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ABSTRACT

Tungsten bronze (TB) structured materials have attracted attention as possible thermoelectrics because of their complex crystal structure. In
this work, a new thermoelectric ceramic with a tetragonal tungsten bronze (TB) structure, BagTi,NbgO3, (BTN), was prepared by the con-
ventional mixed oxide route with some samples processed by Spark Plasma Sintering (SPS). The addition of MnO enabled the fabrication
of high density BTN ceramics at a low sintering temperature of 1580 K in air and by SPS. All samples were annealed in a reducing atmo-
sphere after sintering. X-ray diffraction showed that BasTi,NbgO3, crystallizes with tetragonal symmetry (P4bm space group). High angle
annular dark field-electron energy loss spectroscopy analysis confirmed the proposed crystal structure and provided exact elemental distribu-
tions in the lattice, showing higher concentrations of Ti in the 2b lattice sites compared to the 8d lattice sites. XPS showed the presence of
two spin-orbit double peaks at 207.7 eV in the reduced BTN samples, confirming the presence of Nb** ions. By the use of a sintering aid
and optimization of the processing parameters, the ceramics achieved a high power factor of 280 4W/m K> at 873 K. The BTN ceramics
showed phonon-glass-type thermal conduction behavior with a low thermal conductivity of 1.7-1.65 W/m K at 300-873 K. A thermoelectric
figure of merit (ZT) of 0.14 was achieved at 873 K. This ZT value is comparable with results for many TB thermoelectrics. However, BTN
has the advantage of much easier processing.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http:/
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5119962

1. INTRODUCTION

Thermoelectric (TE) materials can transform thermal energy
to electrical energy and can, therefore, be exploited in a range of
applications from energy harvesting to cooling devices. Candidate
materials are usually screened by their thermoelectric figure of
merit, ZT, which is based on the Seebeck coeflicient S, the electrical
conductivity o, and the thermal conductivity , and embodied in
the equation ZT = 6S>T/x, where T is the absolute temperature.’
Current commercial devices usually employ Bi- and Pb-based tellu-
ride thermoelectric materials, which exhibit high ZT values, ~1 at

room temperature.”* However, these materials have disadvantages;
narrow temperature range for maximum performance, poor struc-
tural stability at high temperature, and containing toxic and/or rare
elements. In the last two decades, oxides have attracted increasing
attention for thermoelectric applications due to their chemical
stability, low cost, and ease of preparation. Among the oxides, a
number of tungsten bronze (TB) structured materials in the (Sr,Ba)
Nb,O¢ system, mainly based on Srye;Bag30Nb,O (SBN61), have
been investigated as possible thermoelectrics because their complex
crystal structure encourages low thermal conductivity. Lee et al.’

J. Appl. Phys. 126, 125115 (2019); doi: 10.1063/1.5119962
© Author(s) 2019

126, 125115-1



Journal of
Applied Physics

determined the thermoelectric properties of single crystal SBN61
and confirmed a high power factor, 6% along the c-direction
(2x 107> W/m K? at 516 K). However, the anisotropic properties of
these materials suggested that texturing of ceramics would be nec-
essary to maximize thermoelectric performance. They concluded
that the conduction mechanism for highly reduced samples was
polaron hopping. Lee et al.® also prepared textured polycrystalline
SBN61 ceramics using a templated grain growth approach and
showed that both o and S were higher along the c-axis. The proper-
ties of nontextured ceramics were limited by the characteristics
measured along the a-axis, with S values being independent of
temperature.

By the introduction of fluorine at oxygen sites of SBN61, Li
et al.” were able to significantly increase the carrier concentration
and modify the band structure, leading to increased ¢ and the
reduction in S. Fluorine doping had the additional benefit of reduc-
ing  thermal  conductivity.  Ceramics of  formulation
Sro61Bag 30NbyOs5.95Fg 05 exhibited the best thermoelectric perfor-
mance due to the combination of high 0S? and relatively low «,
leading to a maximum ZT of 0.21 at 1073 K.

