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Abstract

The thermoelectric properties of; JBi,TiOs5 (0 < x < 0.07) have been investigated. Dense ceramics

of Sr,BixTiO35 and Sg¢sTi03 5 have been prepared by solid-state reaction and conventional sintering

in air followed by annealing in a reducing atmosphere. XRD and SEM analyses show that the rutile
TiO, in SkesliO; formed after sintering becomes Magnéli phase ofofi after annealing.
Moreover, Bi resolves from §Bi,TiO3 after annealing, resulting in the formation of ,&i,TiOs.
o/BilTi,Oxn1 composites. With increasing Bi content in Bi,TiOz5 the electrical conductivity
increases while the absolute values of the Seebeck coefficient decrease as a result of increasing carrier
concentration. The thermal conductivity of Srfids reduced by doping Bi up to= 0.07. Highest

ZT ~ 0.13 is obtained in &BIig¢7T1035 at 1000 K.

Keywords: thermoelectrics; SrTiOcomposite; Bi; Magnéli phase
1. Introduction

Oxide thermoelectric materials have the advantages of low cost, low toxicity, and good chemical
stability at high temperatures. High-performance p-type thermoelectric oxides include layered cobalt
oxides containing 2D edge sharing Ga@atahedra [1-6] and acceptor-doped perovskite LaGaO

10], while n-type oxides include donor-doped SrIjOL-13], CaMnQ [14], Al-doped ZnO [15, 16],

etc. Among them, donor-doped Srti@xhibits a large Seebeck coefficient due to a large carrier
effective mass and the orbital degeneracy of Ti,gdenduction band [11]. Its electrical conductivity

can be tuned from insulating to metallic through substitutional doping and/or introducing oxygen
deficiency. Usually, SrTi@is sintered under a reducing atmosphere and doped with rare-earth
elements on & sites and/or N§ on Ti** sites [17-19]. By adjusting dopants and doping
concentration, the electrical conductivity can be improved due to increased carrier concentration,
while the lattice thermal conductivity can be reduced by strain field scattering, mass fluctuation and
point defects [20, 21].

High figure of merit ZT) values in the range of 0.30 — 0.41 have been reported in,SUhGtituted
by 8% La and 12% Dy (double substitution) [22], 10% Pr with A-site deficiency [23], 10% Y [24],
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10% — 15% Nb [25], 15% La and A-site vacancies [28¢. Moreover, similar higiT values have
been achieved in composites consisting of La/NbedofrTiQ and Cu/Fe [27]. However, th&T
values of doped SrTigare still low compared to traditional thermoelgrtnaterials owing to its high
lattice thermal conductivity. Therefore, nanostuiictg approaches have been adopted to enhance the
phonon scattering, such as synthesizing SgyT@noparticles [28], introducing nanoinclusions,[29
30], and fabricating SrTiQsuperlattices [31], etc. Moreover, Ruddlesden-RRog[RP) phases of
SrO(SrTiQ), with a layered crystal structure have been ingagtd [32, 33]. Although a decrease in
the thermal conductivity is achieved in the RP pkashe electrical conductivity also decreasestdue

the insulating SrO layers, resulting in lower valeéZT than donor-doped SrTiO

In this work, we aim to investigate the effect af ‘Bsubstitution on the thermoelectric properties of
SrTiOs,. By replacing St with Bi®*, we intend to i) improve the electrical condudgivby increased
carrier concentration, and ii) reduce the lattivertal conductivity due to the large mass diffeeenc
between Bi" and St". Gong et al. reported thaiZd value of 0.269 at 1073 K can be achieved in La-
and Bi-codoped SrTi¢)34]. However, it is not clear whether the imprdweermoelectric properties
are due to La or Bi. Therefore, it is necessargttmly SrTiQ with a single type of dopant, Bi. This
paper reports the thermoelectric properties QfEB;TiOs5 (0 < x < 0.07) and SfesTiOs5 in the

temperature range of 300 K — 1000 K, synthesizesldtig-state reaction and conventional sintering.
2. Experiment

