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A B S T R A C T   

Thermoelectric oxide ceramics could play a significant role in waste heat recovery using thermoelectric gener
ators, accelerating clean energy generation and achieving net-zero emissions. In 2003, the thermoelectric per
formance of single-crystal Ca3Co4O9+δ was evaluated with a dimensionless thermoelectric figure-of-merit (ZT) of 
0.87. Polycrystalline Ca3Co4O9+δ ceramics are typically only about 30% as efficient as single crystals since they 
have low electrical conductivity and low Seebeck coefficient. To improve the thermoelectric performance of 
polycrystalline Ca3Co4O9+δ, a unique approach was developed to drive dopants segregation at the grain 
boundaries to dramatically increase the Seebeck coefficient and electrical conductivity and total energy con
version efficiency of the oxide. This review exploited our pertinent results from five sets of dopants to elucidate 
that the grain boundary can be engineered to reverse their detrimental impact on electrical properties and 
provide the design domain to improve the electrical transport properties significantly. The approach to engineer 
the grain boundary can be used for the selection of dopants with the appropriate size that will ultimately result in 
oxide ceramics outperforming single-crystals. The present review unveils the atomic structure origin of the 
dopant segregation at grain boundaries and presents a feasible and valuable approach for treating the grain 
boundaries as a two-dimensional intergranular secondary phase complexion that is with magnitudes higher 
Seebeck coefficient than that of the intragrains. Such intergranular secondary phase complexion is independently 
tunable to decouple the strongly correlated physical parameters and simultaneously enhance the Seebeck co
efficient, electrical power factor, and ZT over a broad temperature range.   

1. Urgency to enhance the power factor of thermoelectric oxide 
ceramics 

The global energy system has started the transition from fossil fuel to 
clean energy and hydrogen generation and consumption using natural 
gas power plants, nuclear power plants, turbine engines, concentrated 
solar power plants, and reversible solid oxide cells for electricity gen
eration and hydrogen production. Nevertheless, for each of those sys
tems, a total of up to 70% of the prime energy is heat that is usually 
unproductively released into the environment. For instance, power 
plants typically have roughly 60% of waste heat [1], whereas concen
trating thermal power plants’ conversion efficiency is currently 
releasing approximately 24% through radiator systems like those in 
vehicles [2]. In addition to the power generation systems, the industries 
that produce iron/steel and non-metallic minerals also release waste 

heat, especially at elevated temperatures, as high as 1273 K [3,4], while 
large-scale furnaces have high-temperature (up to 1673 K) discharges 
and offer the significant commercial potential for TE applications [5]. 
Many other industries generate waste heat from the exhaust and flue gas 
emissions, as well as heated air from heating systems [6], with high 
(922 K–1144 K) and ultra-high temperatures (>1144 K). As such, the 
waste heat recovery system market is forecast to exceed $70 billion by 
2026. 

Waste heat recovery utilizing thermoelectric (TE) power generators 
is one strategy to increase the sustainability of our electricity supply [7, 
8] or devices capable of directly converting temperature gradients into 
electricity (Fig. 1 a). Therefore, generating electricity utilizing waste 
heat with no additional CO2 emissions is equivalent to generating 
electricity using renewable energy sources like solar and wind. TE 
converts thermal and electrical energy and provides a method for 
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heating or cooling the materials. TE devices have no moving parts, are 
silent, and with maintenance-free operation. TE devices could enable a 
wide range of applications, from solid-state cooling to high-temperature 
power generation, and could dramatically increase the overall effec
tiveness of energy usage and reduce the use of fossil fuels [9–11]. 

However, the lack of effectiveness of TE materials in converting 
energy severely hampers the development of TE devices, which are 
desperately needed. For the majority of applications, TE technology has 
proven too inefficient to be economical [12,15–18]. The conversion 
efficiency of TE materials is characterized by the dimensionless 
figure-of-merit [19], ZT. ZT is defined as S2σT/κ, where S is the Seebeck 
coefficient, σ is the electrical conductivity, S2σ is the electrical power 
factor (PF), κ is the thermal conductivity, and T is the absolute tem
perature. The efficiency reaches about 10% when ZT = 1, and hence ZT 
≥ 1 is typically recognized as a requirement for practical applications. 
For TE materials to be capable of converting energy efficiently, the 
following three physical properties must be present simultaneously: (1) 
Low thermal conductivity κ, which permits a significant temperature 
differential between two ends of the materials; (2) High electrical con
ductivity σ, required for better carrier flow because it lowers internal 
resistance, and (3) Large Seebeck Coefficient S, which is thermomotive 
force that results in a high voltage [20]. However, because all three 
factors depend on carrier density, achieving high ZT is quite chal
lenging, as shown in Fig. 1 [14], and they are linked and at odds in the 
following two ways [21,22]. First, the Seebeck coefficient is indirectly 
correlated with the carrier concentration n, but the electrical conduc
tivity σ is directly correlated with the carrier concentration by σ = neμ, 
where μ is carrier mobility. When electrical conductivity is increased 
while carrier concentration is increased by doping, the Seebeck coeffi
cient is simultaneously decreased, and the total power factor only 
marginally increases, as shown in Fig. 1c. Second, increasing carrier 

density increases the electrical contribution κele to the thermal con
ductivity κ, as shown in Fig. 1d. 

The strong interplay among those parameters limited the ZT to be ≈
1 for various materials for many years until the 1990s when extensive 
nanostructure engineering [23,24] was used to improve the perfor
mance of TE materials. Nowadays, well-developed TE materials [25–28] 
have high ZT values, as shown in Fig. 1b [13]. 

Even though the performance of those materials is fascinating, they 
often have poor thermal or chemical stability and are toxic, heavy, and 
scarce as natural resources. Most of all, their application for high- 
temperature heat recovery is limited due to the strict requirement on 
the materials to demonstrate superior stability at high temperatures over 
an extended time. For those like SiGe [29] and Yb14MnSb11 [30] that do 
have superior stability, they can only operate in a rigorous oxygen-free 
atmosphere at high temperatures. Conversely, oxide ceramics are better 
suited for high-temperature applications because of their structural and 
chemical stability in the air. In contrast, oxide ceramics are typically not 
thought of as suitable TE application candidates because, in comparison 
to covalent alloys, they feature ionic bonding with a limited band. Low 
electrical conductivities are caused by the mobility and carrier con
centrations, which are typically 100 to 1000 times smaller than in co
valent materials. 

1.1. Uniqueness and barriers of Ca3Co4O9+δ for TE application 

The excitement of TE oxide emerged after the unanticipated finding 
of significant thermopower in NayCo2O4 in 1997 and in Ca3Co4O9+δ in 
2000 [31–43]. The new series of oxides reported in the single crystal 
Ca3Co4O9+δ [32], the single crystal NayCo2O4 [34], and more impor
tantly for the addition of dopants in bulk Ca3Co4O9+δ with Bi [31], Sr 
[39], Mg [39], SrBi [39], Na [40], and Cd [43] showed the potential of 

Fig. 1. (a) Thermoelectric module for both cooling (with an applied external power supply) and electricity generation (with an applied external heat source) [12]. 
(b) Established TE materials developed over the last decades and their maximum ZT. These state-of-the-art thermoelectric materials often suffer from poor thermal or 
chemical stability at elevated temperatures in air [13]. From Science 357, eaak9997 (2017). Reprinted with permission from AAAS. (c) & (d)The strong interplay 
between physical parameters related to thermoelectric properties of the material, where the carrier density influence S, σ, and κele [14]. © 2015 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 
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these new series of oxide materials as TE materials. The low thermal 
conductivity and high PF were achieved simultaneously in the unit cell 
level of Ca3Co4O9+δ, due to the presence of two subsystems with entirely 
dissimilar physical characteristics. As shown in Fig. 2, an incommen
surate character in the Ca3Co4O9+δ monoclinic crystal structure [44] is 
explicitly described as [Ca2CoO3]b1/[CoO2]b2, where b1 and b2 are two 
distinct periodicities along the b axis for the rock salt type Ca2CoO3 
subsystem and the CoO2 subsystem respectively. The electrically 
conductive CoO2 sheets have a strongly correlated electron system that 
serves as electronic transport layers, while insulating rock-salt-type 
Ca2CoO3 misfit layers serve as phonon scattering centers for 
decreasing thermal conductivity. In 2003, a ZT of 0.87 at 973 K [32] was 
published for Ca3Co4O9+δ single-crystals, rendering this inexpensive, 
lightweight, and non-toxic Ca3Co4O9+δ one of the best candidates for 
p-type TE oxide since then. However, it is the misfit-layered structure 
that immediately brings another critical barrier to practical application. 
The Ca3Co4O9+δ single-crystal shows significant anisotropic electrical 
activity due to the two-layered structure. Temperature-dependent 
electrical conductivity [45] measurements in directions perpendicular 
and parallel to the ab plane of the unit cell reveal that the former is 
500–1000 times less than the latter. As a result, two-dimensional 
properties pose a significant obstacle to the development of 
high-performance polycrystalline devices. It is necessary to produce 
polycrystalline Ca3Co4O9+δ ceramics in a way that simultaneously en
courages densification and crystal texture. 