Interstitial doping of SBN ceramics has also been explored as
a way to improve thermoelectric performance.”” Azough et al.'’
investigated a related ferroelectric ceramic with the TB structure
Bag _ (Ndg , 2, Ti;30s4 and evaluated the effect of the Ba/Nd ratio
on thermoelectric  properties. They demonstrated that
Bas 19Ndsg 54Ti;3Os4 exhibited a high S value (-210u4V/K) and an
acceptable o (60 S/cm), which led to a maximum power factor of
2.5% 10"* W/m K? at 1000 K. Furthermore, this material exhibited
a low and stable thermal conductivity over the full measurement
range, being only 1.45 W/mK at 1000 K, one of the lowest values
reported for thermoelectric oxides. A maximum ZT of 0.16 was
obtained at 1000 K. These results for Bag _ (Ndg ., 5, Ti;3O54 ceram-
ics are promising; texturing and different doping strategies could
further improve the properties.

The structure of BagTi,NbgO;, (BTN) ceramic was first
reported in 1965."" BTN has a tetragonal structure with space
group P4bm,'' with lattice parameters a=b=1253A and
c=4.01A. The structure consists of NbOs octahedra sharing
corners occupied by Nb and Ti forming two main interstices (Al
and A2)."" In BTN, both pentagonal Al-sites and tetragonal
A2-sites are predominantly occupied by Ba. The co-existence of
pentagonal and tetragonal sites results in trigonal vacant c-sites in
the structure (Fig. 1). BTN ceramic was initially studied as a ferro-
electric due to its low dielectric loss and low temperature coefficient
of relative permittivity.'>'* Building on the earlier work of Azough
et al.'’ on TB materials, we have investigated the crystal structure
and, for the first time, the thermoelectric properties of ceramic
BagTi,NbgO30. We employed MnO as a sintering aid to reduce the
processing temperatures and increase the sample quality. Selected
samples were fabricated by Spark Plasma Sintering (SPS) to achieve
high density with the possibility of developing texture; the electrical
conductivity and Seebeck coefficients are usually maximized along
the c-axis for tetragonal tungsten bronze structured materials.”
The exact crystal structure of BagTi,NbgO3, was unambiguously
determined by combined high resolution X-ray diffraction and
aberration-corrected atomic resolution analytical Scanning
Transmission Electron Microscopy (STEM).
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FIG. 1. A 2x 2 unit cell [001] projection of the structure of BTN showing NbOg
octahedra (green). Red circles in the corners of the octahedral are oxygen
atoms, A1 and A2 interstitial sites occupied by Ba atoms (black circles) and
vacant c-sites.

Il. EXPERIMENTAL

BagTi;NbgO39 ceramics were prepared from high-purity
powders of BaCO; (Sigma Aldrich, 99.9%), TiO, (Sigma Aldrich,
99.9%), and Nb,Os (Acros Organics, 99.9%). The raw powders
were mixed according to the target composition and wet milled for
24 h using zirconia balls and propan-2-ol. The mixture was dried at
358 K for 24h and then calcined at 1273K in air for 8h.
Manganese oxide (equivalent to 0.5wt. %) in the form of MnCO;
(Sigma Aldrich, 99.9%) was added to the calcined powder as a sin-
tering aid. The powders were then remilled and dried using the
same conditions described above. For conventional sintering, the
calcined powders were uniaxially pressed into pellets of 20 mm
diameter and 5 mm thickness and sintered in air at 1573 K for 4 h.
Some samples were subsequently annealed in an Ar (5-mol. % H,)
atmosphere at 1573 K for 6 or 12h. The samples are denoted as
BTN-S, BTN-A6, and BTN-A12, respectively (“S” denotes sintered,
“A” indicates annealed samples, and the final number the duration
in hours). Selected samples were processed by SPS using a HPD
25/1, FCT systems (Germany) SPS furnace at Queen Mary,
University of London. The same stock calcined powders were
placed into a graphite die of 20 mm diameter (obtained from
Erodex) and sintered for 5min at 1523 K with a pressure of
16 MPa and a cooling rate of 323 K/min. Such samples are denoted
as BTN-SPS-S. The as-sintered SPS samples were also annealed in
an Ar (5-mol. % H,) atmosphere at 1473 K for 12 or 24h; the
samples are denoted as BTN-SPS-A12 and BTN-SPS-A24,

J. Appl. Phys. 126, 125115 (2019); doi: 10.1063/1.5119962
© Author(s) 2019

126, 125115-2



Journal of
Applied Physics

respectively. The SPS samples were annealed at a lower temperature
than conventionally processed samples to minimize problems
caused by the second phase development.

