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ABSTRACT: Calcium cobaltite Ca;Co,O,s in a single-crystal
form was reported with an extrapolated dimensionless thermo-
electric figure of merit of 0.87 in the year 2003. Regardless of the
intensive effort during the past 2 decades, the performance of
polycrystalline ceramics remained low and was reported to be only
~30 to 60% of that found for single crystals. Here, for the first time,
the designed nonstoichiometric Ca;_, Tb,C0,0,,Bi, ceramics with
intragranular dopant substitution are introduced, where the
undersized dopant of Tb depletes at the grain boundaries and
the oversized Bi segregates at the grain boundaries. Such synergetic
dopant distribution simultaneously increases the electrical con-
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ductivity and the Seebeck coefficient and results in the oxide ceramics with a peak ZT of 0.9, outperforming single crystals over a

wide range of temperatures.

1. INTRODUCTION

Thermoelectric (TE) technology ~* could be much more
efficient if the high-performance TE materials were made of
nontoxic and earth-abundant elements and could perform in
air directly up to high temperatures over 800 K, where high-
grade waste heat is emitted from the manufacturing and power
generation systems such as gas turbines and high-temperature
fuel cells. The energy conversion efficiency of TE materials is
governed by the dimensionless figure of merit,” ZT. ZT is
defined as S*6T/k, where S is the Seebeck coefficient, o is the
electrical conductivity, S’ is the electrical power factor, « is
the thermal conductivity, and T is the absolute temperature.
The high-performance ZT materials need to possess high
electrical conductivity, high Seebeck coefficient, and low
thermal conductivity. The efficiency reaches about 10% when
ZT = 1, which is generally accepted as a criterion for practical
applications. The well-developed TE materials®™” reported
since the 1990s are usually heavy, toxic, and low in abundance
as natural resources. Furthermore, their thermal or chemical
stability is inferior'”'' and they only function in a strict
oxygen-free environment at high temperatures. On the other
hand, oxide ceramics are usually not regarded as proper
candidates for TE applications because they have ionic
bonding with a narrow band when compared with covalent
alloys. The carrier concentrations and mobility in the oxides
are usually 2 or 3 orders of magnitude lower than those in
covalent materials and lead to low electrical conductivities. The
interest in TE oxides emerged since the unexpected discovery
of a lar%e thermopower and Seebeck coefficient in Na,Co,O,
in 1997 and in Ca;C0,04,4 in 2000."* For Ca;Co,04, s unit
cells with peculiar two-dimensional misfit layers and
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incommensurate character, electrically conductive CoO, sheets
have a strongly correlated electron system that serves as
electronic transport layers, while electrically insulating rock-
salt-type Ca,CoO; misfit layers serve as phonon scattering
centers for reducing thermal conductivity. In the year 2003, an
extrapolated ZT of 0.87 at 973 K'* in air was reported for
Ca;Co0,0y, ;5 single crystals, making Ca;Co040q,; having low
cost, lightweight, nontoxicity, and high thermal stability in air,
at the cusp of being relevant for thermoelectric applications
since then.'> ™' However, it is also due to the two-dimensional
layered structure that Ca;Co,Oy, 5 single crystals exhibit strong
anisotropic electrical behavior. Electrical conductivity meas-
ured in the directions perpendicular and parallel to the a—b
plane of the unit cell shows that the former is lower than the
latter by a factor of 500—1000.” Thus, two-dimensional
characteristics and grain boundaries become serious problems
for the production of polycrystalline devices with high
performance. The ZT of bulk polycrystalline ceramics with
various dopants synthesized using different methods remained
only 30—60% of that of the single crystals, as reported during
the past 2 decades.”>**

Here, we show that the polycrystalline oxide with designed
novel nonstoichiometry Ca,gsTbg5C0400,5Bi, exhibits a
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Figure 1. Temperature dependence of (A) electrical resistivity (p—T), (B) Seebeck coeflicient (S—T), (C) electrical power factor (S*/p—T), (D)
total thermal conductivity (k—T), (E) electronic contribution (x,) and lattice contribution (x;), and (F) thermoelectric figure of merit (ZT) for

Ca;_,Tb,Co0,0s, sBi,.

