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A B S T R A C T

The present work demonstrates the feasibility of increasing the values of Seebeck coefficient S and power factor
of calcium cobaltite Ca3Co4O9 ceramics through competing dopant grain boundary segregation. The nominal
chemistry of the polycrystalline material system investigated is Ca3−xBixBayCo4O9 with simultaneous stoichio-
metric substitution of Bi for Ca and non-stoichiometric addition of minute amounts of Ba. There is continuous
increase of S due to Bi substitution and Ba addition. The electrical resistivity also changes upon doping. Overall,
the power factor of best performing Bi and Ba co-doped sample is about 0.93 mW m−1 K−2, which is one of the
highest power factor values ever reported for Ca3Co4O9, and corresponds to a factor of 3 increase compared to
that of the baseline composition Ca3Co4O9. Systematic nanostructure and chemistry characterization was
performed on the samples with different nominal compositions. When Bi is the only dopant in Ca3Co4O9, it can
be found at both the grain interior and the grain boundaries GBs as a result of segregation. When Bi and Ba are
added simultaneously as dopants, competing processes lead to the segregation of Ba and depletion of Bi at the
GBs, with Bi present only in the grain interior. Bi substitution in the lattice increases the S at both the low and
high temperature regimes, while the segregation of Ba at the GBs dramatically increase the S at low temperature
regime.

1. Introduction

Misfit-layered compound calcium cobaltite Ca3Co4O9 has attracted
great interest as p-type thermoelectric (TE) for applications at high
temperatures [1]. In comparison with other TE materials such as the
newly developed BiCuSeO [2], Ca3Co4O9 has significant advantages as
a lower cost, lighter weight, non-toxic material that can be used at
directly in air at high temperatures without costly and sophisticated
vacuum seal or protective coatings. A challenge for developing poly-
crystalline calcium cobaltite TE materials is to improve its energy
conversion efficiency for large scale applications. The energy conver-
sion efficiency of TE materials is characterized using the figure-of-merit
ZT, which is defined as ZT = S2ρ−1κ−1T, where S, ρ, S2ρ−1, and κ are
Seebeck coefficient, electrical resistivity, power factor and thermal
conductivity respectively. Due to intense research efforts in the field
of TE materials during the past decades, state of the art commercial
conventional TE materials such as such as bismuth telluride (Bi2Te3)
and lead telluride (PbTe), possess values of ZT ≈ 1, which corresponds

to an energy conversion efficiency of 10% for Τ = 300 K [3].
Calcium cobaltite single crystals show extraordinary TE perfor-

mance with an extrapolated value of ZT of 0.87 at 973 K [4]. By
contrast, the TE performance of polycrystals is reported to be only
~20% of that from the single crystal and with the commonly measured
ZT of ~0.2 at ~900 K [5]. Strategies to increase the value of include
increasing the magnitude of the electrical power factor, S2/ρ, and
lowering the thermal conductivity κ. As a mater of fact, κ of polycrystal-
line cobaltite is about ~2 Wm−1 k−1, which is comparable to that of the
state-of-the-art TE materials with complex crystal structure [3]. The
low ZT value of polycrystalline Ca3Co4O9 is mainly caused by the
relatively low electrical power factor due to the fairly low S and high ρ.

Cation doping is one of the promising approaches for improving the
electrical performance of polycrystalline Ca3Co4O9. Stoichiometric
substitution at the Ca and/or Co sites using alkaline metals, alkaline
earth metals, transition metals, post-transition metals, and/or rare-
earth metals have been widely investigated [6–8]. However, the
majority of those literature reports were focused on the effect of
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dopant substitution of Ca and Co in the Ca3Co4O9 lattice, while the
possible dopants segregation at the grain boundaries (GBs) and their
effect on the TE performance were largely unexplored.