Improving the TE performance of Ca3Co4O9+δ ceramics using various 
approaches further encountered the following challenges. (1) Limitation 
of rendering crystal texture of pristine Ca3Co4O9+δ in increasing the electrical 
conductivity: Special fabrication methods such as hot-pressing [46], cold 
high-pressure pressing [47,48], magnetic alignment [49], and spark 
plasma sintering process (SPS) were widely employed to produce the 
polycrystal samples with crystal alignment. However, the highly 
textured pristine Ca3Co4O9+δ are typical with the peak ZT [19,50,51] of 
0.2–0.3, which is only ≈30% of what is predicted for single-crystals. (2) 
Limitation of using cation substitutions in the lattice in improving the elec
trical power factor: Compared to single-crystal cobaltite, polycrystalline 
cobaltite has a lower thermal conductivity κ, which ranges from ≈2 to 3 
W m− 1K− 1. Low S and high electrical resistivity ρ are the primary causes 
of the polycrystalline Ca3Co4O9+δ poor ZT value, which also contributes 
to a comparatively low electrical power factor. A lot of research has 
previously been done on stoichiometric substitution at the Ca and/or Co 
sites utilizing different metals [45,52]. Nevertheless, similar to other TE 
materials, since both Seebeck coefficient and electrical conductivity are 
dependent on carrier concentration, conventional doping for improving 
the carrier concentration often causes an increase in electrical resistivity 
while simultaneously lowering the Seebeck coefficient, which ultimately 
results in a relatively little rise in the total power factor. (3) The barrier to 

introducing nano-inclusions for reducing thermal conductivity: 
Nano-inclusions have been widely proven to be effective in reducing the 
thermal conductivity of different TE materials. However, for 
Ca3Co4O9+δ, only very few elements were identified to be able to form 
nano-inclusions without reacting with Ca or Co, or substituting Ca or Co 
in the lattice as dopants. Even the Ag inclusion was attempted [53,54] 
due to the fast agglomeration of Ag during the high-temperature sin
tering, and the Ag inclusions are as big as ≈500 nm, and not dense 
enough to effectively scatter the photons at different frequency ranges. 
(4) Limitation in the synthetic approach of combining defects for increasing 
the overall ZT: Finally, the combination of SPS for rendering the crystal 
texture, Lu doping in the lattice, and the Ag nano-inclusion were 
simultaneously utilized to increase the peak ZT value to 0.61 [45], 
which is still significantly lower than what is expected from the 
single-crystal and not viable for practical applications. 

1.2. Scrutiny to engineer grain boundaries of TE Ca3Co4O9+δ ceramics 

It is worthwhile to point out that among the various methods for 
enhancing the performance of oxide ceramics, the GB structure in 
Ca3Co4O9+δ ceramics is barely studied and poorly understood. The 
transport properties of pristine single-crystals and polycrystalline ma
terials, such as those from SrTiO3, revealed that electrical conductivity 
was heavily affected by the GBs [55]. In contrast, the Seebeck Coeffi
cient of the polycrystalline sample is typically not dominated by the GB. 
The Seebeck coefficients of the polycrystalline ceramics present the 
same behavior as the single crystals. This phenomenon is also shared by 
the pristine Ca3Co4O9+δ ceramics. We have demonstrated that the 
pristine Ca3Co4O9+δ ceramics are sintered at different temperatures and 
possess different grain sizes and different GB densities, and the electrical 
conductivity changes dramatically while the Seebeck coefficient re
mains intact and constant at the different temperature regimes [56]. In 
terms of doping, the predominant model for the GB region of various 
thermoelectric materials predicts that GBs should have a minimal 
impact on the mobility at high doping levels, but in fact, the carrier 
mobility is frequently significantly decreased. 

Traditionally, for various ceramics, the thermoelectric properties 
might be enhanced by decreasing the effect of GBs on electron transport 
and by reducing the abundance and misorientation angles of the GBs. 
For the Ca3Co4O9+δ ceramics with large significant anisotropy, when the 
high angle GBs, (with c-axis misorientation of 45–90◦) could be largely 
avoided by rendering the formation of the crystal texture during pro
cessing, the low angle GBs, (with a misorientation angle of 1–30◦), 
dominate the well-textured bulk samples even for the samples processed 
using the special techniques such as spark plasma sintering (SPS). To 
make the oxide ceramics viable to the large-scale application, it is 
mandatory to develop the ceramics processing that promotes crystal 
texture formation using conventional materials processing, including 
cold-pressing and subsequent sintering. Furthermore, the GBs, espe
cially the low angle GBs, are not avoidable for polycrystalline ceramics. 
Ideally, a feasible approach of simultaneously improving the crystal 
texture and turning the detrimental GBs into the conducting pathways to 
improve the thermoelectric performance is ultimately desired. 

Based on the above, the authors have strived to understand the 
impact of nanostructure engineering, especially tailoring the dopants 
segregation at GBs to control the crystal texture and the TE performance 
of Ca3Co4O9+δ ceramics. As for all other ceramics [57,58], when the 
crystals are with dopants, in addition to altering the intragranular 
chemistry, the dopants could segregate at the GBs [59]. The dopant 
segregation at the GBs has a major impact on the materials processing 
since the ionic diffusion along the GBs drives the grain development, 
phase alteration occurring during the solid-state sintering reactions, and 
crystallographic texture development that affects the carrier mobility, 
especially for the polycrystalline ceramics from Ca3Co4O9+δ that possess 
large anisotropy at the unit cell and single-crystal levels, and heavily 
depending on the GB structure. In electroceramics, dopants segregation 

Fig. 2. The unit cell structure of Ca3Co4O9+δ showing the alternating sub
systems of electrically conductive CoO2 sheets and insulating rock-salt-type 
Ca2CoO3 layers. 
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at the GBs could further render the creation of the space-charge layer 
next to the GB plane and cause the solutes and defects to be distributed 
differently within the grain interiors [60,61] thus affecting the carrier 
density and the Seebeck coefficient that is characteristics of carrier 
concentration and believed to be an intrinsic property of materials with 
fixed chemistry. 

For Ca3Co4O9+δ oxide ceramics, Ag at GBs in Ca3Co4O9+δ/Ag com
posite was deemed as facilitate GB sliding and enhance grain orientation 
during sintering and provide phonon scattering to reduce thermal con
ductivities [53,54,62,63]. Beyond that, the atomic structure and 
chemistry of GB itself in Ca3Co4O9+δ ceramics is barely studied and 
poorly understood. While the GBs might have a detrimental impact on 
carrier mobility, they can also, especially those associated with the 
dopants segregation and different chemistry from that of grain interior, 
have a good impact in both reducing the thermal conductivity and 
improving the electrical transport properties. 