tremendous increase (460% at 310 K and ~230% at 1073 K)
in the electrical power factor compared to that of the pristine
Ca;Co0,0y,5 ceramics and reaches a peak ZT of 0.9 at 1073 K
and average ZT of 0.63 from 373 to 1073 K, which is
outperforming the single crystals over a wide range of
temperatures. Such a leap in power factor and ZT was
achieved through the concurrent introduction of unharmon-
ized dual dopants of oversized Bi and undersized Tb. Whereas
both Bi and Tb substitute host ions, the undersized dopant of
Tb presents depletion at the grain boundaries and oversized Bi
presents segregation at the grain boundaries. The carrier
filtering performed by the dopant grain boundary segregation
decreases the carrier concentration and increases the Seebeck
coefficient. The lowered grain boundary energy, which also
resulted from the dopant segregation, simultaneously enhances
the crystal texture and increases the electrical conductivity. As
such, the grain boundary with dopant segregation, regarded as
the interface phase with a larger number of inequivalent atoms,
has effectively decoupled the strongly correlated parameters of
the Seebeck coeflicient and electrical conductivity in the
polycrystalline TE ceramics, resulting in a large increase in the
electrical power factor. The present work sheds light on a new
direction for engineering grain boundaries to dramatically
improve the performance of various TE materials.

2. LARGE INCREASE IN THE ELECTRICAL POWER
FACTOR AND ZT

The conventional chemical sol—gel method was used to
synthesize precursor powders, which were subsequently
subjected to calcination followed by cold pressing and sintering
to formulate bulk scale pellets, as shown in Figure S1. Dopants
were introduced at the sol—gel state to ensure the strict
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chemistry and nonstoichiometry design in the final bulk
ceramics. In the Ca;Co0,0y,s unit cell, Ca** and Co**/Co*
have radii of 114 and 80 pm, respectively. Since the ionic
radius sizes of Tb*>*/Tb*" are 106 and 90 pm, respectively, and
smaller than that of Ca?*, the heavy but the undersized Tb ion
is first introduced as a dopant to scatter phonons and reduce
the thermal conductivity. The small amount of doping at x =
0.05 in Ca;_,Tb,C0,0,,s decreases the thermal conductivity
to about ~92% of that of baseline. Meanwhile, the high
oxidation state of rare-earth elements also alters the electrical
carrier concentration, and a higher doping level results in an
increase of both the electrical Seebeck coefficient and electrical
resistivity, as shown in Figure 1. In Ca,gsTb;5C0,0,,s, there
is a slight increase in the ZT up to 0.38 at 1073 K compared to
the value of 0.35 for pristine Ca;Co,0,,s as shown in Figures
IF and S2F. Upon this chemistry optimization of Tb
concentration, Bi is further introduced to the Tb-doped
Ca, 9sTbysC0,0,5 ceramics. Bi is one of the first doping
elements utilized to substitute Ca to introduce negative charge
carriers and increase the Seebeck coefficient.”* However, our
previous work shows that the slightly oversized trivalent solute
Bi**, with an ionic radius of 117 pm, segregated at grain
boundaries of the polycrystalline Ca;_,Bi,C0,Oq,5 sample.””
Such intergranular segregation apparently causes the intra-
granular chemistry to deviate from the designed stoichiometry.
To compensate for the intragranular chemistry deviation, in
the present work, Bi is introduced by nonstoichiometry
addition with designed sample nominal chemistry of
Ca,95Tbg05C0400, 5 Bi,. For those ceramic pellets with high
density (Table S1), Figure 1A shows a continuous decrease of
electrical resistivity with an increase in the Bi addition level up
to y = 0.25. At a lower-temperature regime, ceramics with dual
dopants Bi and Tb present a similar S to that with unary
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dopant Tb. However, at a temperature higher than 800 K, the
samples with dual dopants present a much higher Seebeck
coefficient than that with Tb doping alone. The sample with Bi
doping level y = 0.3 is overdoped with a large increase in
electrical resistivity, p. Due to the low p and the enhanced S,
the power factor continuously increases with Bi to y = 0.25 for
Ca, 95Ty 05C040,5Bi,, as shown in Figure 1C. It is worth
noting that the power factor of Ca, sTb (5C0,0,,sBiy,s at 310
K is 1.83 mW m™! K2, which is 460% of that from baseline
and also by far the highest power factor reported for
Ca;Co0,0y,5 synthesized with different methods and incorpo-
ration of different dopants.”® At a high temperature of 1073 K,
the sample with Ca,¢sTbgsC0,0,,sBiy,s maintains an excep-
tionally high power factor of 1.23 mW m~! K72, which is 230%
of the baseline.

