdo1TiO3
prepared with 0.3 wt.% Zr{i.e. 32);(b) lattice parameters as a function of Zi@ntent;(c) lattice
parameters as a function of sintering time for samples 3Z. Uncgmbairg are included but are smaller
than the symbol size.

Microstructure and Nanostructure

SEM back scattered electron (BSE) micrograf@msiNdo 1 TiOs samples prepared with different
amounts of Zr@ (sintered for 12 hours) are shown in FigureFdr the 0Z-12h sample, grain
inhomogeneity was observed with localised fine grain clusters (highlightedi layrows in Figure 2a
However, increasing Zrcontent to 0.3 wt%ed to a relatively homogeneous microstructure with
narrow grain size distribution amdlerage grain size (~52 um) as seen in Figure 2b. Further increase in
ZrO; level to 0.8 wt% inhib&dthe grain growth, which resulted in a much smaller grain sizé (im)

but with significant variation, as highlighted by blue arrows in Figure 2c. The effsmtering time
on the microstructure was limited, with the average grain size varying bet@eard49um for the
samples sintered for up to 24 hours (see Figures S.5 anth Sifpplementary information for
micrographs and grain size distributions). There was no evidence of secphdseg, confirming the
single phase nature of the samples. Finally, domain-like features, due to the phase tramsfioomat
high symmetry structures formed at high temperature to lower symmetrytustruat room

temperaturé®are shown in Figure 2d. The width of these features typicalbylara for all the samples

7



irrespective of Zr@ content, which is larger than phonon mean free path for SrfyPically <10
nm)3° In order to act as phonon scattering centres and reduce thermal conductisityerierally
suggested that maximum domain size should be ~2 fitmerefore, these domain features are not

expected to have a significant effect on the thermal transport properties.

Figure 2 SEM-BSE micrographs showing the effect of Zi@ntent on the microstructure of (a) 0Z-
12h, (b) 3Z-12h, (c) 8Z-12h samples. (d) Higher magnification micrograph showinigprtiean-like
features observed in 322hsample

SAED patterns for the samples prepared with different Zo@tent were collected along [09 110}

and [111} zone axes to confirm the crystal structure of the samples (Figur82 samples and Figure
S.7 for 0Z, 3Z and 8Z sample®©nly reflections corresponding to aristotype structure were present in
the patterns along [0QLand [111]} zone axes. However, Y¥2{000} type reflections (labellettasn

the patterns) were present in [118)ne axis. This type of reflections is due to antiphase tilting of the
TiOs octahedra and indicates that the tilt system for the samples fa%g according toGlazer’s
notation? Thus the crystal structure for the samples heat treated for 12 houromfamed to be
tetragonal with 14/mcm space grotfpconsistent with XRD data (Figure 1c and Figure S.3 in

supplementary information).
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Figure 3 SAED patterns along major zone axes for 3Z-12h sample

HRTEM imaging was employed to analyse the sub-grain features with respect tw@tént. A high
density of dislocations was present in the samples irrespective of cn@ent (Figure S.8 in
supplementary information).The nature of the dislocations was analysedH4siidf- (averaged by
non-rigid registratiof?) techniques and by applying Inverse Fourier Transformation (IFFT) to the
dislocation coredspresentedn Figure4ac). The application of IFFT revealed lattice fringes along
(100) and (011) planes (Figure 4a-b), confirming the presence of a complex dislocationhese
edge dislocations had Burgevectors (BV) of %2@10)cuvicand ¥2@hoo)cunis respectively (Figure 4c). This
is the first observation of complex dislocation cores in an oxygen deficientysibitine SrTiQ based
ceramic and is consistent with reports on the dislocation core structures fos.8r*fibhis work has
shown that in the core region there will be localised variation in site occupaeeigangements of Ti-
O octahedra and the appearance of Ti on Sr sites due to a different configuratioe shaudigg
octahedra. The presence of such configurations is highlighted by the arrows ia &@urhis
chemically composite nature of the dislocations and its possible effect on boticadlactd thermal

conductivity will be discussed later.
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Figure 4 IFFT from(a) (100) and(b) (011) reflections of the dislocation core shown in (c) HAADF
image along [110] zone axis of 0Z-12h sample

