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ABSTRACT: Driven by the need for high-temperature n-
type thermoelectrics for energy-harvesting sectors,
SrTiygNby,05,5 ceramics are prepared here from powders
with average particle sizes of 270 and 800 nm by the
conventional sintering in air at 1450 °C and further in H,/N,
at 1400 °C. In contrast to coarse particle powders, the use of
fine particle powders under these conditions leads to
abnormal grain growth and thereby bimodal grain size
distribution in SrTiygNb;,0;,5 ceramics. As a result, a 3-
fold increase in the thermoelectric figure of merit to 0.36 at
970 K is achieved, thus establishing the record value for bulk
Nb-doped strontium titanate up to this temperature.
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B INTRODUCTION

The increasing need for clean, sustainable energy sources to
meet the exponentially rising energy demands of the world has
compelled researchers and scientists worldwide to look for new
power generation strategies. The capture of unused heat in
automotive exhaustion, industrial processes and home heating
is one possible source of energy that is still unexploited. In the
USA, wasted energy in the form of heat is close to 60% of the
total energy produced.' The harvesting of this lost heat could
improve significantly the system efficiency, reducing the
electric supplying costs.' One of the potential devices to
harvest the energy dissipated by heat is a thermoelectric (TE)
generator, operating due to an existent gradient of temper-
ature.” The operation system of this device is intrinsically
related with the Seebeck effect present in a variety of materials,
where an electrical response is caused by a difference of
temperature trough itself or vice versa.”

The efficiency of the thermoelectric generator (TEG)
depends on the material’s figure of merit (ZT), which is a
dimensionless quantity that relates different thermal and
electrical properties ZT = S*o-T/k, where S is the Seebeck
coefficient, o the electrical conductivity, x thermal con-
ductivity, and T the absolute average temperature of
operation.3
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Nevertheless, the high cost of production and materials,
combined with modest energy conversion efficiency, made the
application of TE generators only relevant in a limited field
such as remote power generation for unmanned systems or
radioisotope thermal generators for satellites.” In other areas
such as space and vehicles wasted heat recovery has just been
developed in the last years.* Additional problems related with
the toxicity of these materials, reduced abundance of some
compounds, stability at high temperatures, and heavy weight
prevent the widespread use of this technology.” The use of
oxides is a possible approach to solve some of the actual
concerns of TEGs, reducing costs and weight, and permitting
usage at high temperatures.’

Strontium titanate (SrTiO;, ST), when carrier doped, is one
of the versatile and most widely researched oxides for the n-
type component of a TEG.> The carrier doping used to be
performed by substitution of Sr** with La>* on the A site”® or
Ti* with Nb>* on the B site of an ABO; perovskite lattice’™ ">
or both,">** yielding a maximum ZT of 0.41 at 973 K?0.35 at
1000 K,” and >0.6 at >1000 K,"* respectively. The intrinsically
high Seebeck coeflicient, large electrical conductivity, and high
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melting temperatures are the fundamental properties of the
ST-based systems for TE applications. Thus, the power factor
(S%¢) of doped ST is comparable to the conventional TE
materials, whereas its ZT is meager due to the large .’

Modifications of the grain size and nanostructuring have
been theoretically reported to lower the value of x."° An
increase in the number of such interfaces as grain boundaries
will increase the phonon scattering in the polycrystalline
structure, leading to a decrease in the thermal conductivity.’
Additionally, the reduction of the grain size will increase the
scattering of the phonons with shorter mean free paths at the
grain boundaries, creating a wider range of scattered phonons.”
However, refining the grain sizes leads to an increase in the
electrical resistivity, which is not favorable for enhancing the
ZT values.'® To fully functionalize such dual effects of grain
size, a high-performance TE material may need a combination
of coarse and fine grains in an individual material, as was
shown by Zhao et al. for Bi,Te; thermoelectric material."”
Then, electrical resistivity of the mixed grains may be kept
almost unchanged if the connectivity of the coarse grains are
not destroyed, but its thermal conductivity may be fairly
reduced by the enhanced scattering effect in the fine grain
areas because phonons do not “select” their path like electronic
carriers. However, toxicity, scarcity, and high costs will hinder
TE materials as Bi,Te; to find universal application if their
environmental impact will be considered."® Moreover, they are
limited in their ability to harvest electricity at high temper-
atures, such as from solar and industrial waste heat, due to
their decomposition and volatilization at elevated temper-
atures.'® As a result, there is a need of new, low-cost, and
environmentally friendly TE materials based on oxides despite
the fact that generally oxides have low carrier mobility and high
thermal conductivity. Within this context, we propose here the
use of abnormal grain growth to obtain the required bimodal
grain size distribution in ST-based oxide ceramics for the
optimization of the TE figure of merit.