The Bi addition into the Tb-doped samples further impacts
the thermal conductivity, revealing a complex trend with the Bi
addition level. Figure 1D shows first a reduction of k for y =
0.10, then a gradual increase of k with the increasing Bi doping
level up to y = 0.25, and finally a reduction of the overall « for
the y = 0.3 doping level. The total « is cumulative electronic
thermal conductivity (k,) and the lattice thermal conductivity
(k;), as depicted in Figure 1E. For Ca;C0,0,, s ceramics with
being the predominant component contributing to the thermal
conductivity, there is a continuous decrease in the k; with the
increasing Bi doping level up to y 0.25. Meanwhile,
improvements in the electronic transport properties lead to
an increase in the k, with the addition of Bi up to y = 0.25. The
contribution of k, and k; thus resulted in a complex trend of
total thermal conductivity upon Bi addition. Eventually, the
sample Ca,gsTbg5sC0,09,sBig,s with a high power factor is
also with a slightly lower thermal conductivity than that of
Ca, 9sTbg ¢5C0404,5. Overall, the Ca,g3Tbg5C0404,5Bigs
ceramic has a remarkable peak ZT of 0.91 at 1073 K.
Furthermore, largely due to the high electrical power factor at
the low-temperature regime, the ZT is having a high plateau of
0.35—0.9 with an average ZT of 0.63 from 373 to 1073 K, as
shown in Figure 1F. In comparison with the pristine
Ca;Co0,0,,5 with a peak ZT of ~0.35, the peak ZT is 0.9 in
Cay 95 TbgosC0,0y,5Big,s being enhanced by ~260%. This is
mainly achieved by increasing the electrical power factor, while
the thermal conductivity is decreased by only ~10%. This
approach is very different from those used for increasing the
ZT of conventional semiconductors. For conventional thermo-
electric materials, to date, the observed dramatic ZT
enhancements in various bulk nanostructured materials have
merely come from the very large reductions in lattice thermal
conductivity’”*® rather than from improvement in power
factors.”

3. SINGLE PHASE WITH IMPROVED CRYSTAL
ALIGNMENT UPON DOPING

The characteristic X-ray powder diffraction (XRD) peaks from
the Ca;Co0,0y,5; phase with monoclinic symmetry were
identified for Ca,¢5Tbg5C0409,Bi, samples (Figure S3).
Different from the baseline Ca;Co0,0,,s that also presents a
minor amount of Co;0,, no impurity phase is observed in the
samples of Ca,o5TbgsC040,,5Bi, with the Bi concentration
up to y = 0.25. The presence of the single phase in the present
samples with Bi nonstoichiometric addition is fully consistent
with the previous reports indicating that the cobaltite should
be actually considered as a nonstoichiometric phase with
respect to both the variable oxygen content and the Ca/Co
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ratio.”® The overdoped Ca, osTbg 0sC0405,5Big 30 samples show
a minor amount of both Co;0, and Ca;Co0,04”" secondary
phases. The calculated lattice parameters are listed in Table S2.
With the increase of the Bi doping level up to y = 0.25, there is
an increase in a, b;, ¢, and f, which is accompanied by a
decrease in the lattice parameter b,. Bi addition also triggers
major microstructure changes. For Ca, ¢5Tbg5C0400,5Bi,
having elongated plate-shaped grains with large anisotropy,
the longer dimension parallel to the a—b plane of the crystals
gradually increases with Bi addition up to y = 0.25, while the
dimension along the c-axes remained almost constant as shown
in Figure S4. The crystal grain anisotropy is thus increased,
implying the faster grain growth and faster diffusion along the
a—b plane during the sintering. Such an increase in grain
anisotropy is accompanied by the improvement of the crystal
texture. For Ca,g3TbgosC0400,5Big,s samples, the crystals
have the c-axis of the monoclinic structure more or less parallel
to the pressed direction of the pellets, although the
misorientation angle ~30° between the neighboring grains is
commonly observed. The magnitude of the crystal texture was
calculated with a Lotgering factor’> of 0.959 for
Cay 95TbgsC0400,5Bi,s samples in comparison with that of
0.678 from a pristine sample. With the increase in the Bi
doping level to y = 0.3, there is an abnormal large grain growth
with random orientation.