Cu radiation, X-ray diffraction (XRD) analysis was carried out
using a PANanalytical X’Pert Pro diffractometer. High resolution
synchrotron X-ray diffraction analysis was carried out at the
Diamond Light Source (beamline I11) with radiation of the wave-
length of 0.826 013(10) A; calibration employed a NIST SRM640c
standard reference material. Crystal structure refinement was
carried out using TOPAS 4.2 software (Bruker AXS, Karlsruhe,
Germany)."* Scanning electron microscopy (SEM) of polished
sample surfaces was undertaken using a Philips XL30 FEGSEM
equipped with an energy dispersive X-ray (EDX) detector. An FEI
FEGTEM (Tecnai G30) transmission electron microscopy (TEM)
was initially used to analyze the microstructure and crystal struc-
ture of materials. Subsequently, atomic resolution structural charac-
terization was carried out using an aberration-corrected Nion
microscope (UltraSTEM100; Nion Company, Kirkland, WA),
located at the Daresbury SuperSTEM Laboratory in the UK.

Electrical transport properties, Seebeck coefficients and electri-
cal conductivity, were determined from 350 to 873 K in a helium
atmosphere using a ULVAC-RIKO ZEM-3 facility. For thermal
property measurements, thermal diffusivity (o) was measured by
the laser flash technique using a Netzsch® LFA427 Laser Flash
Analyser. Heat capacity (C,) was measured in an argon atmosphere
using a Netzsch STA 449C. Sample densities (p) were determined
by the Archimedes method. The thermal conductivity (k) was cal-
culated from the product of thermal diffusivity, heat capacity, and
density using x = a C, p.

10pm
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I1l. RESULTS AND DISCUSSION
A. Conventional pressureless sintering
1. Microstructure and crystal structure

The air-sintered BagTi,NbgO3q ceramic samples are light
brown in color. Upon annealing in a reducing atmosphere, the
color changes to dark gray, indicating the reduction of Nb>* and
Ti*" to lower valance states.” All three types of samples (BNT-S,
BNT-A6, and BNT-A12) achieved densities of at least 95.5 + 0.3%
theoretical.

To evaluate the sample microstructures after sintering
and annealing, SEM characterization was initially performed.
Figure 2(a) shows a secondary electron image of air-sintered
BTN-S; the samples are single phase and exhibit equiaxed grains
with an average grain size of 8.4um. Upon annealing, the grain
morphology for BIN-S was unchanged [Fig. 2(b)], but the grain
sizes of BIN-A6 and BTN-A12 were significantly larger at 14.9 and
15.2 um, respectively [Figs. 2(c) and 2(d)]. However, the formation
of a minor secondary phase, plate shaped and darker in contrast
compared to that of the matrix phase, occurred in the latter two
samples [indicated by arrows in Figs. 2(c) and 2(d)]. EDX analysis
confirmed the presence of Ba, Ti, and Nb in the secondary phase
with the atomic ratios of approximately 2:1:1, equivalent to Ba
(Tip.46Nbyg 54)O3; this phase is richer in Ti than the primary phase
(see also Fig. S-1 in the supplementary material).

In order to clarify and resolve details of the structural data
obtained by XRD for the BTN air-sintered sample'"'*"'® and
understand the structural changes arising after annealing, high

FIG. 2. (a) Secondary electron (SE)
image for the as-fired surface of air-
sintered BTN-S. Backscattered electron
(BSE) images of sintered and annealed
(polished) samples of (b) BTN-S, (c)
BTN-AB, and (d) BTN-A12.

10pm

10pm
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precision STEM imaging and analysis and atomically resolved
chemical mapping were performed for BTN-S and BTN-A1l2
samples. [001] zone axis high angle annular dark field (HAADF)
images and the electron energy loss spectroscopy (EELS) maps for
the BTN-S sample are presented in Figs. 3(a)-3(d). The HAADF
image in Fig. 3(a) shows a uniform distribution of the four types of
“compositional” columns with different intensities inside the red
circles [top left region of Fig. 3(a)]. EELS mapping reveals that the
bright columns in the HAADF image represent Ba (Z =56) shown
inside circles in Fig. 3(a), and the columns with lower intensity rep-
resent Ti (Z=22) or Nb (Z=41). The areas with darkest intensity
and triangular shape are believed to be normally vacant c-sites of

FIG. 3. [001] HAADF image and EELS data for BTN-S ceramic. (a) Top right
inset is the superimposition of the proposed crystal structure obtained by XRD
on the HAADF image. (b) HAADF image with the green rectangle showing the
area used for chemical analysis. (c) and (d) EELS maps for Ba and Ti,
respectively.