Powders of S5Bi,TiO; (x = 0, 0.005, 0.01, 0.03, 0.05, and 0.07) angsbiO;were synthesized by
solid state reaction. Stoichiometric amounts of GyESigma Aldrich,> 98%), BpO; (Acros
Organics> 99.9%), and Ti@ (Sigma Aldrich,> 99.9%) powders were mixed by planetary ball mill
(RETSCH PM100) at 250 rpm for 5 min with a tungstambide jar and beads. The powder mixture
was pelletized by a uniaxial pressing machine aidireed at 1373 K for 2 h over Zg®eads in an
alumina crucible in air. The pellets were ball edllagain at 250 rpm for 5 min. The powder was
pressed into pellets and sintered at 1673 K for &dr ZrQ beads in an alumina crucible in air,
followed by annealing at 1673 K for 12 h in a rédgcatmosphere (67%80%Ar/3%H,).

Room-temperature X-ray diffraction (XRD) was pen@md by a BRUKER D8 Advancé/20
diffractometer equipped with a Linxeye energy-dispe one-dimensional detector, with Cu-K
radiation and operating at 40 kV and 40 mA. Scaesewecorded from 20° to 85°6)2with a step of
0.02° and a counting time of 0.5 s per step. Ridtvefinement was carried out using Fullprof Suite
[35]. Microstructure was examined by scanning etetimicroscopy (SEM, Tescan MIRA3) coupled
with a backscattered electron detector (BSD) ancerergy-dispersive X-ray spectroscopy (EDS,

Oxford INCA X-act). Samples were gold-coated byttgring prior to observation.

Electrical conductivity and Seebeck coefficient gvereasured simultaneously by ULVAC ZEM3 in a

low pressure He atmosphere from a high of 1000 & tow of 323 K. Points of contact between



samples and two thermocouples were coated witindaier of gold to reduce the contact resistance.
Thermal conductivity is a product of density, tharndiffusivity, and specific heat capacity. Bulk
density was determined from the dry mass and tbeng&ic dimensions of pellets. Graphite coating
was applied on the samples for thermal diffusivitygasurement (Netzsch LFA457). It was performed
from 373 K to 1000 K in vacuum and the data wererage values of three measurements at each
temperature. Specific heat capacity was measuoed foom temperature up to 1000 K, with a heating

rate of 20 K.mift in platinum crucibles in a nitrogen atmosphere TRECH STA449 F3).

3. Resultsand discussion
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Fig. 1 X-ray diffraction patterns of §Bi,TiOsz5 (x = 0, 0.005, 0.01, 0.03, 0.05, and 0.07) and
Sr.esTiO35 ceramics (a) after sintering in air and (b) afienealing in a reducing atmosphere. Letter
R, star (*), question mark (?), and Bi indicatefrdiftion peaks corresponding to rutile FiGRTiOy,

unknown phases and Bi metal, respectively.



Fig. 1a shows that §Bi,TiO; (0<x < 0.07) ceramics exhibit cubic SrTjPhase (PDF 00-035-0734)
with a space groupPm-3mafter sintering in air. The intensity is plotten & logarithmic scale to
emphasize the impurity peaks,&TiO; contains an additional rutile Ti(phase (PDF 00-021-1276).
A satellite peak next to the (110) peak has beesemied in every composition, probably
corresponding to $FiO,4, which may appear as an impurity phase duringhggi$ of SrTiQ[36]. It

is noticed that some samples show a minor diffoacfieak at ~ 28° and thaty &iTiO; after sintering

in air shows one at ~ 44°. However, it is diffictdtdetermine the phases correctly due to their low
intensities and limited number of peaks presenterAdnnealing in a reducing atmosphere (Fig. 1b),
diffraction peaks corresponding to Bi metal (PDFOIB-6675) appear ab2f 27.19° and 37.99° in
SrxBixTiO35 with x = 0.05 and 0.07 and their diffraction intensitgrigases with increasing Bi
metal does not seem to exist in the compositiotis iver Bi content. It means that the solubility (
substitution) limit of Bi in SrTiQ is lower than 5 at. %, or that we are below theDX&etection
threshold. Moreover, the diffraction peaks corregfog to rutile TiQ can no longer be observed in
the XRD pattern of QrsTiO35. All ceramics show densities over 93% of the th&oal density of