4. INTRAGRANULAR DOPANT SUBSTITUTION AND
INTERGRANULAR DOPANT DEPLETION AND
SEGREGATION AT THE GRAIN BOUNDARY
PLANES

Transmission electron microscopy (TEM) diffraction contrast
images depict that each of the micron-sized crystal grains
shown in the scanning electron microscopy (SEM) images is
conformed by a conglomeration of nanolamellas having the
same c-axes. The Z-contrast images from the samples with
unary single dopant Tb, unary single dopant Bi, and dual
dopants are shown in the columns of Figure 2A—-C,
respectively. Due to the big atomic number difference, the
occupation of Tb or Bi in the Ca or Co sites of the Ca;C0,0q, s
lattice could be readily resolvable in the atomic resolution Z-
contrast imaging. In the Ca,3TbgosC0,0q,5 sample in Figure
SA, the atomic columns with brighter intensity, presumably
due to the Tb substitution, are only observed in the CaO atom
layer. This is fully consistent with the designed chemistry of Tb
substitution of Ca. By contrast, in Ca;Co040y,;Bij,s, the bright
intensity is present in both the CaO layer and the CoO, layer,
implying Bi substitution in both the Ca and Co sites of the
Ca;Co,0y,; lattice. For the Ca,gsTbj(sC0404,5Big,s sample
with dual dopants, the bright atom columns are observed in
both the CaO layer and the CoO, layer probably due to Tb
occupation in the Ca sites and Bi present in both the Ca and
Co sites. Both Tb and Bi exhibit random intragranular
distribution in the Ca;Co4O,s lattice.

Consistent with XRD results revealing the single phase and
consistent with STEM imaging revealing the Tb substitution of
Ca and nonstoichiometric added Bi substitution of both Ca
and Co, for all three samples, there is no secondary phase
induced by either dopant at the grain boundaries (GB). Under
TEM, energy-dispersive spectroscopy (EDS) was recorded on
the grain boundaries and grain interior, as shown in Figure SS.
For Ca, 95Tbg(5C0,09,4 there is a presence of Tb in both the
crystal lattice and the GBs with notably Tb depletion in the
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Figure 2. TEM and STEM images showing the nanostructure of
Ca;_,Tb,C0,0,,5Bi, samples. (A- ), (B- ), and(C- ) show the
nanostructure of the lattice and grain boundary for
Ca 95Tby05C0409,5 Ca3C040y,5Big,s and Ca, 95Ty 05C040,5Big s
respectively. In (A-2), the arrows show the position of Tb in the rock
salt layer CaO inside the lattice. In (B-2, B-3), the purple arrows show
the position of Bi in the rock salt layer CaO inside the lattice, whereas
the yellow arrows show the position of Bi in the rock salt layer CoO in
both the lattice and the grain boundary. In (C-2, C-3), the purple
arrows show the position of dopants in the rock salt layer CaO in both
the lattice and the grain boundary, whereas the yellow arrows show
the position of the dopants in the rock salt layer CoO in both the
lattice and the grain boundary.

GBs. In Cayg5TbgosC0400,5Bigss, Bi is present at both the
grain interior and the grain boundaries while Bi segregation at
the GBs is accompanied by a slight Tb depletion.

The atomic structure of the grain boundaries is further
revealed by atomic resolution Z-contrast imaging. Consistent
with the TEM EDS results, the Ca,g5Tbj5C0,09,5 sample
(Figure 2A) did not present any brighter column at the grain
boundaries, indicating the lack of the heavy element Tb at the
grain boundaries. Interestingly, the grain boundaries of the
Ca;Co0,0y,sBig,5 sample present the bright column exclusively
and periodically on the Co sites within the rock-salt-type
Ca,Co0; layers. Such brighter atom columns are initiated at
the GB plane and extend about 3—4 atomic spacing into the
grain interior. Such brighter contrast indicates the Bi
segregation at the Co sites at the grain boundaries of the
Ca;C0,404,5Big 5 sample. By contrast, in
Cay 95TbgsC0400,5Big,s, there are brighter atomic columns
on both the Ca and Co sites of the grain boundary planes.
While the segregations are normally 1—2 atomic spacing onto
the Ca sites, the Bi segregation on the Co sites is extensive,
extending about 3—5 atoms on Co sites of the rock-salt-type
Ca,CoO; misfit layers, indicating the intensified Bi segregation
induced by dual dopants, probably caused by the Tb depletion
at the grain boundary planes. To further understand the
dopant concentration, the simulation was performed. As shown
in Figure 3, for the atom columns with the strongest intensity,
the maximum substitution occupancy of Bi on the Co sites is
estimated to be ~29% (five Bi atoms in 17 possible atom sites
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Figure 3. STEM images showing the nanostructure of
Ca,,9sTbg05C0,409,5Big,s for the simulated (A) results and the
three-dimensional (3D) crystal structure (B).

in the simulation), whereas Bi occupancy is estimated to be
lower, ~17% (three Bi atoms per 17 possible sites).

