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A B S T R A C T   

This work addresses the problem of obtaining of Ca3Co4O9+δ-based ceramics with enhanced thermoelectric 
performance. Phase-inhomogeneous layered calcium cobaltite ceramics with cationic nonstoichiometry were 
prepared by solid-state reactions method and a field assisted sintering technology (FAST). Comprehensive 
experimental characterizations were conducted on the prepared bulk samples, focusing on their phase compo-
sition, as well as thermal (including thermal expansion, thermal diffusivity, and thermal conductivity), electrical 
(encompassing electrical conductivity and the Seebeck coefficient), and functional properties (such as power 
factor and figure-of-merit). The FAST technique allowed to obtain ceramics with low porosity and high electrical 
conductivity, which increased as the Ca:Co ratio within the samples decreased, while sample phase in-
homogeneity considerably increased the Seebeck coefficient. The best thermoelectric performance was demon-
strated for cationic nonstoichiometric Ca3Co4.4O9+δ, which power factor and figure-of-merit values at 825 ◦C 
reached 427 μW⋅m− 1⋅K− 2 and 0.146, respectively.   

1. Introduction 

Nowadays, about two-thirds of all energy used is being lost as waste 
heat, and the growing energy crisis underlines a compelling need for 
high-performance energy conversion strategies [1]. Thermoelectric 
generators (TEGs) are solid-state devices that can directly and effec-
tively convert heat evolving into the environment by industrial enter-
prises, transport vehicles, and engines to electric energy. The production 
of TEG requires materials that can statically interconvert thermal and 
electrical energy using the motion of solid internal carriers [1,2]. Such 
materials should possess high values of electrical conductivity (σ) and 
the Seebeck coefficient (S), and low thermal conductivity (λ) [3]. 
Typical thermoelectrics are chalcogenides of Bi, Sb, Sn, and their solid 
solutions, which have high values of power factor (PF) and thermo-
electric figure-of-merit (ZT). Such substances have been widely used in 

various thermoelectric devices since the 2nd half of the 20th century. 
These materials, have a number of drawbacks, such as high content of 
toxic and expensive components (such as Bi, Sb, Te, Se, etc.) and low 
oxidation stability by atmospheric oxygen at high operation tempera-
tures [3,4]. 

Recently, a novel type of oxide thermoelectrics based on layered 
cobaltites (NaxCoO2, Ca3Co4O9+δ, Bi2Ca2Co1.7Oy, etc.) has been exten-
sively examined as promising candidates for the development of p- 
branches of TEGs operating at high temperatures [4,5]. These materials 
overcome the limitations of traditional bismuth-based thermoelectrics 
and can operate at high temperatures without special protective atmo-
spheres [6]. Layered calcium cobaltite (Ca3Co4O9+δ) has a monoclinic 
structure, which is formed by alternating [Ca2CoO3] (rock salt (NaCl) 
structure) and [CoO2] (CdI2 structure) structural units. These layers 
have different periodicity in one direction, so this compound belongs to 
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the so-called “misfit-layered phases” [7]. The practical usage of 
Ca3Co4O9+δ-based ceramics synthesized using the precursor powder 
mixing as a traditional ceramic synthesis method is limited due to its 
high porosity, low mechanical strength, and electrical conductivity [8]. 

The thermoelectric (functional) properties of ceramics based on the 
layered calcium cobaltite can be improved by using low-temperature 
“solution” synthesis methods [9–11] or self-propagating high--
temperature synthesis [12] instead of the traditional ceramic method. 
To improve their performance, special sintering methods, such as 
hot-pressing (HP) [8,9,13,14], spark plasma sintering (SPS) [10,11, 
14–18], oscillatory pressure sintering (OPS) [19] or so-called two-step 
sintering (TSS) (pressure-less sintering/annealing method) [20–23] can 
be applied instead of conventional sintering (CS). It has been shown by 
different authors [8,11,18,21,23,24], that such sintering results in lower 
porosity of ceramics and, as a consequence, in the increase of its σ 
values. 

Other ways to improve the functional properties of Ca3Co4O9+δare a 
partial substitution of calcium in its crystal structure by rare-earth ele-
ments [25,26], bismuth [27–29] or copper [30] or of cobalt by heavy 
and transition metals [28,31–35], nanostructuring [36,37], and creation 
of chemical [38] or phase inhomogeneity in ceramics [2,18,22,23, 
39–51]. According to our previous studies [22,23,29,45] and literature 
data [2,40,47,49–51], phase-inhomogeneous ceramics demonstrated 
larger values of S than the single phase one. 