For Ca3Co4O9+δ, the scope to which point defects might segregate to 
the GBs, the methods for precisely introducing dopants to segregate at 
the GBs, and the impact of dopants GBs segregation on the performance 
was not studied. The authors firmly believe that the transport properties 
are greatly affected by the enrichment or depletion of dopants at the GBs 
and the ensuing redistribution of mobile charge carriers nearby the GBs; 
for example, they act as carrier filtering and increase the Seebeck co
efficient. To better understand the possible dopants GB segregation and, 
most importantly, the intrinsic source for the dopant segregation and 
how it affects TE performance, especially the Seebeck coefficient and 
electrical power factor, the authors studied various sets of dopants on 
nanostructure and the thermoelectric performance of Ca3Co4O9+δ based 
oxide ceramics. In the following sections, the authors reviewed the 
thermoelectric performance and the structure of ceramics incorporating 
five sets of dopants with different valence states, different ionic sizes, 
and significant variations in mass. Those five sets of dopants include 
single dopants of monovalent potassium K+, divalent Ba2+, trivalent 
Bi3+, dual dopants of divalent Ba2+, trivalent Bi3+, as well as dual 
dopants of Bi3+ and Tb3+. The ceramics with five sets of different dop
ants constantly and consistently demonstrate the improvement of the 
crystal texture and, surprisingly, simultaneous increase of the electrical 
conductivity and Seebeck coefficient. Using the conventional sol-gel 
chemical processing of the precursor powders, standard cold pressing, 
and sintering for the Ca3Co4O9+δ system with up to two dopants [52,56, 
64–71], the authors have demonstrated the resultant improved peak ZT 
to 0.9, thus significantly outperform Ca3Co4O9+δ single crystals. Such 
high performance of polycrystalline Ca3Co4O9+δ with ZT of 0.9 is ach
ieved by increasing the electrical power factor, S2σ, (up to a factor of 
≈4.6 at 310 K and ≈2.3 at 1073 K) rather than the reduction of thermal 
conductivity that is largely achieved in various thermoelectric materials 
through nanostructure engineering. We identified the atomic structure 
origin of the crystal texture development and the simultaneous increase 
of the Seebeck coefficient induced by doping. We further discussed the 
implication of this part of the work on engineering polycrystalline ce
ramics. Throughout this review paper, readers are referred to the 
respective original articles for information on measurement 
uncertainties. 

2. Dopants GB segregation for increasing Seebeck Coefficient and 
conductivity 

In terms of ceramic materials processing, as stated previously, due to 
the significant anisotropy in the electrical transport properties of 
Ca3Co4O9+δ single crystals, it is essential to sinter polycrystalline 
Ca3Co4O9+δ bulk ceramics in a way that simultaneously encourages 
densification and crystal texture. Instead of using special techniques 
such as SPS, traditional cold pressing and sintering to create oxide pel
lets utilizing the chemical sol-gel route-generated powders to guarantee 
the ideal stoichiometry and uniform distribution of the dopants were 
used. The calcined powders could be with a grain size of ≈100 nm. 

During the sintering of the pressed pellets, there is significant grain 
growth to a grain size over ≈2 μm, thus densifying the pellets, and 
promoting crystal texture. Upon controlled calcination, pellet pressing 
pressure, sintering temperature, and sintering atmosphere, the authors 
have successfully demonstrated that the ZT of the pristine Ca3Co4O9+δ 
polycrystal samples synthesized through the above-mentioned conven
tional sintering is with a peak ZT of ≈0.28, approaching the best re
ported pristine Ca3Co4O9+δ synthesized using SPS [72,62]. Those 
well-excised processing procedures for making the Ca3Co4O9+δ ceramics 
have been consistently adapted to conduct the samples with different 
chemistry presented in this review. The common approaches for each of 
the samples include: (1) electrical and thermal properties measurement 
using the commercially available standard “Seebeck and Electrical Re
sistivity Measurement System” and “Laser Flash Analyzer”; (2) crystal 
texture and nanostructure characterization using X-ray diffraction (XRD), 
scanning electron microscopy (SEM), and transmission electron micro
scopy (TEM); (3) atomic structure and chemistry analysis of dopants dis
tribution in the lattice and at the GBs using Z-contrast imaging, Electron 
Energy Loss Spectroscopy (EELS), and Energy Dispersive Spectroscopy 
(EDS). 

2.1. Single dopants monovalent K+ segregation at GBs 

The non-stoichiometric addition of the low mass potassium on the 
nanostructure and thermoelectric performance of Ca3Co4O9+δ ceramics 
has been studied (see Fig. 3). The samples had the intended composition 
of Ca3Co4O9+δKx (x = 0, 0.05, 0.1, 0.15, and 0.2). The nano lamellas 
with c-axis fiber texture are present in all Ca3Co4O9+δ grains with or 
without dopants [52]. The nanostructure and chemical analysis exposed 
the segregation of K at the Ca3Co4O9+δ GBs between two crystal grains 
with different c-axis. In contrast, the Ca3Co4O9+δ grain interior was free 
of K. There is no formation of the nanoscale secondary phase at the GBs 
due to the K segregation. The K is presumably present as the solid so
lution at the GBs. 

At the best doping concentration, potassium GB segregation 
decreased electrical resistivity while concurrently improving the See
beck coefficient, which led to a significant improvement in power factor. 
The sample Ca3Co4O9+δK0.1 attained a power factor of 0.93 mW K− 2 m− 1 

at 320 K, which is 126% increase from pure Ca3Co4O9+δ. 
Furthermore, compared to pristine Ca3Co4O9+δ, the resistivity of the 

Ca3Co4O9+δK0.1 sample is much lower. The distinct dopants monovalent 
K+ segregate at the GBs only while leaving the grain interior free of 
substitution of dopants. This is presumably due to the large ionic size 
difference between the dopants K+ (152pm) and the host Ca2+ (114pm) 
and Co3+/4+ (≈80pm). Accelerated grain growth and the formation of 
the crystal texture were produced by the segregation of these large ions 
to the GBs. The simultaneous improvement in S represents the most 
significant performance change, indicating the decreased carrier 
density. 

2.2. Single dopants divalent Ba2+ segregation at GBs 

This phenomenon of having oversized dopants segregation to the GB 
is repeated for divalent Ba2+. In the sample of Ca3Co4BaxO9+δ, as shown 
in Fig. 4, using EDS analysis under TEM, in stark contrast to the grain 
interior that is free of Ba, there is a strong Ba signal detected from the GB 
region. Ba appears to be present as the solid solution enriched at the GB 
region only, and no nanoscale secondary phase, either amorphous or 
crystalline [73], was observed at the Ba-enriched Ca3Co4BaxO9+δ GBs. 

While the individual crystal from the Ca3Co4Ba0⋅05O9+δ sample 
presents a similar dimension and anisotropy aspect ratio to that of the 
pristine Ca3Co4O9+δ sample, Ba segregation at GBs is sufficient enough 
to densify the bulk materials and render the grain alignment. Such a 
strong crystal texture significantly increases the carrier mobility and 
reduces the electrical resistivity (Fig. 4a -Bottom). Furthermore, the non- 
stoichiometric introduction of a slight amount of Ba causes a substantial 
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improvement in the Seebeck coefficient S and thermoelectric perfor
mance of calcium cobaltite Ca3Co4O9+δ ceramics. At 323 K, S of 
Ca3Co4O9+δ is 135 μV K− 1, while S of Ca3Ba0⋅05Co4O9+δ is 162.5 μV K− 1. 
The S for Ca3Ba0⋅05Co4O9+δ sample increases as the electrical resistivity 
ρ decreases, leading to a high power factor of 843 μW m− 1 K− 2 at 1007 K. 
The impact of the addition of Ba2+ can be consistently interpreted as the 
acts of a carrier filtering barrier layer in the Ca3Co4O9+δ GBs that leads 
to a decrease of the carrier concentration and increased Seebeck coef
ficient (Fig. 4b -Bottom). 

2.3. Single dopants trivalent Bi3+ intragranular solubility and segregation 
at GBs 

Segregation of Ba2+ or K+ at GBs is apparently due to the significant 
difference in ionic radius compared to the Ca3Co4O9+δ lattice sites. Ca2+

and Co2+/Co3+ are with a radius of 114 p.m. and 80 p.m., respectively, 
while the ionic radius for Ba2+ and K+ are 149 p.m. and 152 p.m. As a 
result, rather of the Coulomb interaction, the lattice strain effect 
resulting from the ionic size difference is hypothesized to be the main 
factor behind the dopants GB segregation. However, the concentrations 
of dopants at GBs may differ from their bulk values, depending on the 
sign and magnitude of their charge, as well as the exact ionic size of the 
dopants. In the sample Ca2⋅7Bi0⋅3Co4O9+δ, Bi is selected as dopant 
because Bi3+ substitution of Ca2+ could incorporate one electron per 
cation dopant and reduce the concentration of the majority carrier, 
although the precise amount of the lowered carrier concentration is 

dependent on other factors such as oxygen vacancies. This is line with 
the experimental findings in Fig. 5b, which demonstrate the improved S 
resulting from the reduced carrier concentration at both the low and 
high-temperature regimes. The somewhat larger trivalent dopants of 
Bi3+, with the ionic radius of 117 p.m., have intragranular solubility 
while possessing segregation at GBs [67], shown in Fig. 5. 