As for all other electronic ceramics, the performance of polycrystal-
line materials is largely affected by the inter-granular properties. In the
system with dopants, the GBs are of significance, because GBs are
usually the sink for segregation of charged point defects such as dopant
atoms, impurity elements, vacancies or self-interstitials [9]. Especially,
grain boundary (GB) segregation of charged point defects cause the
formation of space charge layer distributed into the adjoining crystals
[10,11]. The GB dopant segregation and associated space charge layer
could have profound influence on performance [12]. Nevertheless, for
polycrystalline ceramics, the extent which point defects could segregate
to the GB depends on the atomistic structure of the inherent GB of
different materials. Furthermore, the methods used to introduce
appropriate dopants and then force them to migrate to the GBs, as
well as their effect on the performance varied significantly from one
material system to another.

As mentioned previously, for Ca3Co4O9, the methods of introducing
dopants to segregate at the GB, as well as the effect of GB segregation
on the crystal structure and resultant changes on the electrical
performance, have been largely unexplored. In our previous studies,
we have demonstrated that doping Ca3Co4O9 with Bi, results in
substitution of Ca in the lattice and GBs, and also segregation of Bi
at the GBs [13]. By contrast, in Ba-doped Ca3Co4O9, Ba only segregates
to GBs and the Ca3Co4O9 lattice is free of Ba [14]. The GB segregation
mechanisms of Bi and Ba dopants are apparently different because the
Bi is solute in the Ca3Co4O9 lattice, and Ba is simply an impurity.

To further understand the driving force for the segregation of
dopants to the GBs and their impact on the nanostructure and TE
performance of doped Ca3Co4O9, the simultaneous co-doping of Bi and
Ba was investigated. Our study reveals that the competing dopant GB
segregation occurs in the Ca3Co4O9 system when two segregants are
introduced simultaneously. Co-doping of Bi and Ba resulted in the
synergistic doping of Bi in the lattice/grain and Ba segregation at the
GBs. Such synergistic doping leads to the large increase of S and a
factor of ~3 increase in the overall electrical power factor in Bi and Ba
co-doped Ca3Co4O9.

2. Materials and methods

Powders of Ca3−xBixBayCo4O9 with x=0 and 0.1, y = 0, 0.02, 0.05,
0.07 and 0.1 were prepared by chemical sol-gel. The precursor raw
materials, Ca(NO3)2·4H2O, Co(NO3)2·6H2O, and Bi(NO3)3·5H2O were
mixed in stoichiometric ratios in deionized water. Ethylene glycol and
polyethylene glycol were used to polymerize the solution. Nitric acid
was added to induce nitrate salts decomposition and facilitate new
compound formation. The solution was mechanically stirred at 353 K
for 3 h to form the gel. The gel was ashed at 773 K for 2 h, and then the
ashes were manually ground and subjected to calcination at 923 K for
4 h with oxygen flow. The calcined powders were uniaxially pressed
into pellets under 1 GPa and at 423 K. The pellets were sintered at
1233 K for 9 h in a tube furnace with oxygen flow. The apparent
densities for all bulk samples are listed in Table 1. The electrical

properties were measured in the direction parallel to the pressed plane
of the pellets. The absolute S and ρ were examined using Linseis LSR-
1100 in a low pressure He environment.

The crystal phase of the samples was identified using PANalytical
XPert-Pro XRD using Cu K-α radiation, 45 kV voltage and 40 mA
current at room temperature. XRD patterns were collected on the
powder samples that were grounded from the sintered pellets. The
morphology of the pellets was examined using a JEOL JSM-7600F
SEM, and the nanostructure was analyzed using Transmission Electron
Microscopy (TEM). TEM samples were prepared by mechanically
polishing and ion milling in a liquid-nitrogen cooled holder. Electron
diffraction, diffraction contrast, and high-resolution TEM imaging were
performed in a JEM-2100 operated at 200 kV. The chemical analysis
was carried out using Energy Dispersive Spectroscopy (EDS) under
TEM with the electron probe size of ~20 nm for EDS data acquisition.