The phase inhomogeneity in layered calcium cobaltite can be 
introduced by adding the second (e.g. as impurity) phase at the synthesis 
or the sintering stage. Such approach was successfully verified in works 
[39–44,46–48,50,51], where the authors studied the effect of the addi-
tion of micro- and nanoparticles of Ag [39–41], single and double metal 
oxides [42–44,49], or carbides [2,46,47,50] on the microstructure, 
electrical transport, and functional properties of composite ceramics. 

According to Ref. [52], layered calcium cobaltite in air may exists in 
the range of continuous compositions Ca3Co3.87O9+δ–Ca3Co4.07O9+δ. To 
create the multiphase layered cobaltite systems, the introduction of the 
cationic nonstoichiometry in the samples to obtain the target composi-
tion beyond the Ca3Co4O9+δ homogeneity area (so-called self-doping) 
was verified [18,22,48,49]. To the best of our knowledge, the effect of 
self-doping for the creation of cationic nonstoichiometry combined with 
HP for improvement of the electrical conductivity on the overall ther-
moelectric performance of Ca3Co4O9+δ-based thermoelectric materials 
were not widely examined in the literature. It was shown in our previous 
publication [53], that hot-pressing allows to obtain ceramics with low 
porosity and large electrical conductivity values. At the same time, the 
Seebeck coefficient of ceramics increased due to the creation of phase 
inhomogeneities. These effects opened up the possibility to obtain 
thermoelectric material with improved thermoelectric characteristics 
compared to those of materials produced by traditional ceramic syn-
thesis method. The complex study of such materials using a number of 
independent methods would be very interesting but it has not been 
performed yet. 

The aim of this work was to synthesize and investigate Ca3Co4O9+δ- 
based ceramics with cationic nonstoichiometry obtained by a field 
assisted sintering technology (FAST), also called rapid hot-pressing. The 
materials obtained were characterized by X-ray diffraction (XRD), 
scanning electron microscopy combined with energy-dispersive X-ray 
spectroscopy (SEM/EDX), Fourier-transform infrared spectroscopy 
(FTIR), and X-ray photoelectron spectroscopy (XPS). The ceramics 
thermal properties, such as thermal expansion, thermal diffusivity, and λ 
were examined within a temperature range from 25 ◦C to 825 ◦C. In 
addition, the anisotropy of electrical and functional (thermoelectric) 
properties of obtained materials was investigated. 

2. Experimental 

Powders with the final composition of Ca3Co3.6O9+δ, Ca3Co4O9+δ, 
and Ca3Co4.4O9+δ were prepared using a common solid-state reactions 

method from calcium carbonate (“analytically pure grade”, min. 99.0 wt 
%, VEKTON, Russian Federation) and cobalt (II,III) oxide (“pure grade”, 
min. 99.0 wt%, VEKTON, Russian Federation) as precursors. The 
chemicals were taken in the molar ratios of 3:1.20, 3:1.33, and 3:1.47, 
respectively, homogenized by mixing in an agate mortar with addition 
of ethanol and then heated in air at 900 ◦C within 12 h in a muffle 
furnace according to the procedure described in detail in Refs. [26,29]. 
The sintered ceramic pellets with a diameter of 20 mm and a thickness of 
2–3 mm were prepared by a FAST machine (DSP 507, Dr. Fritsch GmbH., 
Germany) in an argon atmosphere at 900 ◦C for 5 min under a pressure 
of 50 MPa. The heating and cooling rates were 100 ◦C⋅min− 1 and 
50 ◦C⋅min− 1, respectively. After the FAST sintering the sintered samples 
were additionally annealed in air at 700 ◦C for 14 h. Specimens in the 
form of bars with sizes of ≈3 × 3 × 20 mm3, ≈3 × 3 × 4 mm3, and ≈3 ×
3 × 20 mm3, and in the form of pellets with a diameter of 13 mm and a 
thickness of 2–3 mm were cut from the sintered pellets for measuring 
their thermal expansion, electrical conductivity, the Seebeck coefficient, 
and thermal diffusivity. 

The phase composition of the samples and crystal structure of their 
major phase (Ca3Co4O9+δ) were studied by the XRD analysis (STOE 
Theta/Theta diffractometer (Germany), CoKα-radiation, λ = 1.78892 Å). 
The patterns were collected at room temperature with a step size of 
0.02◦ over the scanning angular range of 5–80◦ at 40 kV and 40 mA. The 
FTIR absorption spectra of the powders were measured within 
300–1500 cm− 1 on a ThermoNicolet Nexus Fourier-Transform Infrared 
Spectrometer in KBr pellets. 