ARTICLE scitation.org/journalljap

the TB structure. The Ba columns are coordinated with 5 or 4 Ti/
Nb columns, presenting pentagonal and tetragonal channels of the
structure, as shown inside ellipsoid in the bottom of Fig. 3(a). The
HAADF image comprises the repeating segments of Ba columns
coordinated with 5 Ti/Nb columns (pentagonal channels) and 4
Ti/Nb (tetragonal channels). Two pentagonal channels are at the
end of the segment, with one tetragonal channel in between. The
HAADF images agree with the structural model of BagTi,NbgO3,
(ICSD card No. 151418) and are included in the lower central
region of Fig. 3(a). The unit cell is superimposed on the HAADF
image in the top right inset of Fig. 3(a). A very good match for the
site occupancies of the constituent elements between the HADDF
image and the proposed crystal structure can be seen (ICSD card
No. 151418).

The Ba and Ti EELS maps [Figs. 3(c) and 3(d)], obtained from
the region highlighted in Fig. 3(b), show that the A sites (pentagonal
and tetragonal channels) are occupied by Ba and the B sites are
occupied by Ti. There is a homogeneous distribution of Ba in both
channels, while the distribution of Ti is nonuniform; Ti has a higher
concentration in (Ti/Nb)2 sites compared to the (Ti/Nb)1 sites.

To investigate the structural changes and the stability of
BagTi,NbgOs after annealing in the reducing atmosphere, [001]
zone axis HAADF images and EELS maps for the BTN-A12
sample were collected. The HAADF image for the BTN-AI2
sample [shown in Fig. 4(a)] is similar to the HAADF image for
BTN-S [Fig. 3(a)], suggesting that the structural arrangement of
BagTi,NbgO30 has not changed upon annealing. The Ba and Ti
EELS maps [Figs. 4(c) and 4(d)] suggest that, similar to BTN-S, the
A sites are occupied by Ba and the B sites are occupied by Ti/Nb.
Again the Ba data show a homogenous distribution, while the dis-
tribution of Ti is nonuniform; the Ti concentrations in Ti/Nb 2
sites are higher.

A significant observation from HAADF imaging is the pres-
ence of the structural linear defect in the Ar annealed ceramics;
Fig. 5 presents data for BTN-12 as an example. The corresponding
HAADF-EELS data for the linear defect (shown in Fig. 6) reveal
that the linear defect is deficient in Ba, and the related tetragonal
channel is distorted. Thus, annealing promoted lattice distortion of
the tungsten bronze structure of BTN-A12.

Following initial X-ray diffraction analysis using Cu radiation,
high resolution synchrotron X-ray diffraction analysis was carried
out. Figure 7 shows the Rietveld refinement of the spectra collected
for BIN-S and BTN-A12. Data for both samples were refined for
tetragonal symmetry with P4bm as the space group. The refinement
details and lattice parameters are summarized in Table I. The
lattice parameters for the base material, BTN-S, agree with the data
of Jamieson and Abrahams'® and Stephenson.'' The data for
sample BTN-A12 show that the annealing process led to structural
changes, causing the a lattice parameter to increase by 0.024 A and
the ¢ lattice parameter to decrease by 0.017 A. For BTN-S, the
value of v/10 ¢/a=1.01, i.e., >1. As this value differs from 1, it indi-
cates that the BOg octahedra are distorted; the ¢ value reflects the
height of the octahedra.'” The distortion is caused by the displace-
ment of cations in BOg octahedra resulting in a net effective distor-
tion along the [001] direction.'” For BIN-A12, the value of v/10 c/a
is smaller, but is still greater than 1. This indicates that the BTN
ceramics still show octahedral distortion after reduction.