Another important observation from HRTEM was the presence of nano-mdydypically 5nm in
size, in the 0Z-12h samples. Examples of the nano-inclusions are presethiekbin magnification
TEM image of [001] zone axis (Figure 5a). Figure 5b-e presents [li®he axis HRTEM image,
SAED pattern and Fourier Transformation (FFT) from the matrix and inclusion.tB®tmatrix and
inclusions exhibit the same main reflections indicating both have a sanjktal structure. However,
extra reflections around ¥41) reflections of [11Q]exist in the FFT of the inclusion, arrowed in Figure
5d and in the SADP arrowed in Figure 5e. The presence of extra reflections indicaeidttrece of

a superlattice structure in the inclusion. In contrast to the observation of nano-inclngi@8z-12h
samples, the HRTEM study of 3Z-12h samples shdte to be single phase with no inclusions. As
highlighted above, the presence of a high density of dislocations was acamnigature of the
microstructure. The dislocations could have arisen as a consequence ofpliqsiel formation
(generated by the additiv@4?) enabling grain boundary migratiii*and resulting growth acciderté.
Therefore, 0Z-12h and 3Z-12h samples were investigated using aberration corrected STEM
(SuperSTEM, Daresbury facility.
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matrix

Figure5 (a) HRTEM image showing the presence of precipitates in the sample for Gadfie; (b)
HRTEM image ande) [110], zone axis SAED showing the extra reflectior{s);and(d) the FFT from
matrix and inclusion sections in the samples. Additional reflectionstfenmclusion are highlighted
by arrows in both SAED and FFT.

HAADF images were collected along [0pHnd [110} zone axis and EELS maps were obtained for
both 0Z-12h and 3Z-12h samples. The [Q@iHta are presented in Figure 6a-j. 7i&dge map for the
sample without Zr@ addition (Figure 6¢) showed that the B-site is only occupied by Ti and its
distributionis homogenous. The Nd AMEELS map, shown in Figure 6d, suggests that only Nd is
distributed in the A-site. However, the distribution is non-uniform. This ob8ervwas the case for
different areas from which data were collected. On the other hand, when 0.3 @4 Zdded, both

Nd and Ti are uniformly distributed in A- and B-sitasshown in Figure 6h-i; in total contrast to the
samples without addition of ZgOFurthermore, the substitution of Nd into only A-sites was also
confirmed since no Nd signal was detected from Ti columns. Therefore, it camdéladed that the
presence of Zr@in the starting formulation promotes atomic level chemical homogenéig-doped
SrTiOs ceramicsThe increased solubility of thBld-rich phase in the SrTinatrix is encouraged by
the formation of a liquid pha&¥’ upon ZrQ addition (Equations 3 and 4), which leads to the

homogeneous distribution of Nd in the lattice.

1373 K
(0.9)57‘0 + (0.0S)Nd203 + TI.OZ — Sro_gNdoll_yTi03i5 + %Nd2T1207i6 (3)
. y . 0.3 wt.% Zr0, .
S109Ndg1-yTiO0345 + ENdlez 07456 ——> Sto9Nd1Ti0345 (4)

11
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Figure 6 HAADF image along [00%] zone axis and corresponding HAADF image during data
accusation and EELS maps from area of interest (green rectattggeHAADF images) for the matrix
phase ofa-e) 0Z-12hand(f-j) 3Z-12h samples