The theoretical density of the samples (ρt) was calculated as ρt =

Σωi⋅ρi, where ωi and ρi are mass fractions and X-ray densities of com-
ponents of ceramics, which for Ca3Co4O9+δ, Ca3Co2O6, and Co3O4 were 
equal to 4.68 g⋅cm− 3 [7], 4.498 g⋅cm− 3 (PDF–2, Card N◦ 00–051–0311), 
and 6.056 g⋅cm− 3 (PDF–2, Card N◦ 00–042–1467), respectively. The 
apparent density (ρapp) of ceramics was determined from their mass and 
geometrical sizes. The porosity of the samples (P) was calculated as P =
(1 – ρapp/ρt)⋅100 %. 

The microstructure of the sintered ceramics and its chemical 
composition were studied by SEM with a JEOL JSM–7500F Field 
Emission Scanning Electron Microscope equipped with an EDS detector. 
The XPS spectra were recorded using an EA 15 hemispherical analyzer 
(PREVAC) equipped with an RS 40B1 dual anode X-ray source (PRE-
VAC). MgKα (1254 eV) radiation was applied to generate core excita-
tion. The electron binding energy (BE) scale was calibrated for the Fermi 
edge at 0.0 eV. The spectra were analyzed with the use of CasaXPS 
2.3.15 software. 

The thermal expansion, electrical conductivity (σ), and the Seebeck 
coefficient (S) of the sintered ceramics were measured in air within 
25–825 ◦C according to the methods described in detail elsewhere [22, 
29,54]. Measurements were carried out in the direction perpendicular to 
the pressing axis (Δl/l0⊥, σ⊥, S⊥), but electrical conductivity was studied 
also in the direction parallel to the pressing axis (σ||, S|| ≈ S⊥). 

Values of the average linear thermal expansion coefficient (α, LTEC) 
and apparent activation energy of electrical conductivity (EA) were 
calculated from the linear parts of Δl/l0 = f(T) and ln(σ⋅T) = f(1/T) plots, 
respectively. The power factor values of the studied samples were 
determined as PF––S2⋅σ [4]. 

The thermal diffusivity (η) of the samples was measured in the Ar 
atmosphere within the temperature interval of 15–835 ◦C by means of 
an LFA 457 MicroFlash (NETZSCH) device in the direction parallel to the 
pressure axis (η||). The thermal conductivity values (λ) of the ceramics 
were calculated according to the equation λ = η⋅ρapp⋅Cp, where Cp is the 
heat capacity determined by the Dulong–Petit law. The phonon (λph) 
and electronic part (λel) of thermal conductivity of ceramics were found 
by relations of λ = λph + λel, λel = L⋅T⋅σ, where L is the Lorentz number, L 
= 2.45⋅10− 8 V2⋅K− 2. 

The figure-of-merit values of the samples were determined as ZT =
PF⋅T/λ [4]. 
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3. Results and discussion 

3.1. Structural and microstructural characteristics of the synthesized 
layered cobaltites 

The as-synthesized samples, except of Ca3Co4O9+δ compound, were 
non-single-phase materials as proved by the powder XRD patterns 
(Fig. 1). The Ca3.6Co4O9+δ and Ca3Co4.4O9+δ samples contained, along 
with the well-pronounced diffraction peaks of layered calcium cobaltite 
Ca3Co4O9+δ as the major phase [7], additional peaks assigned to the 
Co3O4 phase (PDF–2, Card N◦ 00–042–1467) in Ca3Co4.4O9+δ sample, 
and the Ca3Co2O6 phase (PDF–2, Card N◦ 00–051–0311) in 
Ca3.6Co4O9+δ sample (Fig. 1). 

The lattice constants of the major phase (Ca3Co4O9+δ) in the ce-
ramics with different compositions were close to each other (Table 1) 
and in the agreement with the literature data, according to which for 
Ca3Co4O9+δ the lattice constants are a = 4.8376(7) Å, b1 = 4.5565(6) Å, 
b2 = 2.8189(4) Å, c = 10.833(1) Å, and β = 98.061(1)◦ (monoclinic 
syngony) [7]. Note that a slight increase in the constant a and V of the 
layered calcium cobaltite in the ceramics with a deviation of the Ca:Co 
ratio from stoichiometric one (3:4) was found. The constant b and the 
ratio of b1/b2 slightly decreased when Ca:Co ratio was higher than 3:4 
(Ca3Co3.6O9+δcompound), and the constant c and angle β slightly 
decreased when Ca:Co ratio was less than 3:4 (Ca3Co4.4O9+δ 
compound). 