5. ATOMIC STRUCTURE ORIGIN OF THE INCREASED
POWER FACTOR AND ZT

Although nonstoichiometric doping does not result in the
secondary phase formation, the dual dopants have led to the
systematic microstructure evolution, as schematized in Figure
4, including the increased grain anisotropy, improved crystal
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Figure 4. Schematic showing that the dual dopants have resulted in
the systematic microstructure evolution: (A) Ca;Co0,0,,5 (B)
Cay95Tbg0sC0400.5 (C) CaggsThosC0400.Big s

grain alignment, and the segregation of dopants at the grain
boundaries. Consistent with our previous results obtained by
incorporating different sets of the oversized dopants K,*® Ba,>*
and Bi,” the present results indicate that the grain boundaries
of the Ca;Co0,40y,5 ceramics consistently attract oversized
dopants while depleting the undersized dopants. The
segregation of the oversized dopants decreases the grain
boundary energy and facilitates fast diffusion along the grain
boundaries and crystal alignment and crystal texture develop-
ment. The improved crystal texture induced by dopant grain
boundary segregation is fully consistent with what we have
reported previously for the system with the appropriate level
doping of single dopant Ba,”* single dopant Bi,”* and single
dopant K.** Such repeatable finding on the effect of the grain
boundary segregation on the crystal texture development is
also consistent with the literature reporting that grain
boundary segregation decreases the grain boundary energy in
ceramics,g'5 and there is a strong inverse correlation between
the relative energies of grain boundaries and the frequency
with which they occur in microstructures and during
microstructure evolution.”™** In other words, the relatively
higher-energy grain boundaries are more likely to be shrinking,
while lower-energy interfaces are more likely to be growing
that lead to a steady-state distribution of grain boundaries. In
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our case, it is the development of strong texture along the c-
axis. The dopant grain boundary segregation and crystal
alignment have profoundly decreased the electrical resistivity.

Interestingly, the introduction of oversized dopants also
simultaneously increased the Seebeck coeflicient. In the
present study with dual dopants, the cause of the increased
Seebeck coefficient could be multifold. First, Bi was intention-
ally added to the Tb-doped sample with designed non-
stoichiometry to possibly compensate the Bi segregation at the
grain boundaries. However, the amount of Bi could be
continuously added to the Ca;Co,0y, s grains without forming
the secondary phase, which is surprising. As revealed by the Z-
contrast imaging in Figure 2, in addition to the replacement of
Ca, Bi also substitutes for Co, like those from the
Bi,Co,_,MnO, oxide.”” In the Ca;Co0,0y,s unit cell, each of
the individual layers is contributing effectively in electrical and
thermal transport. For Ca,g3Tb;5C0,00,5Big,s, in the CaO
layer, Bi** incorporation decreases the carrier concentration.
Meanwhile, in the CoO, layer, Bi*" with a larger ionic radius
inevitably increases the abundance of Co*" ions with a smaller
ionic radius than that of Co®" ions. The intragranular Seebeck
coefficient thus increased accordingly.

Second, the increased Seebeck coefficient was also attributed
to the dopant grain boundary segregation. The segregated
dopants reside on the original sites of both Co and Ca, and the
grain boundary plane with about four atomic spacing extends
into the grain interior. As such, the grain boundary plane needs
to be treated as a different crystalline phase with a larger
number of nonequivalent atoms that could favor the high
power factor as predicted by a high-throughput material
design.”’ Owing to the abrupt structural asymmetry and
chemical inhomogeneity in the localized volume, the grain
boundaries also may exhibit novel functional properties that
cannot be realized in bulk crystals. For example, the dopant
cation segregation at oxide grain boundaries could inevitably
result in the formation of the space-charge layer adjacent to the
grain boundary plane, lead to the redistribution of charges and
oxygen vacancies in the grain interiors,””*" and overwhelm-
ingly affect the Seebeck coefficient. In principle, during the
transport procedure, the carriers with energy higher than the
Fermi energy contribute positively to the Seebeck coeflicient,
while the carriers with energy lower than the Fermi energy
contribute negatively. The segregation of Bi at the GBs and the
related space-charge layer acts as an obstructive layer to block
the carrier transport through adjacent crystals, which also
works to filter the carrier with low energy.42 In other words,
upon segregation, carrier propagation across the grain
boundary only involves carriers with high energy, thus
contributing to reducing the carrier concentration and
increasing the Seebeck coefficient. Such decreased carrier
concentration will apparently decrease the electrical con-
ductivity ¢ in a way that satisfies ¢ = ney, where y is the carrier
mobility, e is the elementary positive charge constant, and 7 is
the number density of electrons. Nevertheless, the measured
continuous increase in electrical conductivity with Bi, shown in
Figure 2A, is evidencing the dramatically increased carrier
mobility y in Ca,gsTbg¢5C0,09,5Big,s presumably due to the
improved alignment of anisotropic crystal grains.