Indeed, bimodal grain size distribution in ceramics is usually
related to the abnormal grain growth in the presence of a liquid
phase, whereas the temperature range, where abnormal grain
growth occurs, depends on the initial powder particle size, as
was observed in ST ceramics with addition of 0.5 at. % of
Nb.'”*° In these ceramics prepared from 3-um-sized powders,
abnormal grain growth started at 1500 °C and was completed
at 1540 °C. In ST ceramics prepared with 500-nm-sized
powders, the onset and completion temperatures of abnormal
grain growth decreased to 1460 and 1510 °C, respectively.
Finally, for 300-nm-sized powders, the temperatures decreased
further to 1445 and 1470 °C, respectively.'”*" Therefore,
assuming that such a trend can also be valid for
SrTiygNby,03,5 ceramics, we decided to prepare Nb-doped
ST powders by a conventional mixed oxide method and
separate them in coarse- and fine-particle-sized powders by
centrifugation. Then, similarly to the fabrication of BaTiO;
with millimeter-scale grains,21 a two-step firing, consisting of
sintering in air at 1450 °C for abnormal grain growth
nucleation in fine-particle-sized ceramics, and further at 1400
°C for the growth of selected grains, was decided to be
conducted. Thus, with this strategy, we intend to prove that
the microstructural tuning of Nb-doped ST by powder
morphology and a sintering cycle design in conventionally
sintered ceramics can result in a high ZT TE oxide of n-type.

B EXPERIMENTAL SECTION

Preparation of Nb-doped ST ceramics was divided into three main
parts: powders preparation, adjustment of the particle size, and two-
step sintering processes. These preparation steps affect the ceramics
densities and grain size distribution. SrTiygNby,0;.5 (STN20)
ceramics composition was prepared by a solid-state reaction of
mixed powders with the accurate stoichiometry of SrCO; (Merck,
99%), TiO, (Sigma-Aldrich, 99%), and Nb,O; (Alfa Aesar, 99.9%),
although higher purity of Nb,Oy implies about 0.2 at. % excess of B
site ions thus favoring the formation of a liquid phase and thereby
promoting the abnormal grain growth in the particle size-dependent
temperature range according to Bae et al.'”*° The powders were
mixed by ball milling in Teflon jars at 300 rpm for 5 h with zirconia
balls in an ethanol medium. The calcination was performed for 2 h at
1200 °C with heating and cooling rates of 10 °C/min. The powders
were again ball milled in Teflon jars at 300 rpm for 72 h in ethanol
with a proportion of zirconia balls of 1:10. Coulter Multisizer (LS230,
Beckman Coulter, Inc.) analysis revealed a double peak distribution of
powder particle size after milling. For separation, powders were
suspended in water with a concentration of 20 g/L, mixed in the
ultrasounds for 5 min, and centrifuged for 1 min at 1000 rpm. The
slurry and the precipitate were collected, filtered, and dried in order to
obtain fine (~270 nm in average) and coarse (~800 nm in average)
particles. Circular pellets of 10 mm in diameter and rectangular pellets
of 1S mm X S mm of each of these two powders were uniaxially
pressed at 20 MPa for 30 s, followed by cold isostatic pressing at 200
MPa for 15 min. The pellets were sintered in air at 1450 °C for 10 h
and further in 10% H,/90% N, reducing atmosphere at 1400 °C for
10 h with the heating and cooling rates of 10 °C/min. The sintering
temperature of 1450 °C is within the abnormal grain growth
temperature range for ~300-nm-sized powders but below that for
above 300-nm-sized powders according to Bae et al,'”*° thus
anticipating bimodal and unimodal grain size distribution for STN20
ceramics prepared from fine and coarse particle powders, respectively.