Fig. 2 presents the FTIR spectra of the powdered samples in the range 
300–800 cm− 1. Four absorption bands located at 320–325 cm− 1 (ν1), 
572–582 cm− 1 (ν2), 624–638 cm− 1 (ν3), and 732 cm− 1 (ν4) corresponded 
to the bending (ν1) and stretching (ν2–ν4) vibrations of the Co–O bonds 
(ν1–ν3) and Ca–O bonds (ν4) in the structure of layered calcium cobaltite 
[17]. The FTIR absorption spectrum of the Ca3Co4.4O9+δ sample con-
taining an excess of cobalt oxide (Co3O4) (contained two additional 
absorption bands located at 307 cm− 1 (ν5) and 391 cm− 1 (ν6), which 
correspond to the stretching (ν5) and bending (ν6) vibrations of Co–O 
bonds in the cobalt oxide Co3O4 [55]. The FTIR absorption spectrum of 
the sample deficient in cobalt oxide (Ca3Co3.6O9+δ) had one additional 
band located at 446 cm− 1 (ν7), corresponding to the stretching vibra-
tions of Ca–O bonds in the Ca3Co2O6 phase [56]. 

The values of apparent density of the FAST sintered ceramics were 
equal to 4.22, 4.32, and 4.13 g⋅cm− 3 for the samples with composition of 
Ca3.6Co4O9+δ, Ca3Co4O9+δ, and Ca3Co4.4O9+δ, respectively, which cor-
responds to the porosity values of 9.2, 7.9, and 13.2% respectively. 
Obtained results show that: i) the FAST technique allows to prepare 
ceramics with low porosity (P < 10%), whereas Ca3Co4O9+δ ceramics, 
obtained by means of traditional ceramic method, possesses higher 

porosity values, for example, 25% [33] or even 47% [29]); ii) the cre-
ation of the phase inhomogeneity in Ca3Co4O9+δ-based ceramics 
through its self-doping lowers not very significantly its sinterability. 

The microstructure of Ca3Co3.6O9+δ and Ca3Co4O9+δ ceramics was 
layered and consisted of well-crystallized plates (flakes) of 8–10 μm in 
size and thickness of about 1 μm, which were partially aggregated in 
stacks and predominantly oriented in the direction perpendicular to the 
pressing axis. In the Ca3Co4.4O9+δ ceramics, the anisometric shape of the 
crystallites of the major phase of layered calcium cobaltite Ca3Co4O9+δ 
was less pronounced, the crystallite size varied in a wide range, and a 
part of crystallites was aggregated in stacks. In their neighborhood small 
(about 1 μm in size) almost isometric particles of impurity phase Co3O4 
[45] could be seen (Fig. 3). The Ca3Co4.4O9+δ sample showed a large 
number of pores, in agreement with the results of the determination of 
the apparent density and porosity of the samples. 

Additionally, the elemental composition of the surface in micro areas 
of the obtained materials was examined by the EDS method. Fig. 4 shows 
the surface regions selected for the analysis and their elemental com-
positions are summarized in Table 2. Examination of Ca3Co3.6O9+δ and 
Ca3Co4.4O9+δ samples showed some inconsistency with their nominal 
compositions. In both cases, this can be attributed to the phase in-
homogeneity and the presence of the additional phases in Ca3Co3.6O9+δ 
(Ca3Co4O9 and Ca3Co2O6) and Ca3Co4.4O9 (Ca3Co4O9 and Co3O4) ma-
terials. Moreover, a high relative Ca/Co ratio determined from the point 
analysis of the Ca3Co3.6O9+δ sample surface (Fig. 4, point 3) may indi-
cate the presence of calcium carbonate on the surface. However, this 
impurity may originate from the unreacted precursor or the interaction 
of the surface with carbon dioxide from the air. In turn, the relative Ca/ 
Co ratio in Ca3Co4O9+δ sample was similar in all examined points. It is 
worth noting, however, that all elements were evenly distributed on the 
obtained surfaces as indicated by the results of EDS mapping of the 
ceramic surface (Figs. S1–S3 in the online supplementary material). 

Fig. 1. XRD patterns of as-prepared samples at room temperature (Co–Kα ra-
diation). The panel to the right shows an enlarged view at 2θ 16–22◦. Reference 
Bragg positions correspond to (1) Ca3Co4O9+δ [7], (2) Ca3Co2O6 (PDF 
#00–051–0311), and (3) Co3O4 (PDF #00–042–1467) phases. 

Table 1 
Lattice constants of the major phase (layered calcium cobaltite) in the ceramics.  