J. Appl. Phys. 126, 125115 (2019); doi: 10.1063/1.5119962
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Full details of the refined atomic positions and thermal
parameters for BIN-S and BTN-A12 are presented in Table S-1 in
the supplementary material. The positional parameters for BTN-S
are in good agreement with the data of Jamieson and Abrahams'®
and Stephenson.'’ Upon annealing BagTi,NbgO;4, the Bl site
atoms show a significant positional movement (11%) along the z
direction. This is believed to be responsible for the change in lattice
parameter ¢, which is equivalent to the height of the octahedra. For
BTN-S, the total occupancy of B sites by Ti and Nb atoms was 1.98
and 8.02, respectively, which is consistent with the stoichiometry of
BagTi,NbgO3p. However, for BTN-A12, the Ti occupancy was

FIG. 5. [001] HAADF image showing the linear defect in the BTN-A12 sample.
The MAADF image of the boundary area is shown as the inset.
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FIG. 4. [001] HAADF and EELS data
for BTN-S ceramic. (a) HAADF image
showing the area in a green rectangle
used for chemical analysis. EELS
maps for (b) Ba and (c) Ti map.

significantly lower, approximately 18.6%. This change is related to
the formation of the Ti-rich secondary phase, Ba(Tij46Nbg54)O3,
which represents 4.41(3)% of the sample; this fraction of secondary
phase will reduce the Ti occupancy of the main phase by around
1%. Annealing causes changes in the oxygen site occupancy in the
Ba-Ti-Nb-O system. There was a decrease of 3%-4% in occupan-
cies of the O(1), O(4), and O(5) positions, while O(2) and O(3)
occupancies were unchanged. This indicates that the oxygen atoms
in the former positions are more likely to be lost during annealing
in the reducing atmosphere. This is consistent with the preferential
location for oxygen vacancy formation in the Sr-Ba-Nb-O system
(O 4c site)."’

2. XPS analysis

XPS was used to determine the oxidation state of Nb in the
BagTi,NbgO3 samples before and after reduction. Figure 8 shows
the XPS peaks of Nb 3ds, and 3ds, for BIN-S and BTN-A12.
Peaks corresponding to Nb 3ds,, and 3d;/, are located at 206.8 eV
and 209.5 eV, respectively. The spin-orbital peak separation was
2.7¢V in agreement with the work of Nefedov et al.”’ BTN-A12
shows extra shoulders in the XPS spectrum at a lower binding
energy of 207.7eV, which corresponds to the Nb** oxidation
state,”” which was not present in the spectrum of BTN-S. This
confirms that the Nb>' ions in BTN-S were reduced to Nb*"
during the annealing processing. Additionally, the presence of only
Ti** was evident from the Ti 3d spectrum (see Fig. S-2 in the
supplementary material). Thus, the charge compensation due to
reduction annealing can be represented by Eq. (1) in terms of the
Kroger-Vink notation,

BaGTisz3030 H6BaB>; + leﬁ + (8 - 25)Nbl\>1<b

: )
+(30 = 5)0g +25Nby, +8V5 +2 Oa(g). (1)
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- / v .‘ i y FIG. 6. [001] HAADF-EELS data for

T * = e ¢ - the linear defect in sample BTN-A12

. 4 > - (see Fig. 5). (a) HAADF image, (b)

MADDF image during data collection,
and (c) Ba EELS map.

MAADF during Ba

HAADF images of the boundary survey

Extra charge carriers will be generated by the reduction concentration was too small to detect. On this basis, the oxygen
process, and hence an enhancement in the electrical conductivity is deficiency for BTN-A12 was calculated; the BNT formula can
expected. For BIN-A12, the amount of Nb** present was calculated be rewritten as BagTi,NbgO,9 9945, Where the average Nb valance
to be around 1.1%, while for air-sintered BTN, the Nb** is 4.989.

(@) (b)

Intensity (arb.)
Intensity (arb.)

5 15 25 35 45 55 5 15 25 35 45 55

'2(-) (Deg.) . '26 (Deg.) .