To reinforce the differences between samples prepared with and without irfddr}, HAADF-
EELS data for 0Z-12h samples are presented in FigufeTtae area for data collection contains both
the matrix phase and the inclusion (green rectangle in the HAADF imagan bbe seen from the
HAADF image in Figure 7b that there is no change in the ordering of atomimeslbetween the
matrix and the inclusion. This was the case for the HAADF images collected alorjg 60& axis
suggesting that the inclusion may have a perovskite type crystal structigmmatvely, EELS maps
revealed that there is difference in Ti, O and Nd signal from the matrix angiorgl which is richer
in content of these elements in the inclusion. Based on these observations the squoaskary
precipitates is inferred to be a neodymium titanate based compound and phtdbdilgd; which was

detected in the XRD pattern of calcined powders before the final sintering.
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Figure 7 [001], HAADF-EELS data for 0Z-12h sampléa) HAADF image from the matrix and the
inclusion, (b) HAADF image during accusation of EELE(f) EELS maps from area of interest using
Ti L23 O Kand Nd Ms edges.

X-ray Photoelectron Spectroscopy

High resolution XPS were collected to determine the concentratiorf’ahThe samples. The Ti 2p
spectra for the 3Z-12h sample, which is typical for all the samples, is pagetigure 8. The Ti 2p

and 2p. core levels are due to 4+ and 3+ oxidation stimtdéhe samples. As expected, spin orbital
splitting (As.0) of 22 and 2py core levels are ~5.7 eV for all the samgfe®; Ti 2p doublet peaks for
Ti** are located at approximately 458.4%Ti2ps2) and 464.1 (Ti 2puw2) eV, which is similar to
previous data for SrTig¥>%65"The XPS results showed that the’fTcontent in samples prepared with
with ZrO, additions up to 0.8 wt% was 5.9+0.4 %. Analysis of the samples for the sgudimi
composition (0.3 wt% Zrgaddition) as a function of sintering time yielded a marginally lower, but not
significantly different [T#*] content of 5.6+0.2 %. The variation in®Ticoncentration is expected to

have a limited effect on carrier concentrations.

3Z-12h sample A

x Measured
--- Background

Intensity(a.u.)

468 466 464 462 460 458 456 454
Binding Energy(eV)

Figure 8 Ti 2p high-resolution XPS spectra of the sample with 0.3 wt% Zddition
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Thermoelectric Properties

Electronic transport properties are presented in Figure 9. It is clearabtitcal conductivity (Figure

9a) and power factor (Figure 9c) are sensitive to,Zr@htent, achieving maximum values for the
samples prepared with 0.3 wt% Zrdn contrast, the Seebeck coefficients (Figure 9b) are insensitive
to zirconia content. The samples, except for 0Z-12h, exhibited metallic type conductieiolreha
above room temperature while semiconductor-like behaviour was observed for the 0Z-12h sample and
the resf the samples near room temperature. This type of temperature dependency iddypical
Sro.odNdo 1TiO3 ceramics and linked to the distortion of the latfieand also the formation of high-ohmic
depletion layers® At 313 K the electrical conductivity increased from 46r$' (0Z-12h) to 1420 S
cnrt with only 0.3 wt% ZrQ@addition, while it had a less pronounced effect at high temperatures (Figure
S.9a in supplementary information). This suggests that grain boundary scasgtetomginant at low
temperatures, since the variation of electrical conductivity withasiucture (due to changes in 2O
content was limited to these temperati¥feBhese trends are consistent with the earlier investigations
of the effect of yttria stabilised zirconia (YSZ) addition on thermcteic properties of SrNRsTio.ss03
ceramics’*® However, the use of much higher additions of YSZ (up to 5 mole%) led to samhples
much lower density. Thus, co-doping zirconia withfOB which is a proven beneficial sintering aid,
eliminates the densification problems and has proven very effective since lowdéitens of ZrQ

have enabled improvement of thermoelectric properties. Moreover, it was prgsbosin that the
presence of dislocations can promote oxygen vacancy formation due to stidsd®fand thereby
enhance electrical conductivity through increasing the carrier concentrati@nressilt there was a
substantial improvement in the power factor (Figure 9¢). The maximum powerifactased nearly