Structural and microstructural characterization was carried-out by
X-ray diffraction (XRD), scanning electron microscopy (SEM), and
optical microscopy. Density of sintered ceramics was measured by the
Archimedes method, immersing the samples in ethylene glycol. Room
temperature XRD analysis (Rigaku D/Max-B, Cu Ka) was conducted
on ground sintered samples. The diffraction angle (26) was in the
range of 20°—80° with a sampling step of 0.02°. The lattice parameter
was calculated by a least-squares-approach fitting of the XRD data
using Rietveld refinement FullProf software. The microstructure of
the ceramics was observed on polished and thermally etched at 1350
°C in a H,/N, atmosphere for 1 min sections using SEM (Hitachi S-
4100) and field emission SEM (Hitachi SU-70). Grain size
distribution of ceramics is obtained using the Feret diameter
determination method within the image analysis software Image].
The electrical resistance and Seebeck coefficient were measured on a
commercial ZEM 3 device (ULVAC-RIKO) in a partial helium
atmosphere. In order to obtain the thermal conductivity, the thermal
diffusivity was measured using a Laser Flash technique (NETZSCH
LFA 457 MicroFlash), while the specific heat was measured by
differential scanning calorimetry (NETZSCH STA 449 FS Jupiter) in
argon. Then, thermal conductivity was calculated from the heat
capacity (CP), density (p), and thermal diffusivity (), according to
the expression k = C-p-a. The estimated measurements uncertainties
are 6% for the Seebeck coeflicient, 8% for the electrical resistivity, 11%
for gle thermal conductivity, and 16% for the final figure of merit,
ZT.

B RESULTS AND DISCUSSION

The XRD profiles of the two-step-sintered Nb-doped ST
ceramics are shown in Figure 1 in logarithmic scale. The
observed X-ray diffraction lines are analogous for STN20
ceramics prepared from fine- and coarse-particle-sized
powders, being also consistent with the cubic crystallographic
structure of undoped ST. No distinct second phases are
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Figure 1. XRD profiles of fine- (top) and coarse- (bottom) particle-
sized STN20 ceramics sintered in air at 1450 °C for 10 h and further
in H,/N, at 1400 °C for 10 h. Reflections of SrTiO; phase are marked
by corresponding indexes.

detected, besides a small hill around 29° that is due to our
XRD instrument. The lattice parameter deduced by Rietveld
refinement of the XRD profiles of Nb-doped ST ceramics
(Figure S1) is 393.33(1) pm that is close to the one for
SrTiygNby,05,5 directly sintered for 10 h in H,/N,
atmosphere at 1500 °C by Kovalevsky et al.'® At the same
time, the lattice parameter is much higher than 390.5 pm
reported for undoped ST, confirming the replacement of
smallz—iized Ti*" ions (60.5 pm) with the larger Nb* ions (64.0
pm).

The SEM micrographs of STN20 ceramics prepared from
coarse- and fine-particle-sized precursor powders are shown in
Figure 2a and b, respectively. These ceramics undoubtedly
present different microstructures, being however chemically
homogeneous (Figure S2). The average grain size for the
ceramics prepared from coarse-particle-sized powders (Figure
2a) is 8 um. On the other hand, the chosen heat treatment of
the fine-sized powder STN20 yields ceramics with an abnormal
grain growth, as shown in Figure 2b and c. In this case, the
grain size distribution is clearly bimodal as seen also from
Figure 2d. Small grains are of 2.3 ym size in average, ranging
from subum to ~S pum (Figure 2c and d, left), whereas the
average size for larger grains is around 59 ym, while the larger
grain size distribution ranges from 10 to 120 um (Figure 2b
and d, right).