6. OXIDE CERAMICS OUTPERFORMING THE SINGLE
CRYSTALS

The peak ZT of 0. 9 is the highest ZT value reported for
Ca;Co0,0y,5 oxide ceramics during the past 2 decades, as
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shown in Table S3 and Figure 5. The Ca,¢sTb5C0400, 5Big s
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The goal of reaching a ZT material over 1 for commercial applications
would be achievable within a few years. Table $3°"~ shows historical
progression of the thermoelectric properties of Ca3;C0,0y,s.

Cay, 4Big;C0,04,5"" single crystals, as shown in Figure 6. The
Ca, 95Tbg¢5sC0400,5Big,s polycrystalline ceramics possess
apparently lower thermal conductivity in comparison with
that of the single crystals. It is most worth noting that the
Cay95Tbg0sC0400,5Big,s polycrystalline ceramics also possess
a higher electrical power factor than that of the single crystals,
especially at the low-temperature regime. Such power factors of
Cay95TbgosC0,0y,5Big 5 polycrystalline ceramics have directly
resulted from the higher electrical Seebeck coefficient and low
resistivity. As clearly shown in both the SEM and TEM images,
the Ca, 9sTbg¢5C0400,5Big,s polycrystalline ceramics possess a
high abundance of grain boundaries with the misorientation
angle of ~30°. The low resistivity in Ca,¢sTb5C0400,sBigs
compared to that of the single crystals immediately reveals
that, when incorporating dopant segregation, the grain
boundaries with the misorientation angle of ~30° do not
reduce the electrical conductivity. Such results allow a wider
processing window in the production of polycrystalline oxide
ceramics and are very encouraging for practical TE application.

7. SIGNIFICANCE OF RESOLVING AND
CONTROLLING THE ATOMIC STRUCTURE OF
DOPANT SEGREGATION AT THE GRAIN

BOUNDARIES

For polycrystalline materials, the dopants and their segregation
at grain boundaries have a profound impact on the properties
of the material. The ability to spatially resolve the atoms in
grain boundaries would greatly advance our understanding of
the correlation between the structure and property in materials.
Consequently, the effect of dopant grain boundary segregation
has been extensively investigated in model material systems
ranging from structure materials to superconductors such as
Ni,” ALO,* MgO,45 and YBa,Cu;0..*° However, the
understanding of the impact of grain boundaries on both the
electrical and thermal transport properties of most thermo-
electric materials is currently very limited. The potential of
further controlling dopants and the related grain boundary
engineering is largely unexplored in any TE materials.
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Meanwhile, the realization of high ZT is very complicated
because all of the three parameters Seebeck coeflicient S,
electrical conductivity 6, and thermal conductivity x are
functions of carrier density; they are interrelated and
conflicting in the following two aspects:*** (1) The Seebeck
coefficient is inversely related to the carrier concentration n,
and electrical conductivity ¢ is related to the carrier
concentration by ¢ = nep, where y is the carrier mobility.
Increasing the carrier concentration by doping to increase the
electrical conductivity simultaneously reduces the Seebeck
coeficient and results in a very limited increase in the overall
power factor. (2) The electrical contribution «, to the thermal
conductivity k increases with carrier density. Decoupling of the
electrical from thermal conductivity and decoupling of the
electrical conductivity from the Seebeck coefficient have been
thus pursued for decades since the 1990s, when the intense
nanostructure engineering was employed for improving the
performance of TE materials.*”°

In line with nanostructure engineering such as introducing
interfaces, the current approaches of tuning the dopants in the
different sublayers and drive the dopants segregate to the grain
boundaries may provide an alternative approach that is more
effective for oxide ceramics subjected to high-temperature
applications. In the present work, the intragranular Tb
substitutes Ca, not the Co. On the other hand, Bi substitutes
both Ca and Co. When dual dopants are employed, the CaO
and CoO, sublattices were tuned separately and simulta-
neously. Since the CoO, and Ca,CoO; nanoblocks conduct
the electrical and thermal transport separately, the dual
dopants provide the means for tuning the electrical and
thermal transport separately and simultaneously at the unit cell
level.