3. Results

Fig. 1a, b, c and d show the temperature dependence of ρ, S and S2/
ρ for the pellet samples Ca3−xBixBayCo4O9 (x = 0 and 0.1, and y = 0,
0.02, 0.05, 0.07, and 0.1). In comparison with the undoped Ca3Co4O9,
significant decrease of ρ at both the low and high temperature regimes
was obtained after Bi substitution of Ca in the sample Ca2.9Bi0.1Co4O9.
ρ further decreases as the Ba addition level increase to 0.07. At ~318 K,
ρ from the undoped Ca3Co4O9 is 80 μΩ m, and is lowered to 40 μΩ m
for Ca2.9Bi0.1Co4O9, and further lowered to 28 μΩ m for Ca2.9
Bi0.1Ba0.07Co4O9. As the Ba addition increase to y=0.1, ρ increases to
65 μΩ m at 316 K.

Comparing with the undoped Ca3Co4O9, increase of S by ~14 μV K−1

is achieved for Ca2.9Bi0.1Co4O9 in both the low and high temperature
regimes. Ba-doped samples exhibited further increases of S especially in
the low temperature regime. At 318 K, S of Ca3Co4O9+δ is 127 μV K−1, S
of Bi doped Ca2.9Bi0.1Co4O9 increases to ~141 μV K−1, whereas S of Ba
incorporated Ca2.9Bi0.1Ba0.07Co4O9 is up to 162.5 μV K−1.

Overall, power factor S2ρ−1 of sample Ca2.9Bi0.1Ba0.07Co4O9 is
0.96 mW m−1 K−2, which is one of the highest power factor reported
for the Ca3Co4O9 cobaltite system, and a factor of 1.8 increment of that
from Ca2.9Bi0.1Co4O9, and a factor of 3 increment of that from the
undoped Ca3Co4O9. Most importantly, the power factor of
Ca2.9Bi0.1Ba0.07Co4O9 is with high plateau ranging from room tem-
perature to 1073 K.

Fig. 2 shows the XRD patterns obtained from ground powders of
samples at ambient conditions. These peaks of XRD pattern can be
indexed as those from the monoclinic form of Ca3Co4O9. Samples with
different chemistry including the uncoped baseline sample, contain
very minor amount of Co3O4. There is no evidence of the presence of
other crystalline phases upon incorporation of Bi and Ba. It was also
found that the position of the (002) and (004) peaks shifted to lower
values of 2θ for samples containing Bi. The calculated lattice para-
meters for samples with different chemistry are listed in Table 2.

The SEM images in Fig. 3a, b, c and d correspond to fracture surfaces of
pellets. These micrographs clearly illustrate the crystal morphology of these
samples. In particular, sample Ca2.9Bi0.1Co4O9 with Bi substitution has
larger grains, while sample Ca2.9Bi0.1Ba0.07Co4O9 shows a significant degree
of texturing and crystal alignment, which seems to slightly deteriorate when
the amount of Ba is increase from 0.07% to 0.1% (Ca2.9Bi0.1Ba0.1Co4O9).
These results show that grain growth and grain morphology are very
sensitive to Ba concentration for concentration values less than 0.1% and
that the GB bonding energy changes upon Ba addition. TEM diffraction
contrast images from the sample Ca2.9Bi0.1Co4O9 are shown in Fig. 4a and
b. Analysis of these images show that there is no evidence for the presence
of secondary phases, either glassy or crystalline, at the GBs (Fig. 4b). EDS
(Table 3) analysis of the GBs in between nano-lamellars with different c-
axis has shown the segregation of Bi at the GBs.

TEM images in Fig. 5a and b show the nanostructure of lamellar of
sample Ca2.9Bi0.1Ba0.07Co4O9. Interestingly, the EDS results (Table 4)

Table 1
Apparent density of the Ca3−xBixBayCo4O9 samples (x=0 and 0.1, y = 0, 0.02, 0.05, 0.07
and 0.1.

Ca3−xBixCo4O9+Bay Average Apparent density/standard deviation (g/cm3)

x=0, y=0 3.449 ± 0.105
x=0.1, y=0 3.474 ± 0.356
x=0.1, y=0.02 4.616 ± 0.046
x=0.1, y=0.05 4.736 ± 0.001
x=0.1, y=0.07 4.723 ± 0.023
x=0.1, y=0.1 4.724 ± 0.009
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