Thus, despite the difference in the Nb content and B site
ions excess, the trend formerly observed in ST ceramics with
the addition of 0.5 at. % of Nb'**® is indeed valid for our
STN20 ceramics, and the abnormal grain growth was
nucleated in our fine-particle-sized ceramics during the
sintering in air at 1450 °C, being further developed during
firing at 1400 °C. Such a two-step grain growth mechanism is
called secondary abnormal grain growth and was reported to
be successful in growth of millimeter-scale grains of BaTiO,.”!
On the other hand, the firing temperatures used in our work

were not enough to induce and support the abnormal grain
growth in the coarse-sized STN20 ceramics, where the grains
grew normally. At the same time, the ceramics density (and
therefore the pores fraction) is almost independent of the
precursor powders initial particle size variation, being 5.13 g/
cm® (97.7% of theoretical density) for coarse-sized powder
STN20 and 5.17 g/cm?® (98.4%) for fine-sized powder STN20.

The analysis of the three TE properties (electrical
conductivity, Seebeck coefficient, and thermal conductivity)
is fundamental to evaluate the possible efficiency of TEG based
on Nb-doped ST. The temperature dependence of the
electrical conductivity (6) is shown in Figure 3a, where a
decreasing trend is observed for the uniform grain-sized
microstructure of ceramics prepared from coarse particles in a
whole measurement temperature range and for the nonuniform
grain-sized microstructure of ceramics prepared from fine
particle STN20 above 470 K in proportion to T~* and T™"%,
respectively, indicating that phonon scattering was the
dominant mechanism above that temperature.””

The initial increase in conduction with temperature for fine-
particle-derived STN20 resembles that observed in electrical
conductivity or char%e carrier mobility for SrTiygNby,03,5
fine-grained ceramics'' and polycrystalline films’ but not for
coarse-grained ceramics or epitaxial films of the same
composition.” The reduced carrier mobility at low temper-
atures was attributed to the structural distortion-induced
localized states originated from doping and accelerated by the
crystal size reduction.'”” Then, the semiconductor-like
increase in the conductivity until the peak temperature
suggests that the localized electrons can be thermally excited."'
Accepting that microstructure affects mainly carrier mobility”
and applying the localized states model to our case, we should
mention as well that in our ceramics charge carrier
concentration was also estimated from Hall effect measure-
ments at room temperature using the Quantum Design
Physical Properties Measurement System (PPMS) and found
to be around 10*! cm™ for both samples, although the signal
was not very linear and thereby the error was rather large due
to an anomalous contribution, making it difficult to extract the
reliable difference in the charge carrier concentration values.
Thus, submicrometer grains observed in fine-sized powder
STN20 (Figure 2c) and not seen in coarse-sized powder
STN20 (Figure 2a) seem to trap the electrons reducing their
mobility at low temperatures. However, when the localized
electrons are thermally excited at high temperatures, the
ceramics prepared with finer powders present higher values of
conductivity compared to coarse-particle-derived ceramics
because of the lower number of grain boundaries within the
channels of the large connected grains. The highest value of
electrical conductivity is 896 S/cm at 470 K, whereas at 970 K
it reaches 328 S/cm, almost twice as high as that for ceramics
produced with coarser powders. Moreover, it is about 1 order
of magnitude higher than that for stoichiometric
SrTiygNby,05,5 ceramics directly sintered by Kovalevsky et
al. for 10 h in H,/N, atmosphere at 1500 °C."°

Figure 3b shows the temperature dependence of the Seebeck
coefficient (S), which has negative values confirming that both
samples are n-type materials. Ceramics produced with finer
powders present more negative values of S, although the
difference between the ceramics prepared from the two
different precursor powders is only ~20 pV/K. Since the
charge carrier concentration was estimated to be around 10*!
cm™ for both samples while the ionized impurity scattering,
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Figure 2. SEM micrographs of STN20 ceramics sintered from coarse- (a) and fine- (b,c) particle-sized powders at 1450 °C for 10 h in air and
further at 1400 °C for 10 h in H,/N,, recorded with magnification of X1000 (a), X150 (b), and X5000 (c). (d) Grain size distributions of fine-
particle-derived STN20 ceramics, confirming the bimodal distribution, with an average grain size of 2.3 um for the small grains (left scale) and 59

um for the abnormal grains (right scale).