Meanwhile, Tb presents depletion at the grain boundaries,
while Bi segregates at the grain boundaries; the intragranular
and intergranular dopants can also be tuned separately and
simultaneously. In terms of the electrical properties, it is
generally agreed that the electrical conductivity is heavily
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affected by the grain boundaries, while the Seebeck coeflicient
is not affected by the grain boundary properties.”’ The above
points are consistent with what we have concluded for the
pristine Ca;Co040q,s. While the thermal conductivities and
electrical conductivities both increase with the increase of the
grain size, the Seebeck coeflicient remains unchanged for the
nondoped pristine samples with different grain sizes.”'
However, once dopant segregation remains sharply at the
GB plane, without forming the amorphous or crystal secondary
phase, it eliminates the excessive scattering of the carrier and
avoids the increase in electrical resistivity. The grain boundary
with dopant segregation should be regarded as the interface
phase with a larger amount of unequal ions within a confined
space, thus providing a barrier and filter for the low-energy
carrier and thus further decreasing the carrier concentration
and increasing the Seebeck coeflicient. Meanwhile, the lowered
grain boundary energy enhanced the crystal texture and
increased the carrier mobility, resulting in higher electrical
conductivity. As such, the dopant grain boundary segregation
has effectively decoupled the strongly correlated parameters of
the Seebeck coeflicient and electrical conductivity in the
polycrystalline TE ceramics.

8. OUTLOOK FOR FURTHER INCREASE OF THE
THERMOELECTRIC PERFORMANCE AND THE
IMMEDIATE IMPACT ON THERMOELECTRIC

APPLICATIONS

As aforementioned, controlling dopant segregation presents a
crucial step for decoupling the strongly correlated parameters
and achieving a high ZT. In the present study, a high ZT from
Ca, 95Ty 05C040,,sBi, is achieved using only two dopants.
The designed chemistry is further tunable in terms of dopant
species and doping levels. As an example, by introducing the
third element Pr and slightly lower the Bi doping level, the
sample of Ca, g,Pr(3Tbg¢3C0404,sBiy,; was synthesized and
evaluated. The electrical power factor of
Cay 94Prg 03Tbg 03C0400,5Biy,3 was slightly lower than that of
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Cay 95TbgosC0400,5Big,s; however, the thermal conductivity
was also lowered due to the increased entropy. Eventually, the
Cay 94Pry03Tbg3C0,09,5Big 3 sample is with a high ZT of 0.83
at 973 K. It is worth pointing out that the high performance of
the present samples is achieved without the nonequilibrium
nanostructure engineering processing. The dopant substitution
and grain boundary segregation are achieved through high-
temperature equilibrium sintering. Accordingly, such dopant
segregation at the grain boundaries is expected to possess long-
term thermodynamic stability upon an operation that is usually
conducted at a temperature much lower than the sintering
temperature.

Finally, it is worth mentioning that Ca, ¢sTbg(sC0,04, sBig,s
also outgerformed the best reported p-type SiGe from 373 to
973 K.>* In terms of energy conversion efficiency at the high
temperature of over 800 K, the peak ZT of 0.9 at 1073 K may
not be high enough to compete with the latest reported ZT of
2.2 achieved in PbTe—SrTe-based samples” and ZT of 2.3
achieved in GeTe-based samples.”* However, the nontoxic
oxide materials are having extremely low cost (only 5—10% of
SiGe and BiTe);” the materials are processed with the
methods that are conventional and low cost and can be readily
scaled up for massive production to allow the oxide to play a
central role in the TE technology. As such, the peak ZT of 0.9
and the average ZT of 0.63 from 373 to 1073 K provide an all-
around appealing figure for immediate applications in air up to
1233 K. Beyond niche market applications such as solid-state
cooling and exposed type of high-sensitivity thermocouples,
the oxide could enable numerous applications in power
generation systems such as gas turbines, as well as other
thermal energy recovery systems. Furthermore, the high
chemical and thermal stability of the oxide allows for a larger
temperature gradient applied across the oxide in air that leads
to a higher energy conversion efficiency.*®

For the p-type Ca,g5Tby5C0,00,5Big,s developed in this
study, when incorporating the doped n-type CaMnO5”” with a
high ZT of 0.64, uni-couple is expected to have a power density
of 2.6 W cm™* when the temperature gradient is 700 K and the
hot side temperature of 1073 K when operating in air. This
power density is higher than the highest power density
reported for a solid oxide when operating at 1023 K, even
using H, fuel.’® The TE generators could be incorporated into
solid oxide fuel cell systems in air preheaters, steam generators,
and exhaust outlets to further increase the overall energy
conversion efficiency of the entire system.