2.4. Dual dopants of Ba2+ with Bi3+ and competing dopants segregation 
at GBs 

It is worthwhile to point out that both the K and Ba were introduced 
using non-stoichiometry addition of Ca3Co4KxO9+δ and Ca3Co4BaxO9+δ, 
respectively. While the dopants were segregated at the GBs only, the 
intragranular chemistry remained consistent with the stoichiometry of 
Ca3Co4O9+δ. In the case of Bi, it is one of the earliest doping elements to 
be used to replace Ca and has been widely studied since the year 2006 
[74,75]. However, all of the investigations were on samples with 
designed stoichiometry. The Bi segregation at GBs in those 
Ca3-xBixCo4O9+δ samples was not reported until the year 2016 in our 
study. In the Ca3-xBixCo4O9+δ sample, the Bi segregation at GBs has 
apparently caused the intragranular chemistry to diverge from the 
intended stoichiometry. 

Such intragranular chemistry deviation due to the Bi grain boundary 
segregation was restored by applying dual dopants of Bi3+ and Ba2+ with 
different oxidation valence states. The polycrystalline material system is 
intended to have a nominal chemistry of Ca3− xBixBayCo4O9+δ with 

Fig. 3. Cross-sectional SEM images from the fractured surface after sintering of (a) Ca3Co4O9+δ and (b) Ca3Co4O9+δK0.1 exhibit how the grain boundary segregation 
of the K dopant boost the alignment and grain growth on the material. TEM images of the Ca3Co4O9+δK0.1 sample showing the (c) GB from crystals with various c axis 
orientations. (d) HRTEM image of the GB displaying that K segregation does not promote the formation of a secondary phase at nanoscale. Temperature dependence 
of electrical properties for Ca3Co4O9+δKx: (e) ρ, (f) S, and (g) S2σ. Improvement in power factor for best doping concentration, Ca3Co4O9+δK0.1, attained a 126% 
increase from pure Ca3Co4O9+δ. Reproduced from Sustainable Energy Fuels, 2018,2, 876–881, with permission from the Royal Society of Chemistry. 
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concurrent stoichiometric substitution of Bi for Ca and non- 
stoichiometric addition of trace quantities of Ba. In the samples with 
dual dopants, it surprisingly demonstrated the Bi depletion from the GB 
with the indication of re-establishment of intragranular stoichiometry. 
On the other hand, accompanying the Bi depletion at the GB, is signif
icant Ba segregation at the GB alone without the Ba incorporation into 
the lattice (as presented in Fig. 6). 

Apparently, there is competing dopants segregation that reveals very 
important mechanisms that could contribute to the segregation’s driving 
force. Whenever Bi is the sole dopant in Ca3Co4O9+δ, the Bi segregation 
at the GBs is accompanied by the Bi intragranular solubility. This Bi 
segregation could be the result of the mechanical strain relaxation effect 
or electrical Coulomb interactions. This latter effect may become 
dominant when the doping ions and host ions slightly differ in size. Ca2+

has an ionic radius of 114 p.m., while Bi3+ has an ionic radius of 117 p. 
m., which is slightly larger than Ca2+. Due to the similar ionic radius of 
Bi3+ and Ca2+, it is difficult to determine exactly what drives Bi3+

segregation. In contrast, the ionic radius of Ba2+ is 149 p.m., and 
significantly larger than that of Ca2+ and Bi3+.Further, Ba can be 
introduced with no extra charge because it has the same valence state as 
Ca. In the case of the GBs, the segregation of Ba and ion-size mismatch 

between impurities and host ions results in elastic strain due to the 
simultaneous segregation of Ba and depletion of Bi. Accordingly, on the 
basis of the differing ion radii of two segregant ions, such a segregant 
competing phenomenon may be explained. The GBs of Ca3Co4O9+δ ce
ramics attract oversized cations [68]. As far as we are aware, our 
research is the first to demonstrate competitive dopant segregation at 
GBs from TE ceramics and other oxides. 

At the fixed Bi substitution level, there is a continuous increase of S 
due to Ba addition. It is worthwhile to point out that the Ca3Co4BaxO9+δ 
with dual dopants presents a different Seebeck temperature dependence 
than that of samples with Bi or Ba doping alone. For the samples with Bi 
substitution, the doping increases the S at both the low and high- 
temperature regimes. For the samples with Ba non-stoichiometric 
addition, the Ba segregation at the GBs significantly raises the S at the 
low-temperature regime, and the increment gradually decreases with 
the increase of the temperature and completely diminishes at 1073 K. In 
comparison with the baseline and the sample with the single dopants, 
the total Seebeck coefficient of the sample with dual dopants of both Ba 
and Bi is approximately a weighted sum of the increase of the Seebeck 
coefficient induced by a single dopant. Most importantly, the selective 
dopants spatial distribution of having one dopant of Bi incorporation in 

Fig. 4. Top left: Cross-sectional SEM images from the fractured surface of the samples displaying the improved crystal texture of the samples with Ba doping 
compared to baseline in (a) Ca3Co4O9+δ and (b) Ca3Ba0⋅05Co4O9+δ. Top right: Nanostructured analysis of Ca3Ba0⋅05Co4O9+δ samples. (a) TEM image displaying two 
Ca3Co4O9+δ grains. (b) HRTEM image displaying the Ca3Co4O9+δ GB free of the secondary phase. Electron diffraction patterns were obtained from grain A(c), from 
the GB area between grains A and B(d), and from grain B(e). Bottom: Electrical properties for the Ca3BaxCo4O9+δ samples as a function of temperature. (a) ρ; (b) S; 
and (c) S2σ. Reprinted (adapted) with permission from {Inorg. Chem. 2015, 54, 18, 9027–9032}. Copyright {2015} American Chemical Society. 
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the Ca3Co4BaxO9+δ lattice, while another dopant of Ba segregation at the 
GB, provides an excellent opportunity for us to separately tune the 
electrical performance of grain and GBs and decouple the Seebeck co
efficient and electrical conductivity and increase both simultaneously 
over a wide temperature range. 

2.5. Dual dopants of Bi3+ and Tb3+ with intragranular substitution and 
segregation at GBs for outperforming single crystals 

While the oversized dopants are found to segregate at the GBs 
consistently, it is worthwhile to investigate the effect of the undersized 
dopants, such as that rare-earth element Tb that is with an ionic radius 
significantly smaller than that of the Ca. Doping rare earth elements was 
consistently reported to decrease the hole concentrations in Ca3Co4O9+δ 
and led to an increase in both the Seebeck coefficient and electrical 
resistivity [76–79]. However, the influence of the rare earth element 
doping on the microstructure and GB structure has not been systemati
cally reported. In our work, it is identified that in Ca3Co4BaxO9+δ 

samples with Tb substitution of Ca, the rare earth element Tb retards the 
grain growth. Under the same sintering conditions used for pristine 
Ca3Co4O9+δ, the grain size of Ca2⋅5Tb0⋅5Co4O9+δ sample is ≈50% of that 
of Ca3Co4O9+δ. The dopant Tb may have increased the onset of the 
minimum required temperature to promote the anisotropy growth 
during sintering [80] and/or lowered cation diffusivity along the GBs. It 
is also interesting to notice that Tb is depleted at the GBs, while the 
nanostructure at the GBs presents no apparent changes except for the 
lattice distortion. Complementary to our hypothesis of oversized dop
ants segregated to the GBs, this result on the single Tb dopant further 
demonstrated that undersized dopants, such as Tb, are depleted at the 
GB because the ionic radius of Tb3+ and Tb4+ is 106 p.m. and 90 p.m., 
respectively, and less than that of Ca2+ (114 p.m.). 

To compensate the Tb and related cation deficiency at GBs, the Bi–Tb 
dual dopants approach was attempted. Instead of using Bi substitution, 
the Bi-non-stoichiometric addition was applied to this set of samples 
with the designed chemistry of Ca2⋅95Tb0⋅05Co4O9+δBix. 