optical phonon scattering, and acoustic phonon scattering are
independent of the grain size,'” the enhanced S should be
related to the potential barrier scattering contribution'” or
energy filtering.”® Indeed, potential (double Schottky) barriers
are formed at the grain boundaries, but they should narrow
dramatically in ST-based materials with increasing temper-
ature.” Then, at low temperatures, the high energy carriers
would overcome the potential barrier, whereas the low energy
carriers would be stopped or strongly scattered by the potential
barrier at the grain boundary, but at high temperatures both of
them should be able to pass through the barrier. In our
ceramics, however, we observe almost a temperature-
independent difference in the Seebeck coefficient for coarse-
and fine-particle-derived ceramics, indicating that energy
filtering should be the main mechanism behind that behavior.
Then, based on Figure 2b, we can assume that high
conductivity channels constructed from large grains do not
percolate across all the sample, possessing necks of micrometer
and submicrometer grains, presented in Figure 2c, which
perform energy filtering allowing high kinetic energy carriers to
pass and stopping low energy ones, thus increasing the Seebeck
coefficient in fine-particle-derived STN20. The magnitude of
the Seebeck coefficient is in agreement with previous
studies,'”"" whereas the simultaneous increase in ¢ and S for
fine-particle-derived ceramics resembles the higher Seebeck

coefficient obtained by Ohta et al. on STN20 epitaxial films in
comparison to STN20 ceramics despite higher carrier
concentration and mobility values.”

Figure 3c shows the power factor (S%0) as a function of the
temperature, obtained from the values of electrical conductivity
and Seebeck coefficient. The power factor for fine-particle-
derived STN20 ceramics reaches 13.4 pW/(K* cm) in the
maximum, which is about 3 times higher than that of coarse-
particle-derived ceramics. It is also higher than that reported
for SrTiggNby,0;, 5 ceramics before,'”"" being comparable to
that of Bi,Te;.'” The increase in power factor is attributed to
both the increase in electrical conductivity and the slight
increase in Seebeck coeflicient. That is in complete agreement
with the results and model reported by Zhao et al,'” showing
that bimodal grain size distribution enhances the thermo-
electric performance of the material. However, in contrast to
Zhao et al,'” who diluted coarse particles of ~1 um with fine
ones of ~100 nm, we have obtained the bimodal grain size
distribution by abnormal grain growth of large grains in a
matrix of small grains, using fine particle powders and two-step
firing for the ceramics.

The thermal conductivity displays a decreasing trend with
the temperature for both ceramics, as shown in Figure 4a.
Moreover, the thermal conductivity values of coarse- and fine-
particle-derived STN20 ceramics are rather similar at high
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Figure 4. Thermal conductivity k, its electronic k., and lattice x
components (a) and figure of merit ZT (b) of STN20 ceramics
produced from fine- (solid circles) and coarse- (open squares)
particle-sized powders versus temperature. ZT data for ceramics with
identical composition from refs 9—12,28 are shown for comparison,
demonstrating that STN20 ceramics with bimodal grain size
distribution obtained in this work by conventional sintering possess
the highest ZT value of 0.36 at 970 K.

temperatures, although at low temperatures they are slightly
smaller for the ceramics prepared from the fine particle
sized powders. The lowest thermal conductivity value
registered is of 3.06 W/(K m) at 970 K. The magnitude of
the thermal conductivity is comparable to that reported for
STN20 ceramics before,” " particularly at high temperatures
(Figure S3). The thermal conductivity is known to consist of
electronic and lattice components k = k., + K, and electronic
thermal conductivity can be estimated using the Wiedemann—
Franz law k, = L - T - 6, where L = (1.5 + exp[—ISI/116]) -
10~* V*/K? is the Lorenz number (Figure S4). 7 As shown in
Figure 4a, the k. contribution is up to 23% for fine-particle-
derived STN20 and only ~12% for coarse-particle-derived
ceramics, implying that the x; contribution is a dominant one.
Moreover, it is evident that k is lowered for fineparticle-
derived STN20.