9. CONCLUSIONS

For the misfit-layered thermoelectric oxide, the present work
demonstrates that dopant nonstoichiometric addition dramat-
ically decoupled the strongly correlated parameters of the
Seebeck coefficient and electrical conductivity and dramatically
increased the electrical power factor by up to 460%, resulting
in the polycrystalline oxide ceramics outperforming single
crystals over a wide temperature range. The low-cost, nontoxic,
and highly stable thermoelectric oxide ceramics with newly
designed chemistry thus answer the quest of historic
limitations of low efliciency and high cost of thermoelectric
applications for decades. Meanwhile, for the first time, among
all kinds of thermoelectric materials, the present work clearly
resolved the atomic structure of grain boundaries with the
solute segregation. Whereas the dopants segregating at the GBs
promote the crystal texture and facilitate large carrier mobility
and high electrical conductivity, the dopant GB segregation
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will act as a carrier filter to decrease the carrier concentration
and simultaneously increase the Seebeck coeflicient. The
present work sheds light on the new direction for engineering
the atomic structure of grain boundaries to dramatically
improve the performance of various TE materials.

10. MATERIALS AND METHODS

The present work applied conventional cold pressing and sintering to
make the oxide pellets using the powders synthesized through the
chemical sol—gel route to precisely control the stoichiometry and
dopant distribution with strict uniformity. The polycrystalline ceramic
samples were prepared by the conventional chemical sol—gel route
with chemical compositions Ca;_,Tb,C0,0,,5 (x = 0, 0.05, 0.30, and
0.50) and Ca,g5Tby5C0,404,Bi, (y = 0.10, 0.15, 0.20, 0.25, and
0.30). The precursor powders were obtained by mixing chemical
reagents: Ca(NOs),-4H,0 (99%, Acros Organics), Co(NO;),-6H,0
(99%, Acros Organics), Bi(NO;);-SH,0 (98%, Acros Organics), and
Tb(NO;);-6H,0 (99.9% Strem Chemicals) in deionized water
according to the stoichiometric chemical compositions. Citric acid
(BDH Chemical), ethylene glycol, and poly(ethylene glycol) were
dissolved in the solution to polymerize the mixture. Nitric acid was
included in the solution to promote the sol—gel synthesis, nitrate salt
decomposition, and the new compound formation. The sol—gel
mixture was mechanically stirred at 353 K for 3 h. The obtained sol—
gel mixture was ashed at 773 K for 2 h in the air inside a box furnace.
The subsequent ashes were ball-milled in ethyl alcohol in a stage with
zirconia balls and then dried at room temperature with a final
manually ground stage to obtain uniform grain size in the powder.
The reasonable homogeneous ashes were calcined at 973 K for 4 h in
a tube furnace with constant oxygen flow. The calcined powders were
uniaxially pressed into round pellets under a 1 GPa pressure at room
temperature. The bulk samples were sintered at 1233 K in a tube
furnace with constant oxygen flow and then cut into rectangular
pellets to obtain the final desired sample for either the electrical or
thermal measurements. The apparent densities for all bulk samples are
listed in Table S1.

The electrical resistivity (p) and absolute Seebeck coefficient (S)
were measured at the same time by the four-terminal method using a
Linseis LSR-1100 unit. The measurements were performed
perpendicular to the pressed direction from 323 to 1073 K under a
low-pressure He environment. The thermal conductivity was
calculated using the equation k = AC,m, where C,, 4, and m are the
specific heat, thermal diffusivity, and mass density, respectively. The
C, and 4 values were obtained in the range 323—1073 K using Linseis
Laser Flash Analyzer 1200. The measurements were also performed
perpendicular to the pressed direction, and samples were analyzed
under a low-pressure air environment. X-ray powder diffraction
(XRD) analysis was performed using a PANatycal X'Pert Pro XRD
unit for crystal phase and lattice parameter determination purposes.
The ground powders from the sintered samples were used in the XRD
analysis using Cu Ka radiation, 45 kV voltage, and 40 mA current at
room temperature. The cross-section and plan-view morphology of
the sintered pellets was observed using a Hitachi-S4700F scanning
electron microscope (SEM) unit. Transmission electron microscopy
(TEM) samples were prepared from sintered pellets by mechanically
polishing and ion milling in a liquid-nitrogen-cooled holder. TEM
imaging including energy-dispersive spectroscopy (EDS) and high-
resolution TEM was performed using a JEM-2100 microscope
operated at 200 kV. High-angle annular dark-field (HAADF) Z-
contrast imaging and nanoscale chemistry analysis were performed
using an aberration-corrected 200 kV (JEOL 2100F) STEM with the
inner cut-off angle of the HAADF detector set at >52 mrad.
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