10 fold from 0.2x1@ to 2.0x10° W nr* K2 with only 0.3 wt% ZrQ addition (Figure S.9b in
supplementary information). However, increasing Zi€¥el to 0.8 wt% reduced tip@wer factor to
~1.17x1¢ W m! K2 The maximum power factor achieved in this study is the highest, by
approximately 30% for polycrystalline SrTi®ased ceramics prepared with conventional methods (see
Table S.2 in supplementary information for more detail); previously the highkse reported was
~1.55x10° W mrt K2 for Nd-doped SrTi@'® Having noted the importance of power factor for selecting

materials for practical applications, this is a particularly significant result.
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The modified Heikes formuféfor a tetragonal crystal structure (Equation 5) was used to calculat
carrier concentration as a function of Zr€ntent. With this data the usual conduction relationship
(Equation 6) was utilised to calculate carrier mobility.

_ 4 1 5
n= V{exp(iSe/k) + 1} ®)

o = neu (6)

where, n is carrier concentration; Vs the unit cell volume; S is the Seebefikienefe is elemental
charge; k is the Boltzmann constasis electrical conductivity and is carrier mobility. It was found
(Table 2) that carrier concentration was independent of zirconia content, being appetyxi2x 16

cnt® for all the samples; this is consistent with the XPS data. Howedranged dramatically with
increasing Zr@content, going from 0.065 (for 0Z-12h sample) to 2.1% ¥rhs?! with only 0.3 wt%
ZrO,, and then reducing to 0.91 €t st at 0.8 wt% ZrQ@. This non-linear behaviour could be linked

to changes in the microstructure with Zr€@ntent at both atomic and micro scale. The homogeneous
distribution of Nd in the lattice means less variation in the periodic potentiahwhe lattice, leading

to reduced electron scattering and hence improved carrier mobility uperadd@ion. Additionally,
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the increase in average grain size leads to a reduction in the concentration lodgndiaries and a net

improvement in carrier mobility since grain boundaries act as scattering centkarfye carriers:

Table 2 Carrier concentration and carrier mobility values for the samples obtained bigdhodif
Heikes formula

Sample 0z-12h  3Z-12h  8Z-12h  3Z-4h  3Z-24h

Carrier concentration
(10? cntd)

4.202 4.205 4.205 4.201 4.210

Carrier mobility

(cm? VL sY) 0.065 2.106 0.913 1.402 2.109

In view of the structural changes that occur as a function of sample proctswnghe effect of
sintering time on thermoelectric properties were examined, and are presented énlBiglihese
samples also exhilgitia metallic conduction behaviour above 400 K, agreeing with the previous work
on donor doped SrTi€33%2 Furthermore, electrical conductivity increased with increasing sintering
time. However, this improvement was mostly limited to low temperature régigure 10a). On the
other hand, the Seebeck coefficients decreased linearly with temperatureg batyeen -80 and -
220 uwV K* (Figure 10b). The only difference was the deviatioomf linear decrease in S with
temperature for the 3Z-4h sample, which could be linked to the presence of iomseiies® The
calculated values for n (~4.21>¢t@n7%) were independent of sintering time whijléncreased from
1.40 to 2.11 crhV! st with increasing sintering time (Table 1). This also shows that variatithein
electronic properties is due to changes in the microstructure. Finally, increastmiggititne led to an
increase in power factor in parallel to an improvemert while S was maintained (Figure 10c). The
highest power factor values were 1.7, 2.0 and 1.85 ¥10n K2 at ~500 K for sintering times of 4,