SrTiO; calculated from the Rietveld refinements, whick dense enough for the measurement of

thermoelectric properties.
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Fig. 2 Examples of Rietveld refinement of, Bi,TiOs5 ceramics after annealing in a reducing
atmosphere with a composition ¢a¥ 0 and (b = 0.05. (c) Lattice parametarof Sr,BixTiO35 (X =
0, 0.005, 0.01, 0.03, 0.05, and 0.07) anglysFiO35 after sintering in air and after annealing in a

reducing atmosphere versus

The XRD patterns as shown in Fig. 1 are refinedaigulate lattice parameters. Fig. 2a and b show
two examples of the refined XRD patterns of, Bi,TiOs;5 with x = 0 and 0.05 after annealing in a
reducing atmosphere. The poor Rietveld refinemeriig. 2b is probably due to the presence of the
above-mentioned impurities. The lattice parametesf the air-sintered and reducing atmosphere-
annealed samples is shown in Fig. 2c. In both ¢cdbedattice parameter of SBi,TiO3 5 increases
with increasing Bi content, although the ionic telof SF* (1.26 A) is larger than that of Bi(1.17

A) [37]. As the ionic radius for Bl in twelve-fold coordination is not available, tienic radii in

eight-fold coordination for both ions are used hdige unit cell expansion could be attributed t® th



formation of oxygen vacancies and®‘Tions. Oxygen vacancy induces an increase in thdoBth
repulsion between neighboring transition metals,dhus increasing unit cell volume. Moreover, the
extra charge induced by Bisubstitution and oxygen vacancies could be congtedsby partial
reduction of Tt* (0.605 A) into Ti* (0.67 A) [37]. The lattice parameters of the rédgatmosphere-
annealed samples are larger than those of thenséresd samples at each Bi content, which is most
probably due to increased oxygen deficiency. Thicéa parameters of air-sintered and reducing
atmosphere-annealed,$4TiO3 are similar to the undoped Srgi@nd less than the Bi-doped samples,
indicating the existence of Bi dopant in the crysteucture of Sr,Bi,TiO3 in spite of the appearance

of Bi metal.
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Fig. 3 SEM and BSD images of fracture surface gfBTiOz5 with x = 0.01 after annealing in a
reducing atmosphere. The insert in the BSD imagavshthe atomic ratio of elements at three

indicated points measured by EDS.

Fig. 3 shows SEM and BSD images of a fracture sertd the annealed SBi,TiO3.5 ceramic withx

= 0.01. XRD only shows the existence of Bi metalhia composition with x = 0.05 and 0.07. It is not
known whether the absence of diffraction peaksesponding to Bi metal in §Bi,TiOs5 with X <
0.05 is due to that it is below the solubility af @& detection limit of the XRD instrument. Therefo

the microstructure of the composition with= 0.01 was examined. The BSD image shows a clear
contrast between different phases. The atomic tatween different elements from EDS analysis is
shown in the insert of Fig. 3. The light grey asktmws a similar atomic ratio between Sr and Ti,
indicating that it is most likely SrTi© The bright spots are rich in Bi, while the ligtiike dark areas
are rich in Ti. Therefore, Bi metal exists in, Bi, TiOs5 even at a Bi content lower than what has
been indicated in the XRD analysis (Fig. 1b). lassribed to the decomposition of i, TiOz; after
annealing at 1673 K under a reducing atmosphereagmeement with a previous study on the
degradation of SrBTa0Qq in which SrBTa0O, decomposes into Bi metal and Sr-Ta oxide above 573
K under 4%H/Ar atmosphere [38]. Bi metal and Ti-rich phase énalso been observed in,Sr

«BixTiOs5 ceramics with other Bi contents. The Ti-rich phasklagnéli phase (J02..1), a commonly

5



found phase in Sr deficient SrTyB9]. As Bi leaves the lattice site, SBi,TiOz5 becomes A-site
deficient and TjO.,1 is formed. TjOs,.1 is also observed in &55TiI055 as a result of excess TiOt is
believed that above the solubility limit of Sr vacg in the SrTiQ structure, TiO,,.; will form as a

secondary phase in a reducing atmosphere.