The dual dopants promote crystal texture formation and consistently 

Fig. 5. Temperature dependence of the electrical properties of Ca3-xBixCo4O9+δ: (a) ρ, (b) S, and (c) S2σ, Bi segregation increases the S while reducing the ρ. Crystal 
texture development can be observed for the Bi doping as shown with the SEM cross-sectional images for (d) Ca3Co4O9+δ and (e) Ca2⋅7Bi0⋅3Co4O9+δ. Nanostructure 
images of Ca2⋅7Bi0⋅3Co4O9+δ: (f) TEM image displays characteristic GB and neighboring grains with misorientation angle ~6◦, (g) STEM Z-contrast image from the 
same GB as shown in (f), and (h) high magnification STEM Z-contrast image of the same GB shown in (g), displaying two segregation sites. Reprinted from Journal of 
the European Ceramic Society 36 (2106) 601–607, Copyright (2016), with permission from Elsevier. 
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present the Bi segregation and Tb depletion at the GB plane (Fig. 7). The 
GBs atomic structure is revealed in greater detail by Z-contrast atomic 
resolution imaging. In agreement with the TEM EDS results, a brighter 
column was not observed at the GBs of the Ca2⋅95Tb0⋅05Co4O9+δ sample 
(Figs. 7 A-2). This could indicate that Tb is not present at the GBs. 
Interesting to note, the Bi segregation at the Co sites at the GBs of the 
Ca3Co4O9+δBi0.25 sample is indicated by the stronger contrast. In 
Ca2⋅95Tb0⋅05Co4O9+δBi0.25, on the other hand, along the GB planes, both 
the Ca and Co sites have highly intense atomic columns. Segregations 
normally occur with 1–2 atomic spacing onto the Ca sites, whereas the Bi 
segregation on the Co sites of the rock-salt-type Ca2CoO3 misfit layers is 
considerable (about 3–5 atoms), indicative of the increased Bi segrega
tion due to dual dopants, likely due to Tb depletion at the GB planes 
[81]. It is worthwhile to mention that the non-stoichiometric addition of 
Bi is substituting both Ca and Co sites. 

In the samples of Ca2⋅95Tb0.05BixCo4O9+δ, when Tb is at a fixed level 
of 0.05, Bi non-stoichiometric addition significantly increased the See
beck coefficient and decreased the electrical resistivity, as depicted in 
Fig. 8 (a,b). When the Bi-level is increased to x = 0.25, the sample 
Ca2⋅95Tb0⋅05Bi0⋅25Co4O9+δ exhibits a plateau of high electrical power 
factor, S2σ, of 1.23 mWm− 1K− 2 and 1.83 mWm− 1K− 2 at 1073 and 373 K, 
respectively, as shown in Fig. 8c. The peak ZT of 
Ca2⋅95Tb0⋅05Bi0⋅25Co4O9+δ is 0.9 at 1073 K, as shown in Fig. 8 (e). The ZT 
of 0.9 is the greatest ZT value published for Ca3Co4O9+δ ceramics over 
the previous ten years (Fig. 8f) [29,38,41,45,77,63,82–86]. The sample 

of Ca2⋅95Tb0⋅05Bi0⋅25Co4O9+δ has a high plateau of ZT 0.33 at 373 K and a 
peak ZT of 0.9 at 1073 K. Such a high plateau leads to the high average ZT 
[87], which is very much desired for high-performance TE materials. 
The peak ZT of 0.9 is significantly higher than the best reported ZT of 
0.61 from Ca2⋅8Ag0.05Lu0.15Co4O9+δ [54] synthesized using SPS. As 
shown in Fig. 10, the Ca2⋅95Tb0.05BixCo4O9+δ sample surpassed the 
single-crystal Ca3Co4O9+δ [32] and Ca2⋅9Bi0⋅1Co4O9+δ single-crystal and 
exceeded the best reported p-type SiGe from 373 K to 973 K [88]. 

The thermoelectric potential of a material is commonly defined by 
the ZT value. Nonetheless, the ZT value is comprised of temperature- 
dependent properties, and, in most cases, this results in the tempera
ture dependence of the ZT value, which in most cases is not linear. 
Additionally, thermoelectric elements are subject to a significant tem
perature difference; thus, the ZTavg of the material could provide a better 
way to understand the overall performance of the materials for TE ap
plications. The average figure of merit is defined as ZTavg=(1/ΔT) 
∫Th

Tc

Z(T)dT. [89] The performance of the average ZT for doped and 

undoped Ca3Co4O9+δ materials is shown in Fig. 9. The ZTavg of the single 
crystal Ca3Co4O9+δ reaches a value of 0.37 at 973 K(Tc = 373 K). Despite 
the research done in polycrystalline Ca3Co4O9+δ over the last two de
cades, most reported materials have a ZTavg below 0.24. Ca3Co4O9+δBax 
(ZTavg = 0.32), Ca3-xBixCo4O9+δ (ZTavg = 0.29), Ag (ZTavg = 0.32), 
Ca3-xTbxCo4O9+δBiy (ZTavg = 0.62), and Ca3xTbxPrxCo4O9+δBiy(ZTavg =

Fig. 6. SEM images displaying crystal texture development of (a)Ca3Co4O9+δ and (b)Ca2⋅9Bi0⋅1Ba0⋅07Co4O9+δ. TEM images (c and d) and HRTEM image (e) from the 
Ca2⋅9Bi0⋅1Ba0⋅07Co4O9+δ sample. The circled numbers show the EDS collected. from two neighboring grains and the surrounding GB area. All the data suggests that GB 
area is Ba enriched, but Bi depleted which confirms the competing dopant segregation of different sized doping elements. TE properties for the Ca3− xBixBayCo4O9+δ 

as function of temperature showing the simultaneously increased S and σ. (a)ρ; (b)S; and (c) S2σ. Reprinted from Ceramics International 43 (2017) 11,523–11528, 
Copyright (2017), with permission from Elsevier. 
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Fig. 7. Cross-sectional SEM images from the fractured surface after sintering stage displaying the improved crystal texture and grain growth for the undoped (A) 
Ca3Co4O9+δ and dual-doped (B) Ca2⋅95Tb0⋅05Co4O9+δBi0.25. TEM and STEM images displaying the nanostructure of the Ca3-xTbxCo4O9+δBiy samples. (A-), (B-), and (C- 
) display the lattice nanostructure and GB for Ca2⋅95Tb0⋅05Co4O9+δ, Ca3Co4O9+δBi0.25, and Ca2⋅95Tb0⋅05Co4O9+δBi0.25, respectively. In (A-2), arrows indicate where Tb 
is located in the lattice of the rock salt layer CaO. In (B-2, B-3) purple arrows indicate where Bi is located in the rock salt layer CaO inside the lattice, while the yellow 
arrows indicate where Bi is located in the rock salt layer CoO in both the lattice and GB. In (C-2, C-3), purple arrows indicate the location of dopants in the rock salt 
layer CaO in both the lattice and GB, while the yellow arrows indicate the location of dopants in the rock salt layer CoO in both the lattice and GB. Reprinted 
(adapted) with permission from {Chem. Mater. 2020, 32, 22, 9730–9739}. Copyright {2020} American Chemical Society. 

Fig. 8. Temperature dependence of: (A) ρ, (B) S, and (C) S2σ for Ca3-xTbxCo4O9+δBiy; and (D) κ, (E) ZT for Ca3-xTbxCo4O9+δBiy and (F) Timeline of the enhancement 
in ZT of Ca3Co4O9+δ polycrystalline materials by the inclusion of various doping elements [25,43,56,64–71]. The discussed approach for treating the grain 
boundaries as a two-dimensional intergranular secondary phase complexion has led to a ZT of 0.9 for the polycrystalline Ca3Co4O9+δ. Reprinted (adapted) with 
permission from {Chem. Mater. 2020, 32, 22, 9730–9739}. Copyright {2020} American Chemical Society. 
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0.59) are the only Ca3Co4O9+δ ceramics with a ZTavg above 0.25. 
The Ca3Co4BaxO9+δ sample with dual dopants with ZT of 0.9, the 

highest ZT for various oxide at elevated temperatures, outperforms the 
single crystals in terms of both the peaking ZT and the average ZT of the 
Ca3Co4O9+δ single crystals. Furthermore, it outperforms the state-of-the- 
art SiGe [88], which has a peaking ZT of 0.95 and an average ZT of 0.551 
from Tc 373 K to Th 1073 K. Most of all, Ca3Co4O9+δ ceramics have just 
5–10% of the cost of SiGe [90] and will be performing directly in air. 