FIG. 7. Refined synchrotron diffraction data for (a) BTN-S and (b) BTN-A12. Experimental data are presented by the blue dashed line, the refined profile by the red line,
and the difference by the (lower) blue line.
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TABLE I. Refinement parameters and lattice parameters for BTN-S and BTN-A12. 3. Thermoelectric properties

Sample BTN-S BTN-A12 The temperature dependency of thermoelectric properties of
Roval d R =78 R R..=729,R reduced BagTi,NbgO3, ceramics (BTN-A6 and BTN-A12) is shown
-values an, p=7.8, Ryp = xp =729, Ryp= o . . . .
GOF 1443, GOF — 1.85 1281, GOF = 1.76 %n zlg. 9.dIt 1ts cleai };Lhat the aeﬁectr:cal C(EIE'duc';l(w;?l o.f BaGT?sz;Ow
Lattice a=12.540736(9), ¢ a=12.564 320(10), c = is dependent on the annealing time [Fig. 9(a)], increasing from
parameters (A) = 4.007 021(6) 3.990 353(5) 44 S/cm at 350 K to 91 S/cm at 873 K with increasing the annealing
time from 6h to 12h. Longer annealing time under reducing
(a)
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FIG. 8. (a) XPS spectra for air-sintered BagTi,NbgO3q showing only the presence of Nb>* and (b) XPS spectra for BTN-A12 showing the presence of both Nb®* and Nb**.
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conditions led to a higher concentration of oxygen vacancies
(Fig. 8) and increased carrier concentration [Eq. (1)]. In addition,
the reduction in the ¢ lattice parameter is expected to encourage
the orbital overlap, which could potentially enhance the carrier
mobility along the c-axis; this is usually the direction along which
the highest ¢ is observed for TB structured materials.””' Both
BTN-A6 and BTN-A12 samples exhibited negative Seebeck coeffi-
cients [Fig. 9(b)], confirming the n-type nature of BTN. The
Seebeck coefficients increase steadily with temperature. |S| values
for BTN-A12 are lower because of the higher carrier concentration
and electrical conductivity. Consequently, the power factor (5S%)
values for both samples increase with increasing temperature
[Fig. 9(c)]. BTN-A12 shows a higher power factor (~286 uW/m K?)
than BTN-A6 at 873 K.

Both BTN-A6 and BTN-A12 exhibit a low and temperature
stable total thermal conductivity of about 1.5—-1.75 W/m K at 873 K
[Fig. 9(d)]. The electronic component of thermal conductivity x,
can be obtained from the Wiedemann-Franz relationship given
by Eq. (2),

ke = oL,T, )
where L, is the Lorenz number (equal to 2.45 x 1078 W Q/K?), o is
the electrical conductivity, and T is the absolute temperature. The
calculated values of x, for BIN-A6 and BTN-A12 are very small,
around 0.6—1.7 x 107> W/m K, which translates to a contribution of

less than 0.1% to total k. Therefore, it can be concluded that the low
thermal conductivity for BTN-A6 and BTN-A12 can be attributed to

0 575 650 725 800 875

Temperature (K)

their low lattice thermal conductivity. BagTi,NbgO3, has a complex
crystal structure and the presence of heavy of cations (Ba** and
Nb>*) in different sublattices will promote phonon scattering.
Additionally, the existence of vacant c-sites (Fig. 3) will enhance the
scattering of phonons and help to reduce thermal conductivity.”>**

B. SPS sintering
1. Crystal structure and microstructure

The SPS-prepared BagTi,NbgOs;, ceramics were all of high
density ~99% theoretical. The dark gray color reflects preparation
in the reducing atmosphere of SPS. Laboratory XRD (see Fig. S-3,
supplementary material) confirmed that BTN-SPS-S has a tetrago-
nal tungsten bronze structure with the P4bm space group, and
lattice parameters a=b=12.544(2) A and ¢=3.989(4) A. The
structures of SPS-prepared BTN ceramics were unchanged after
annealing, with limited variation in lattice parameters:
a=b=12.549(2) A and ¢=3.988(3) A for BTN-SPS-A12, and
a=b=12.549(4) A and c=3.988(1) A for BTN-SPS-A24. A sec-
ondary phase of BaTiO; with cubic symmetry and Pm3m space
group was detected in all the three BTN-SPS samples. Another sec-
ondary phase of Ba,Ti;Nb,O;s with a monoclinic structure was
also observed in BTN-SPS-A12 and BTN-SPS-A24.