Fig. 4a and b show the temperature dependencesadatrical conductivity and Seebeck coefficient
of Sr,BixTi035 and SgosTiO35. Sk BiyTiOz5 With 0 < x < 0.005 shows semiconducting electrical
conductivity over the whole range of temperaturéjlevthe samples with 0.0 x < 0.07 show
metallic conduction above 400 K. The electrical awetivity of Sk,BisTiOz5 increases with
increasing Bi content up to= 0.05. All compositions are n-type, as they psssegative values of
Seebeck coefficient. In general, the absolute watieSeebeck coefficient decrease with increasing B
until x = 0.05. An increase in the carrier concentratiée Bi substitution is confirmed by the
simultaneous increase in electrical conductivityd atecrease in the absolute values of Seebeck
coefficient. SgosTiO35 has been synthesized to confirm the role of Bisstllion and TiO.1 in
SITiO;5. Compared to SrTig, ShesliOz5 possesses higher electrical conductivity and lower
absolute values of Seebeck coefficient, possibly tuthe presence of ;0.1 IN SthosTiO0z5. TiOon g

is a series of n-type thermoelectric materials possesses better thermoelectric performance tlean th
undoped SrTi@Qs in this work [40, 41]. Therefore, the incorporatiof Ti,O...1 in SrTiOss could
improve its electrical conductivity and reducedtssolute values of Seebeck coefficient. On therothe
hand, S§9sTiO35 shows a much lower electrical conductivity thapeSBio osTiO35. It could be due to
its low carrier concentration and probably low niibji It is clear from Fig. 2c that the lattice
parameter of QksTiOs5 is similar to the undoped SrTi® and smaller than all of the Bi-doped
samples, indicating a lack in the carrier conceinacontributed by Bi substitution and oxygen
deficiency. Moreover, below a critical carrier centration, the carrier mobility of SrTiQ decreases
with decreasing carrier concentration [4R]nally, the Seebeck coefficient of the samplesgnés a
very complex behaviour, with abrupt variations wiih any observable counterparts in the electrical
conductivity measurements, except for the samptk wi= 0.03 at T ~ 700 K. Ohta et al. [17] have
shown that such transition at 750 K in heavily loat&lb-substituted SrTigsamples can be related to
a dominant carrier scattering mechanism changinth wicreasing temperature from a coupled
scattering by polar optical phonons and acoustionphs to mere acoustic phonon scattering.
Moreover, the samples in this study are compositgs complex microstructures rather than single
crystals as in Ohta’s et al. study, which couldrdated to these variations. However, further ssidi
(such as Hall effect measurements, magnetic measmte ...) are required to understand such
complex behaviouPower factor (Fig. 4c) can be calculated from elegt conductivity and Seebeck
coefficient. The power factor of SrTi@ is significantly improved by Bi substitution, espaly at
temperatures ~ 400 K. The highest power factorbigined in St,BisTiOz5 with x = 0.07, ~ 1286



HWM'K? at 420 K, which is comparable with that of La ardioped SrTiQ at a similar doping

concentration [21, 43].

Fig. 4d shows that 0.5% of Bi substitution does obviously reduce the thermal conductivity of
SrTiO;, whereas 5% and 7% of Bi doped SrfjOand SgesTiOs5 exhibit reduced thermal
conductivity. The reduction of the thermal conduityiin Sr;,BisTiO35 with x = 0.05 and 0.07 could
be attributed to Bi substitution and the compogtiect from Bi metal and JO,.1. The mass
difference between Srand BP* creates point defect scattering for phonons, thdscing the lattice
thermal conductivity. The interfaces between ddférphases could scatter phonons, especially the
interfaces between Bi metal and the two oxides.oLged Cahill have observed a low thermal
conductance at the interfaces between Bi and hgdrégrminated diamond, with a thermal
conductivity approaching amorphous limit [44]. Thascribe it to the dissimilar Debye temperatures
and vibrational spectra between Bi and diamondth&sDebye temperature of Bi [44] is much lower
than those of SrTigJ45] and TiQ [46], a low thermal conductivity could be expectddhe interfaces

between Bi and oxides. Moreover, the shear plan&$0.,., can also effectively scatter phonons.