3. Origin of increased S and S2σ and outlook for further 
performance enhancement 

3.1. Driving force and atomic structure origin of dopants GB segregation 

In ceramic materials, the driving forces controlling GB segregation 
can be distinguished as elastic, electrostatic, and dipole interactions 
[87]. The elastic term arises from interactions between solutes and the 
ceramic interface due to the space charge and the tendency of the 
charged solutes to combine with the defects of the opposite charge in 
ceramics and to form an electrically neutral complexion. Usually, the 
GBs of the ceramics, such as those from polycrystalline n-type SrTiO3 
[32] have higher resistance than those of the grain interior. The origin of 
the higher resistance is usually attributed to the excess charge near GBs. 

Both the experimental results and molecular dynamics simulations 
revealed a negative GB potential related to the depletion of oxygen va
cancy concentrations near the GBs. 

The GB with too much segregation of a positive or negative charge 
might draw point defects of opposite charges from the nearby bulk 
materials, building up the charges. The Coulomb interactions could be 
the driving force for segregations at the grain boundaries. The segre
gation of cations including K+, Ba2+, Bi3+ seems to indicate the 
Ca3Co4BaxO9+δ grain boundary plane of the pristine sample may also be 
negatively charged with the excess of oxygen ions. Nevertheless, this 
Coulomb interaction could not explain the depletion of Tb3+ at the GB 
plane. It could not explain the competing dopants segregation between 
Bi3+ and Ba2+ at the GBs, for which Ba2+ expelled Bi3+. However, it 
indicates that the Ca3Co4BaxO9+δ grain boundaries offer extra sites to 
accommodate large dopants. Furthermore, the magnitude of the positive 
charge or the valence state on the type of segregation becomes negli
gible. Hence, the ionic size effect instead of the Coulomb interaction is 
proposed as the driving mechanism for the dopant grain GB. 

3.2. Crystal texture development and increase of carrier mobility with GB 
engineering 

As aforementioned, to make the oxide ceramics viable for large-scale 

Fig. 9. Temperature dependence of thermoelectric properties of Ca3Co4O9+δ materials. (a) κ-T, (b) S2/ρ-T, (c)ZT-T, and (d) ZTavg-T. The polycristalline Ca3Co4O9+δ 

materials with engineered GBs outperform the electrical power factor of other reported polycrystal Ca3Co4O9+δ materials while achieving a max value of 0.69 for the 
ZTavg which is more than double the ZTavg below 0.24 for most Ca3Co4O9+δ including the single crystal counterpart. 
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application, it is mandatory to develop ceramics processing that pro
motes crystal texture formation using typical cold-pressing and subse
quent sintering. During sintering, the GB diffusion is the movement of 
atoms along the GBs under a driving force, which is mainly the differ
ence in chemical potentials. The doping concentrations control the 
defect levels, and the diffusion kinetics is susceptible to these values. The 
present study on Ca3Co4BaxO9+δ with oversized dopants indicates that 
the energetics and diffusion kinetics of the system are strongly affected 
by dopant segregation, to such an extent that it should control the crystal 
texture formation. The universal role of over-sized dopant segregation 
appears to be irrelevant to the valence state. Meanwhile, when two kinds 
of dopants are present, only one type of dopant seems to be segregating 
to the GBs. Nevertheless, the exact magnitude of dopants segregation 
and the concentrations of dopants at the GBs, and the optimum level of 
dopants segregation that promotes the formation of the crystal texture 
differ from their bulk values, based on the sign and magnitude of their 
charge. For the stoichiometric substitution, the optimum Bi doping level 
is Ca2⋅75Bi0⋅25Co4O9+δ, and for Ca3Co4O9+δ Bi-addition and Tb substi
tution, the optimum doping is about 0.25. 

The effect of K, Ba, and Bi non-stoichiometry addition on the grain 
growth and texture development of Ca3Co4O9+δ ceramics may be similar 
to that of SiC and dielectric materials densification using different sin
tering additives [91]. However, the conventional structural ceramics 
sintering additives are introduced mainly to achieve a high bulk density, 
and secondary phase or insulating amorphous phase are often present at 
the GBs [92]. By contrast, for electroceramics, Ca3Co4O9+δ dopants 
segregation drastically persists at the GB plane without creating the 
amorphous or crystal secondary phase, preventing excessive carrier 
dispersion and a increase in electrical resistivity. 

The five sets of samples consistently indicate that the GBs of the 
Ca3Co4O9+δ ceramics attract large cations. The current findings about 
the segregation of the large dopant to the GB of calcium cobaltite are 
somewhat in accordance with those discovered during research on other 
ceramics like alumina. But between calcium cobaltite and alumina, the 
effect of the large dopant on the GB diffusion differs. For instance, in 
alumina, the large dopants significantly slow down the cation diffusion 
in the GB regime and result in slowing grain growth. 

For Ca3Co4O9+δ, Bi or K segregation at GBs has triggered the grain 
growth, while Ba segregation at GB keeps the grain with a similar 
dimension of that from pristine Ca3Co4O9+δ. For all of those samples 
with GB segregation of dopants, at the optimized level, the segregation 
of the large dopants reduces the GB energy and speeds up diffusion along 
the GBs, reducing the GB migration and the crystal texture development, 
as schematized in Fig. 11. In other words, segregation also serves as the 
driving force of the establishment and stabilization of crystal texture. 

The literature [93,94] showing that dopants GB segregation lowers 
the GB energy in ceramics is congruent with this aspect of the conclusion 
about the impact of dopants GB segregation on the crystal texture 
development. The frequency of GBs during microstructure development 
has a significant inverse relation with their relative energies. To put it 
another way, the higher-energy GBs are more certainly to be contracting 
and lower-energy GBs to be expanding, causing a steady-state distribu
tion of GBs. For this situation, it is the formation of a strong texture along 
the c-axis of monoclinic Ca3Co4O9+δ. 

3.3. Characteristic temperature dependence of S increase induced by 
dopants segregation 

The improvement in the crystal texture undoubtedly decreases the 
electrical resistivity by increasing the carrier mobility. Most impres
sively, once the dopants are segregated at the GBs alone, there is a large 
increase in the Seebeck coefficient in the low-temperature regime due to 
the carrier filtering effect. For the five sets of the samples presented in 
this review, the temperature dependence of the Seebeck coefficient 
changes depends on the spatial distribution of the dopants. For the 
Ca3Co4BaxO9+δ samples doped with K and Ba, the Seebeck coefficient 
increase is most pronounced in the low-temperature regime. The in
crease of the Seebeck coefficient induced by GB dopants segregation 
gradually decreases with the increase of the measurement temperature 
and completely diminishes at the high temperature of 1073 K, for which 
the doped sample has the same Seebeck coefficient as that of the baseline 
sample. The above results are consistent with the general feature of the 
GBs on the transport properties. It is commonly accepted that the 
transport properties at lower temperatures have the greatest impact by 

Fig. 10. Thermoelectric properties as function of temperature for several p-type materials [23,32,54]: (A) ρ, (B) S, (C) S2σ, (D) κ, and (E) ZT. The current approach on 
grain boundary engineering successfully outperformed the ZT of single crystal Ca3Co4O9+δ and the conventional TE material SiGe. Reprinted (adapted) with 
permission from {Chem. Mater. 2020, 32, 22, 9730–9739}. Copyright {2020} American Chemical Society. 
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GBs since the weighted mobility degrades by a lesser percentage at high 
temperatures [53]. 

The increase of the Seebeck coefficient at both low and high tem
peratures was achieved for the samples with Bi3+, which demonstrated 
the Seebeck coefficient was increased due to the intragranular dopants 
substitution. Competing mechanisms cause the segregation of Ba and the 
depletion of Bi at the GBs when Bi and Ba are introduced as dopants 
concurrently, leaving Bi alone in the grain interior. Whereas segregation 
of Ba at the GBs greatly improves the S at the low-temperature regime, Bi 
substitution in the lattice enhances the S at both the low and high- 
temperature regimes. In comparison with the baseline and the sample 
with the single dopants, the total Seebeck coefficient of the sample with 
dual dopants is approximately a weighted sum of the increase of the 
Seebeck coefficient induced by a single dopant. 