12 and 24 hours, respectively (Figure S.10 in supplementary information). This is apprgxifhate
30% improvement using lower synthesis temperatures and shorter processing timegainsoonto

the highest power factor values forn$tdo.:TiO3 reported in the literatur€.The data reported were
reproducible between different samples and also between heating and cooling cyoigpdeexae

presented in Figures S.11 and S.12 (supplementary information).
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The temperature dependence of total thermal conductinify) (of the optimised 3Z samples as a
function of sintering time is shown in Figure 11a. At low temperating®tis a pronounced decrease
in Kotal With temperature, which could be related to the boundary scattering of phonons, which tends to
dominde at low temperature’s:*Furthermore, the presence of dislocations (highlighted in the HRTEM
images, Figure S.8 in supplementary information), could also help to reduce thermal edpduycti
scattering phonons at low temperatli€%.Overall kot Varies between 7.5 and 3.1 WA for the
samples and follows a*ldependency in the high temperature region due to Umklapp scatfering.
lattice and electronic components of thermal conductivityi andkeecro) Were calculated using the
WiedemannFranz law (Keecro= LoT; L=2.44x108 W Q K2); results are presented in Figure 11b. The
electronic contribution was at maximum 30% of the total and reduced to ~15% ighiterperature
region. This low temperature contribution is significant in comparison to earigs,vwhere the
electronic component was less than 22% of the total. However, the presafisladtions within

grains could have helped to reduggice.%®
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Based on the electronic and thermal transport properties, the thermoelgateofi merit (ZT) values
were calculated for the optimised 3Z samples (Figure 12). There was a sighifaraase in ZT as
sintering time increased from 4 to 12 hours due to the noticeable decregiséiun Yery little change
for longer sintering times. The maximum ZT values achieved in this studrfedd, 1TiOs.5-based
ceramics (0.37 at 1015 K) are comparable with the data reported by Kovaleesky (6t39 at 1073
K). Although marginally higher ZT values (0.41 at 973 K) have been repanté&khf7d.ao 15Ti03.5,%°

it is important to stress that the power factor increase for thenpreseples (30%) do represent a
significant step forward. Indeed, from a practical stand point improvemgxawer factor by 30% is
more beneficial than increasing the ZT value by 10%. While the output power afler(R.) is
directly proportional to power factor thelationship between ZT and efficiency (1) is less direct.?* For
example, increasing in power factor by 30% will result in a 30% improvemBat whereas increasing

ZT from 0.37 to 0.42 only leads to an 11% improvement in 1.
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Conclusions

This work presents important new information on the behaviour of a leadipg thigrmoelectric oxide

and a route to control structure and enhance transport properties. High ,dbigdityquality
Sr.dNdo.1TiO3:5 polycrystalline samples were synthesised by single step heat treatragedircing
atmosphere with the aid of additives( reduced the processing temperature through development of
a liquid phase; Zr@ additions controlled the nanostructure, microstructure and thermoelectric
properties. The average grain size decreased with increasingaddion; 0.3 wt% Zr@ provided

most homogeneous grain size distribution.

HRTEM confirmed the 14/mcm tetragonal symmetry of the samples and the presence of a high density
of dislocation irrespective of Zeg&ontent (0.0-0.8 wt%). In samples prepared without Adalitions,
neodymium-rich precipitates (inferred to be ;NidO;) were observed. However, ZrGdditions
prevented the formation of such precipitates and also promoted atom level chemical hagnofiene

Nd and Sr on the perovskite A sites. Additionally, complex dislocation dor@s oxygen-deficient,

polycrystalline SrTi@based ceramic were observed and analysed for the first time.

The incorporation of 0.3 wt% ZrQdramatically improved the electrical conductivity of the samples
without affecting the Seebeck coefficients. This resulted from the modificdtmicimstructure at both
grain and atomic scales by inhibiting the formation of nanoinclusions and also pgowadi
homogeneous microstructure. As a consequence there was a significant incredsetrical
conductivity; carrier mobility increased by a factor of 30 while thereanasited variation in carrier

concentration. This led to a maximum power factor of 2.0m* K2 at 500 K, which is nearly a
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30% improvement over previous work on Sréased ceramics. The maximutih was 0.37 at 1015
K. The significant (30%) enhancement of power factor achieved in the presinissmore beneficial
for practical applications than a modest increased in ZT va@he control of thermoelectric power
factors through chemical homogeneity at the atomic level and microstructlge soald provide

guidance in the routes to synthesise future target materials.
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