Fig. 4e shows the temperature dependence of fighimerit. ZT of Sr,BixTiOz5 is enhanced by
substituting Sr with Bi up ta = 0.07, reaching ~ 0.13 at 1000 K. In additidf, of Sk ¢sliO35 IS a
little higher than that the undoped SrEiut much lower than that of SBio.0sTiO35. Incorporating
Bi into SrTiO;5 is beneficial for its high power factor and lowetal conductivity due to the
substitution and metal inclusion, whereas a furdr@rancement &T in Bi-doped SrTiQ is limited

by its low solubility. Therefore, Bi can be addedaaco-dopant into SrTiQ.



—m—x=0 —m—x=0
(a) ,E\ : —e—x=0.005 < 0 T T o—x=0.005
—A—x=0.01 —A—x=0.01
D 104 o —v—x=0.03 (b)S —v—x=0.03
=~ b 3\;:’\.\ . —6—x=0.05 = ——x=0.05
T | ey, . et B 5%,
E= e 2 B § Bebi s
g I, T, CEERES S Qy == = = < CUI
S a0yl 54004 N #a-i-aa g\ ; T op
X RS aa 3 BaEzs
o A~a-aa
! - x NEPPEY CNPNy =,
g 10° P O 600 - oo NZEa')
8 b—p—p—h—p— PP - 9 " - 1~
T 10'] b e a-f--g-A-A-t-e—a-e-% Rt RN -4
8] 0 Q \%
o 10 E [0
w10+ : : , @ _8oo : : : ‘
400 600 800 1000 400 600 800 1000
Temperature (K) — Temperature (K)
: : : —=—x=0 10— : : :
(C) <~ 1500+ T —e—x=0.005 (d) B
& ” —:—:fg-g; £ T —e—x=0.005
< DS —&— x=0.05
£ 10004 ! % I D % 84 - —€—x=0.07
= /+».\ s = INJ —»—sr, IO,
= f ) —>— S, TIO, = T
= NI - > T
5 5001 *\§:§‘3 . 1 T 6 ;
s At =44 o 3] }QL ~
o o tN“’“x:X‘x\ Do © \?\ ~—
Y E=X<g-x-xx ] S <~
L p = Q l\ = ~~ il
O 201 . O 44 §;> s 1
g 10 r‘/; TE“ ) 1\§§$ +
1 B R B e ] T
“ I i & , “
400 600 800 1000 = 400 600 800 1000
Temperature (K) Temperature (K)
(e) 0.15 [
N |
N
% 0.10+ ] l
1S 1 J —a— x=0
ks —e—x=0.005
—&—x=0.05
£ 0057 —4—x=0.07
& —»—sr_ TiO,
LI__ -
. )/gé:;:
0.000 +—*—tr—nr—h

400 600 800 1000
Temperature (K)
Fig. 4 Thermoelectric properties of,FBi,TiO3z 5 (x = 0.005, 0.01, 0.03, 0.05, and 0.07) anghs3iOs.
s ceramics after annealing in a reducing atmosphere dunction of temperature. (a) Electrical
conductivity, (b) Seebeck coefficient, (c) powectta, (d) thermal conductivity, and (e) figure of

merit, ZT.
4. Conclusions

The thermoelectric properties of densg,BiTiOz5 (0 < x < 0.07) and SrgsTiO3z.5 ceramics prepared
by solid-state reaction and conventional sintetiage been studied. The presence of Bi metal and
TinOma1 has been confirmed in SBixTiOs5 ceramics, making them SBIiTiOz4/Bi/Ti Ot
composites. T, is also observed in §&kTiOs. The lattice parameter of SBicTiOs5 increases

with increasing Bi content, whereas undoped SgFiQossesses the same lattice parameter as



SresTiOs5. It indicates that some Bi dopants are incorpordtgo the crystal lattice of SrT¥O

Substitution of SF* with Bi*" increases the electrical conductivity and redubesabsolute values of

Seebeck coefficient. The power factor is improwethie Bi-doped samples. The thermal conductivity

is effectively reduced in $¢Bi,TiO3z5 with x = 0.05 and 0.07, possibly due to the enhancedg@hon

scattering introduced by Bi substitution and thenposite effect from Bi and J©,,;. HighestZT ~
0.13 has been achieved in&Biyo7T1035 at 1000 K.
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