3.4. Treating GBs with dopant segregation as the two-dimensional 
secondary phase complexion with colossal S 

When various nanostructures were introduced to the TE materials 
systems in 1990, the creation of interfaces, GBs, and nano-inclusions 
through nanostructuring is one of the most promising approaches. 
Nevertheless, the GBs can limit the electronic performance of some 
thermoelectric materials, such as Mg3Sb2 and SrTiO3 [95,96]. By stark 
contrast, in the present case, due to the improvement of the crystal 
texture, the electrical resistivity was significantly decreased due to the 
dopant’s segregation at the GB. Most strikingly, it is the increase of the 
Seebeck coefficient constantly and consistently presented in the samples 
with dopants segregated at the GBs. The increase of the Seebeck coef
ficient of bulk polycrystalline samples induced by dopants segregation 
has never been reported before for the TE materials with different 
chemistry, and the atomic structure source of the increased Seebeck 
coefficient is worth for a closer look. 

The thickness of the segregated layer at the GB is small at ≈ 1–2 nm, 
and the segregation is extended along the GB plane. The GB segregation 

is not a complete continuous conformal coverage layer even for the high 
angle GBs of 45◦ and low angle GBs of 6◦ (as shown in Fig. 12). Neither 
the distribution of the segregation at the nanoscale nor the atomic 
structure of the segregation region is random. There is an intact channel 
in between the segregation sites. As such, the GBs can be treated as the 
secondary phase complexion that is periodically alternating with the 
segregation region and the non-segregation region. It is an analog to 
nano-inclusions. The complication is the segregation magnitude varies 
depending on the misorientation angle of the GBs. For each type of GB 
with a fixed orientation, the segregation is in regular arrays of constant 
dimension and spacing. 

For each of the single GBs, in this particular case, the segregation 
nano regions are similar to the nano-inclusions that could serve as the 
additional scattering centers to scatter the low energy electrons that 
contribute negatively to the electrons, as schematized in Fig. 12. Low- 
energy electrons are predominantly scattered in the GB segregation 
zone, reducing their impact on transport properties and boosting the 
Seebeck coefficient. Due to the different chemistry and different scat
tering mechanisms possessed, the GBs associated with dopants segre
gation can be practically treated as two-dimensional secondary phases 
that contribute differently to the transport properties than that of the 
grain interior. 

For the samples with different dopants segregating to the GBs, once 
the GB is treated as the secondary phase, the Seebeck coefficient from 
the GB phase can be approximated based on the experimental results 
presented in this review. In the series circuit model, the Seebeck coef
ficient from the grain and GB complexion are additive. For the baseline 
samples, the GBs and the grain interiors possess the same Seebeck co
efficients, so the baseline Seebeck coefficient can be treated as those of 
the Seebeck coefficient from the grain interior of the Ba or K doped 
samples. For the samples with Ba and K dopants that are segregated to 
the GB alone, the total Seebeck coefficient is a weighted sum of the in
dividual Seebeck coefficients of the grain and GB regions [55] α= (1 −
tGB)αG + tGB*αGB, where tGB is the size fraction (t of GB divided by t of 

Fig. 11. Schematic showing the undoped (A) Ca3Co4O9+δ and (B) the single and dual element dopant approach to systematically tune the grain boundary and 
achieve the microstructure evolution. The improved alignment and crystal texture development is achieved with a variety of single and dual elements dopants. 
Reprinted (adapted) with permission from {Chem. Mater. 2020, 32, 22, 9730–9739}. Copyright {2020} American Chemical Society. 

Fig. 12. STEM images displaying the nanostructure of the Ca2⋅95Tb0⋅05Co4O9+δBi0.25 for the simulated (a) findings and the 3D crystal structure (b), respectively. (a) 
and (b) shows the dopant segregation at the grain boundary of grains with different orientation. Reprinted (adapted) with permission from {Chem. Mater. 2020, 32, 
22, 9730–9739}. Copyright {2020} American Chemical Society. (c) Schematic representation of grain boundary segregation between two adjacent grains with 
different crystal orientation. (d) Representation of low energy carrier filtering and their effect in the absolute Seebeck coefficient values. Grain boundary filters low 
charge carrier that negatively contribute to overall S values, thus, improving the maximum S in the material. 
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grain) of the grain boundary phase [95]. The GB thickness is estimated 
to be 1 nm for both samples, and the average grain thickness is 955 nm 
and 705 nm for the sample of Ca3Co4O9+δK0.1 and Ca3Co4O9+δBa0.05, 
respectively. Thus, if we know the total Seebeck (Ca3Co4O9+δK0.1 and 
Ca3Co4O9+δBa0.05), the grain Seebeck (Ca3Co4O9+δ baseline), size frac
tion of tGB, and want to calculate Seebeck of GB, this can be calculated 
using the equation α= (1 − tGB)αG + tGB*αGB. The Seebeck coefficient for 
the samples with K and Ba were calculated in and reported in Fig. 13. 

It is noticed that the Seebeck coefficient from the GBs with Ba 
segregation is higher than that of the GB with K segregation, especially 
at a higher temperature regime. This difference could be attributed to 
the larger magnitude of the scattering from Ba, which has a bigger mass 
than that of K. At room temperature, the Seebeck coefficient for the GBs 
was calculated as 22,508 μV/K and 29,051 μV/K; this is over 200× of 
that from the grain interior. 

It is worthwhile to point out that, due to the large ionic radius dif
ference, the dopants-segregation region is subjected to a strained 
interface. The interface strain is also contributing to a big portion of the 
increased Seebeck coefficient. The entire systems with grain and GBs are 
thermodynamic equilibrium systems under the conditions that the 
samples are processed. Due to the large contribution of the strain energy 
to the interface energy, a separated phase with the exact chemistry 
dopants segregation regions is unlikely to be in thermodynamic equi
librium or stable. Even though the isolation of the GB phase with a large 
Seebeck coefficient may not be experimentally feasible, the large See
beck coefficient from the GB phase indicates a feasible and very 
appealing approach for dramatically increasing the Seebeck coefficient 
of bulk ceramics samples through engineering the GBs that are abundant 
and usually regarded as detrimental to the electrical transport proper
ties. Both the interface strain and the scattering from the segregated 
oversized atoms are considered as the source of the increase of the 
Seebeck coefficient through the aforementioned energy filtering effect. 

Energy filtering has been investigated theoretically [97,98] and 
experimentally in an InGaAs/InGaAlAs superlattice that showed an in
crease in power factor S2σ due to energy filtering effects [99]. 
Improvement in the Seebeck coefficient due to energy filtering in bulk 
nanostructured PbTe-based materials have also been reported, however 
the mobility was negatively impacted and the electrical resistivity was 
increased [100,101]. In the case of the PbTe with Pb precipitates, the 
Seebeck coefficient of samples with any given carrier concentration is 
increased in the sample that contains nano-meter-sized inclusions 
compared to that of the homogeneous sample [100]. 

Nevertheless, to our best knowledge, for bulk ceramics, our present 
work is the first one demonstrating the significant increase of the See
beck coefficient through GB engineering. Furthermore, different from 
the nano-precipitates filtering effect that is usually accompanied by 
decreased carrier mobility and the increased electrical resistivity, this 
GB filtering effect and its potential impact on the Seebeck coefficient and 
electrical power factor were not ambiguously observed in other bulk 

materials systems prior to our study on the Ca3Co4BaxO9+δ oxide. When 
the GBs are treated as a two-dimensional complexion with discrete pe
riodic clusters, it also makes the previous study on the energy filtering 
effects from two-dimensional materials become relevant to the three- 
dimensional bulk ceramics. 

While the above research will have a direct impact on the develop
ment of various TE oxide ceramics, especially those with large anisot
ropy and require the formation of the crystal texture to ensure high 
electrical conductivity [102,103], the fundamental knowledge of the GB 
and interface engineering of ceramic materials, gained from the present 
research, will be instrumental to many other structural and functional 
ceramic systems. Those ceramic materials include the superconductors 
[104–106], ionic conductors [107–111], and the protonic oxide con
ductors that have transport properties profoundly dominated by the 
characteristics of the GBs. 

3.5. Promise and challenges for further reduction of κ through nano- 
inclusions 

It is worthwhile to point out that, when compared to pure 
Ca3Co4O9+δ, which has a peak ZT of ≈0.3, Ca2⋅95Tb0⋅05Bi0⋅25Co4O9+δ 
peak ZT of 0.9 is enhanced by ~ 320%, that is mostly accomplished by 
improving the electrical power factor (Fig. 8c), with only a ≈10% drop 
in thermal conductivity, as shown in Fig. 8 (d). The lack of the decrease 
of the thermal conductivity is attributed to the increased density of the 
samples, increased alignment, especially along the direction that ther
mal conductivity is measured (orientation dependence of the thermal 
conductivity in Ca3Co4BaxO9+δ), and reduced among the high angle 
GBs. 