BSE-SEM images of the SPS-prepared BTN ceramics are
shown in Fig. 10. In the microstructure of all three SPS samples
(BTN-SPS-S, BTN-SPS-A12, and BTN-SPS-A24), a minor second-
ary phase was observed, being brighter in contrast to the matrix. In
addition, another minor phase, having a darker contrast, was
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observed in the microstructure of the annealed SPS samples
(BTN-SPS-A12 and BTN-SPS-A24). The SEM-EDS data showed
that both minor secondary phases contain Ba, Nb, and Ti, the
same as the matrix phase (Fig. S-4 in the supplementary material).
However, they have different ratios of Ba:Nb:Ti. The bright phase
has a higher content of Ba compared to the matrix, and the dark
phase shows more Ti and less Ba compared to the matrix. These
changes in the (Ba, Nb, and Ti) levels explain their different con-
trast in the SEM images. As a result of the very short sintering
time, the SPS-prepared samples exhibit small grain sizes, around
42 um for BTN-SPS-S, 58um for BTN-SPS-A12, and 7.3um
BTN-SPS-A24. These values are much smaller than the average
grain size of the ceramics prepared using conventional sintering.

2. Thermoelectric properties

The electrical conductivity of the Ar annealed SPS samples as
a function of temperature is presented in Fig. 11(a). Both
BTN-SPS-A12 and BTN-SPS-A24 show semiconductor conduction
behavior from 350 K to ~723 K. At higher temperatures, the mate-
rials begin to show slight metallic behavior and a small reduction
in conductivity with increasing temperature. BTN-SPS-A24 exhibits
higher o; the highest o is ~40 S/cm at 873 K. The Seebeck coeffi-
cients for annealed SPS samples are presented in Fig. 11(b).The
negative S values confirm the n-type nature of samples. With
increasing temperature, all of the samples show an increase in the |
S| values. Within the uncertainty range, the S values for reduced
SPS samples are not significantly affected by sintering or annealing
conditions. At 873 K, the S value for annealed SPS samples reaches
—273 uV/K, which is much higher than values reported for other
SPS-prepared tungsten bronze structured compounds.”*’

ARTICLE scitation.org/journalljap

FIG. 10. BSE images of polished sur-
faces of BagTioNbgO3 ceramics pre-
pared by SPS: (a) BTN-SPS-S, (b)
BTN-SPS-A12, and (c) BTN-SPS-A24.
Secondary phases are highlighted by
red circles and white arrows.

Compared to the pressureless sintered BTN samples, the SPS
samples exhibit lower ¢ and higher |S|. To further understand the
electrical conduction processes in BTN, the carrier concentration
(n) was determined from S values with the aid of the modified
Hiekes’ equation”® given by Eq. (3). The modified Hiekes’ equation
is based on the assumption that only one electron is permitted on a
given site and both degeneracies of spin and orbital are negligible.””
The contribution of vibrational entropy is assumed to be negligible.
Therefore, the calculated values of carrier concentration are
expected to be higher than the real values. The charge carrier
mobility (1) values were determined from the o data using the rela-
tionship between o, n, and u given by Eq. (4),

1
n= C|:es‘£ T 1:| > (3)

u=oa/(e-n), 4)

where ¢ is the number of available sites for carriers per unit volume
of the unit cell. For the tungsten bronze structured BagT1,NbgO3, ¢
is equal to 8/V, where V is the unit volume of the unit cell and can
be calculated from the cell constant of the structure. The factor e/k
is the ratio of the electronic charge to the Boltzmann constant and
is approximately 1/86.2K/uV; S is the Seebeck coeflicients as
shown in Fig. 11(b).

The calculated carrier concentrations and charge mobility data
for both the conventional and SPS-prepared BTN samples are
shown in Table II. The conventional BTN-A12 ceramic shows a
high carrier concentration of 1.45x 10°' cm™ and a high carrier
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mobility of 0.394cm”>V™'s™'. The SPS-prepared samples had
lower carrier concentrations, less than half that for the convention-
ally prepared samples. A possible reason is the lower annealing
temperature used for the SPS-prepared samples. In terms of the
carrier mobility, all of samples showed similar values. Therefore,
the higher carrier concentrations in conventionally processed BTN
ceramics is the primary reason for their higher o and lower |S|
compared to the SPS samples.

The oS values for SPS-prepared BTN samples are presented
as a function of temperature in Fig. 11(c); all of the 6S? values
increase with temperature. For the SPS-prepared samples, the
maximum oS> value of ~266 uW/m K? at 873 K was achieved for
BTN-SPS-A24. This is marginally lower than the value obtained
for the conventionally sintered BTN-A12 (286 uW/m K?). These
results show that higher |S| can be achieved for SPS samples in
comparison to the conventional mixed oxide route. However, the
reduced mechanical strength of the SPS samples (due to the sec-
ondary phase formation) limited the maximum annealing

TABLE II. Carrier concentrations and mobility values for the BTN samples.