The figure of merit, being directly connected with the
potential efficiency of the material, relates all the other
thermoelectric characteristics as ZT = S$*o-T/k. For both
ceramics, ZT increases with the temperature as presented in
Figure 4b. In the case of coarse-particle-derived ceramics, it
reaches 0.14 at 970 K. STN20 ceramics produced using the
fine-particle-sized precursor powder reveal the highest ZT
value of 0.36 at 970 K obtained in this study.

For comparison purposes, previously reported data is also
shown in Figure 4b. Ohta et al. reported ZT value of 0.3S at
1000 K for ~20-um-grain-sized SrTiygNb,,05,5 ceramics hot
pressed at 36 MPa and 1400 °C for 2 h, although on cooling
toward room temperature ZT diminished below 0.01.
Moreover, STN20 ceramics prepared using SPS by Wang et
al. exhibited a maximum ZT of ~0.09 only at 823 K."* Zhang
et al. prepared SrTiygNb,,0;,5 powders by the hydrothermal
method and sintered the ceramics at 1300 °C for S h,
embedding them into carbon powder.'" As a result, a ZT of
~0.28 at 970 K, increasing to ~0.35 by lowering the Nb
content to 10%, was reported.11 However, such results could
not be achieved, conventionally sintering the ceramics in a
reducing atmosphere at 1500 °C.'”*® Kovalevsky et al. could
obtain ZT for stoichiometric STN20 ceramics of ~0.02 only at
970 K, increasing it to ~0.23 by Sr deficiency,' while Jeric et
al. reached a ZT of 0.05 at 923 K, enhancing it to 0.08 by a
CaO addition.”® Thus, ceramics obtained in this work by a
conventional route from powder with an average particle size
of 270 nm, using sintering in air at 1450 °C for 10 h and
further in H,/N, at 1400 °C for 10 h that resulted in a bimodal
grain size distribution, possesses the highest ZT value of 0.36 at
970 K. This value is equal to that reported for La-doped ST
with graphene inclusions at 1023 K’ or for La- and Nb-
codoped ST with Cu or Fe metallic nanoinclusions at 900 K'*
but is achieved in a simpler way of microstructure
manipulation, not requesting fabrication and addition of the
nanoinclusions.

B CONCLUSION

ST ceramics doped with 20% of Nb were produced using
powders with average particle sizes of 270 and 800 nm aiming
to enhance the thermoelectric performance by microstructural
engineering. Coarse-particle-sized SrTi,gNbg,0;,5 ceramics
obtained by the conventional sintering in air at 1450 °C and
further in H,/N, at 1400 °C present normal grain growth with
average grain size of 8 ym, whereas those prepared from fine-
particle-sized powders reveal abnormal grain growth with some
grains reaching ~59 pm in average and numerous grains
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growing to ~2 um average size only. The origin of the bimodal
grain size distribution is related with the fact that the abnormal
grain growth temperature decreases for the smaller powder
particle size as confirmed and used in this work. The large
grains obtained in the fine-particle-derived SrTiygNb ;00345
ceramics provide a conduction path for the electrons, thus
substantially enhancing the electrical conductivity. At the same
time, the thermal conductivity is lowered, since phonons have
to propagate linearly across numerous small grains and their
boundaries, being unable to “select” the path with minimum
number of interfaces like charge carriers. As result, the ZT
value is increased from 0.14 for conventionally prepared
coarse-particle-derived SrTiygNb,,03,5 ceramics to 0.36 at
970 K for the fine-sized ceramics, establishing the latter value
as the highest ZT ever reported for Nb-doped ST ceramics at
this temperature. The results here obtained on donor-doped
SrTiO; ceramics contribute to the fields of high-temperature
thermoelectrics for the automotive and manufacturing energy-
harvesting sectors and enhanced performance of n-type oxides.
Finally, this approach can be extended to other prospective TE
materials (chalcogenides, intermetallics, etc.) with the aim to
synthesize a broad range of grain-size-controlled thermo-
electrics with enhanced performances.
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