By tuning the GB intergranular chemistry and grain interior dopant 
substitution, we successfully decoupled the Seebeck coefficient from the 
electrical conductivity and significantly improved the power factor by a 
factor over ≈4.6 at 310 K and ≈2.3 at 1073 K. In the meantime, the high 
ZT from Ca2⋅95Tb0⋅05Bi0⋅25Co4O9+δ is attained by using only two dopants 
to control the GBs. There are no additional defects, such as nano- 
inclusions introduced to reduce the thermal conductivity. This is 
considerably different from the approaches utilized for increasing the ZT 
of traditional semiconductors. To present, rather than an enhancement 
in power factors, the reported substantial ZT improvements in a variety 
of bulk nanostructured materials have been caused by very large de
creases in lattice thermal conductivity [112]. The addition of 
nano-inclusions into bulk-scale TE materials, such as SiGe, Bi2Te3, and Si 
[113] systems, has proved to enhance phonon scattering and reduce 
thermal conductivity. For Ca3Co4O9+δ, the possible route to reduce the 
thermal conductivity by nano-inclusions has not been explored. This is 
largely due to the fact that very few elements were identified to be able 
to form nano-inclusions without reacting with Ca or Co or substituting 
Ca or Co in the lattice as dopants. The density of the nano-inclusions 
should be controlled for scattering the phonons while not lowering the 

Fig. 13. Temperature dependence for the grain (G) and the grain boundary (GB) contribution of the overall Seebeck coefficient values of the doped Ca3Co4O9+δ. 
Table on the right shows the numerical values for both the G and GB contribution to the total value of Seebeck for polycrystalline Ca3Co4O9+δBa0.05 and 
Ca3Co4O9+δK0.1 samples. The Seebeck coefficient for the GBs was calculated with a value 200 times of that from the grain interior. 
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electron mobility. A simultaneous increase in the electrical power factor 
and decrease in the thermal conductivity for the transport in the same 
directions become possible. For different TE materials, nano-inclusions 
and nanocomposites could enable the enhancement of the power fac
tor through a modification of the electronic structure or by a carrier 
filtering effect [19]. 

3.6. Future perspective of high throughput combinatorial approach & 
computational design 

While the ‘grain boundary design’ methodology, which involves the 
incorporation of GB dopants to improve the thermoelectric perfor
mance, is effective and innovative, there is an optimum doping level 
needed for each set of dopants. The discovery of suitable dopant species 
and the optimum doping level for different TE materials could be 
accelerated by the high throughput combinatorial approach. The 
combinatorial synthesis approach [114–117] is an efficient 
high-throughput technique for the systematic investigation of the com
positions and physical properties of a complex system using various 
screening techniques. Simply stated, combinatorial or high-throughput 
materials screening is a method that combines the ability for 
large-scale parallel production of a variety of materials with various 
high-throughput measurement techniques for a variety of intrinsic and 
performance properties. This technique was first developed to study 
drug chemistry, where one synthesizes a large number of compounds in 
parallel, followed by screening [118]. 

To study thermoelectric materials, the combinatorial synthesis 
approach generally entails generating libraries on a substrate with 
compositions that vary across numerous members using physical vapor 
deposition techniques, then evaluating the film libraries using high- 
throughput property screening instruments [18,119,120]. From the 
screening results of the film libraries, one can obtain a preliminary es
timate of the composition regions with highly desirable properties 
(commonly called the ‘sweet spots’). One will have an opportunity to 
study in detail the refined compositions by preparing bulk materials 
based on the screened results. Using this high throughput scheme in 
conjunction with the grain boundary approach, a much more efficient 
strategy could be designed. 

Taking NIST’s high throughput approach as an example, the 
combinatorial thin-film synthesis systems include a PLD component for 
synthesizing oxide films with a composition-spread method, and a 
sputtering component for preparing intermetallic films [18,119,120]. 
For the sputtering component, the thin film deposition approach will use 
a three-target (A, B, and C) sputter deposition system with a movable 
shutter over a substrate to deposit overlapping layers of each target. The 
thickness and shape of the film are controlled by the motion of the 
shutter. The result will be a graded three-end-member composition. This 
process is computer-controlled and can be cycled many times for desired 
film thickness. Thin-film samples may either be deposited on heated 
substrates or annealed post-deposition to assure compositional unifor
mity through the film thickness and to promote film crystallization. 

The efficiency of the thermoelectric material is measured by power 
factor; the NIST screening tool system consists of a room-temperature 
and a high-temperature power factor screening tool [18,119,120], and 
a thermal effusivity screening tool. In addition to measuring films, these 
tools can also be used to measure bulk samples with flat surfaces. 
Measurements are fully automated. This system was later modified so it 
could rapidly determine the Seebeck coefficient and sheet resistance for 
thermoelectric films from room-temperature to ≈800 K with high spatial 
resolution. The details of this instrumentation for measuring the Seebeck 
coefficient, developed at NIST, have been described in Ref. [121]. To test 
the thermoreflectance of a combinatorial film, a scanning thermal 
effusivity measuring device utilizing the frequency domain thermore
flectance approach under periodic heating was designed [122]. Exam
ples of the application using these techniques on thermoelectric 
materials, such as composition-spread films, conventional thin films, 

bulk ceramics, ribbons/tapes, and single crystals have been reported 
[123]. 

Overall, in the present study, the secondary phase complexion pos
sesses a magnitudes higher Seebeck coefficient than that of the intra
grain, as elucidated in Figs. 12 and 13. Such discoveries are undoubtedly 
consistent with the design principle of high-performance thermoelectric 
materials in the thin film or bulk-scale composite [17,124]. Uniquely 
demonstrated in the present study is the realization of designing the 
grain boundaries, rather than interfaces, on the thermoelectric oxide 
that is at the very cusp for large-scale waste high-temperature heat re
covery and thermal management and leading us to enter the new era for 
the thermometric oxide ceramics. The high throughput combinatorial 
approach could be further coupled with high-throughput computation 
[125] for facilitating and accelerating materials design with ZT magni
tudes higher than the state-of-the-art. 

4. Conclusion remarks 

Understanding the engineering approaches to tune the performance 
of various TE materials has stimulated intense theoretical and experi
mental work during the past decades. The major effort is to increase the 
GB density and increases the scattering of phonons to lower the thermal 
conductivity. Nevertheless, the GB structure for various TE materials is 
poorly understood, and the approaches for improving TE performance 
by enhancing the electrical transport properties, especially the Seebeck 
coefficient, are completely lacking. The present work leads to the 
identification of the key nanostructure engineering processes necessary 
to improve the Seebeck coefficient through GB engineering and the 
dopant’s segregation. The five sets of dopants consistently demonstrate 
that the oversized dopants segregate to the GBs and subsequently result 
in the formation of the crystal texture, the increase of the carrier 
mobility, and the increased Seebeck coefficient due to the carrier 
filtering effect. It was experimentally validated that through engineering 
the GBs, such as using dopants segregating to the GBs, the bulk ceramics 
could have increased carrier mobility while enhancing the Seebeck co
efficient and have a net increase in power factor of up to a factor of ≈4.6 
at 310 K and ≈2.3 at 1073 K. Furthermore, it reveals the atomic struc
ture origin of the dopant’s segregation, and oversized dopants are the 
driving force while columbic interactions are negligible. Due to the 
distinct atomic structure of GBs, the GBs should be treated as the com
plexions that is associated with the discrete channels and strain field. 
The Seebeck coefficient from such GB complexions is estimated to be 
over two orders of magnitude from the grain interior over a wide tem
perature range. When the GBs can be treated as the secondary phase, it 
can successfully decouple two intrinsic strongly correlated properties 
between the Seebeck coefficient and electrical conductivity. Even 
though the isolation of the GB phase with a large Seebeck coefficient 
may not be experimentally feasible, the large Seebeck coefficient from 
the GB phase indicates a feasible and very appealing approach for 
dramatically increasing the Seebeck coefficient of bulk ceramics samples 
through engineering the GBs that are abundant and usually regarded as 
detrimental to the electrical transport properties. The present work 
tuning the TE oxide ceramics through designing the GBs and interfaces 
will create a platform for the rational design, judicious selection, and 
effective fabrication of novel ceramics for future electronic and energy 
applications. 
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