Carrier concentration Carrier mobility

Sample (cm™) (£10%) (cm*V~1s™h (£10%)
BTN-A6 9.13 x 10”° 0.299
BTN-A12 1.45 % 10°! 0.394
BTN-SPS-A12 5.41 x 10*° 0.385
BTN-SPS-A24 6.08 x 10°° 0.418

350 425 500 575 650 725 800 875

Temperature (K)

temperature and, therefore, restricted the improvement in carrier
concentration by the reduction process. It is still a challenge to
compensate for the low electrical conductivity values due to the
low carrier concentrations of the SPS samples.

The thermal conductivity of SPS-prepared BTN ceramics is
presented in Fig. 11(d). Both of the BTN-SPS-Al12 and
BTN-SPS-A24 samples show low k, with values of 1.8 and 1.7 W/m K,
respectively, at 350 K; these reduce slightly at higher tempera-
tures. Compared to the conventionally processed BTN ceramics,
the SPS-prepared BTN ceramics exhibit a much lower x. This is
related to the smaller grain size and higher density of grain
boundaries of the latter; the grain boundaries can act as phonon
scattering sites.

The dimensionless figure of merit for reduced conventional
and SPS-prepared samples of BagTi,NbgO3, ceramic is presented in
Fig. 12. All samples show an increase in ZT with temperature.
BTN-A12 and BTN-SPS-A24 show the maximum ZT (ZT,,.,) of
~0.14 at 873 K. With the same annealing time, BTN-SPS-A12
exhibits slightly lower ZT values than BTN-A12, but the longer
annealing time allows BTN-SPS-A24 to achieve similar ZT values
to BIN-A12. In effect, the power factors and thermal conductivity
data for the conventional and SPS-prepared samples (Figs. 8
and 10) are very similar. The main differences are that electrical
conductivities are higher for conventionally prepared samples
(Fig. 9) and Seebeck coefficients are higher for the SPS-prepared
samples (Fig. 11). The compensation between the electrical conduc-
tivity and Seebeck coefficients means that the overall ZT perfor-
mance (Fig. 12) is quite similar. These ZT values are competitive
with many other tungsten bronze structured oxides, but, in general,
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FIG. 12. Dimensionless of figure of merit, ZT, values as a function of tempera-
ture for annealed BagTioNbgOso ceramics prepared via pressureless sintering
and SPS.

the BagTi,NbgO3 ceramics have the advantage of a simpler prepa-
ration route.

IV. CONCLUSIONS

High quality BasTi,NbgO;, ceramics were prepared with
0.5wt. % of MnO as a sintering aid by pressureless sintering and
SPS. The crystal structure was resolved by employing a combination
of synchrotron radiation and atomic resolution electron micros-
copy. BTN crystallizes with tetragonal symmetry with a = 12.5407
and ¢=4.0007 A in the P4bm space group. Both pentagonal and
tetragonal sites are fully occupied by Ba. Nb and Ti share positions
in oxygen polyhedra with the Ti concentration being higher in 2b
sites compared to 8d sites. A minor secondary phase Ba
(Tip.46Nbg 54)O3 was found in the 12-h Ar annealed BTN ceramics,
which contributed to a decrease in the Ti occupancy on both B;-
and B,-sites. The reduction in oxygen occupancy was only found at
0O(1), O(4), and O(5) positions.

The BTN ceramics showed phonon-glass-type conductivity
behavior with modest electrical conductivity and low x values of
1.7-1.65 W/mK from 350 to 873 K. A maximum ZT of 0.14 at
873 K was achieved for ceramics prepared by pressureless sintering
and SPS. The thermoelectric properties of the tungsten bronze
structured materials based on BagTi,NbgOsg, especially the low
thermal conductivities, are very encouraging. To progress them to
be real candidates for thermoelectric applications now requires a
significant enhancement of charge transport. The BTN ceramics
offer the advantage of significantly easier processing than many of
the TB structured materials.

SUPPLEMENTARY MATERIAL

Additional SEM images, EDS maps, HAADF STEM images,
and crystal structure refinement data are included as supplementary
material,
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