Sample Ca3Co3.6O9+δ Ca3Co4O9+δ Ca3Co4.4O9+δ 

a, Å 4.838 4.840 4.834 
b1, Å 4.556 4.561 4.563 
b2, Å 2.785 2.785 2.786 
c, Å 10.85 10.85 10.84 
β, ◦ 98.46 98.46 98.29 
V, Å3 236.55 236.94 236.66 
b1/b2 1.636 1.638 1.638  

Fig. 2. FTIR spectra of the samples at room temperature.  
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In order to identify the valence states of constituents in the obtained 
materials, high-resolution XPS spectra were registered (Fig. 5). The 
shapes of the spectra of all materials were similar and mostly differed 
only by the relative contribution of the components. The Ca2p high- 
resolution XPS spectra were deconvoluted into 3 peak doublets 
(Fig. 5a), each corresponding to Ca2p3/2 and Ca2p1/2 signals. The first 
component, Сa(1), which has the main Ca2p3/2 peak located at ca. 345 

eV and the second component, Сa(2), located at ca. 346 eV were assigned 
to Ca–O compounds in two different chemical environments in the lat-
tice structure of the obtained ceramics [57,58]. The third component, 
Сa(3), was assigned to surface carbonates, which is in good agreement 
with the SEM/EDS data (Fig. 4 and Table 2). 

The Co2p high-resolution XPS spectra (Fig. 5b) were also deconvo-
luted into 3 peak doublets in Co2p3/2 and Co2p1/2 regions. The com-
ponents Сo(1) (ca. 779 eV), Сo(2) (ca. 780 eV), and Сo(3) (ca. 782 eV) 
were assigned to the valence states Co2+, Co3+, and Co4+, respectively 
[6,59,60]. The shake-up satellite peaks of π* electrons, marked as sat. in 
Fig. 5b were also observed, confirming the presence of Co2+ (ca. 785 eV) 
and Co3+ (ca. 789 eV) in synthesized compounds [61]. 

In the case of the O1s high-resolution spectra (Fig. 5c), two main 
components O(1) (ca. 529 eV), O(2) (ca. 531 eV), and a minor component 
O(3) (ca. 532.5 eV) were deconvoluted. The components O(1) and O(2) 
were associated with the Co–O and Ca–O compounds, respectively [58, 
59]. The O(3) component was due to adsorbed water and possible 
organic contaminants from the atmosphere [58]. The relative content of 
each component in the examined materials was evaluated based on the 
peak areas and the results are summarized in Table 3. The relative ratio 
of O(1)/O(2) peaks, which can be attributed to the Co–O/Ca–O ratio 
increased for Ca3Co4O9+δ and Ca3Co4O9+δ compared to Ca3Co3.6O9+δ. 
However, a small decrease in the relative ratio of O(1)/O(2) peaks be-
tween Ca3Co4O9+δ and Ca3Co4.4O9+δ can be assigned to the presence of 
the second phases in the latter sample. 

3.2. Electrical, thermal, and thermoelectric characteristics of the 
synthesized layered cobaltites 

The electrical conductivity of the cobaltite ceramics at temperatures 
close to the room temperature had metallic character (∂σ/∂T < 0), which 
changed into semiconducting one (∂σ/∂T > 0) near 225 ◦C (Fig. 6). This 
behavior was attributed to the metal− semiconductor phase transition of 
Ca3Co4O9+δ, which occurs at this temperature [62]. Note that values of 
electrical conductivity of ceramics measured in the direction perpen-
dicular to the pressing axis (σ⊥) were 1.4–4.1 times larger than those 
found in the direction parallel to the pressing axis (σ||) (Fig. 6, Table 4). 
It is known that the electrical conductivity of Ca3Co4O9+δ single crystals 
is strongly anisotropic (σab/σc = 500–1000) [8] and for textured ce-
ramics based on the layered calcium cobaltite, ratio σ⊥/σ|| ≈ 13.5 at 
25 ◦C, 8.8 at 625 ◦C K [13], and 6–8 at 525 ◦C [14]. Therefore, the results 
of electrical conductivity measurements prove the texturing of ceramics 
prepared by the FAST and applying pressure of 50 MPa during sintering, 
obtained in this work. The values of the electrical conductivity of the 
samples prepared by the FAST technique (except σ|| values of 
Ca3Co3.6O9+δ) were essentially higher (σ ≈ 40− 140 S cm− 1) than those 
for ceramics prepared using solid− state reactions or citrate methods 
followed by conventional sintering (σ ≈ 20− 25S⋅cm− 1 [26,29,33,45]) 
due to their low porosity. Moreover, the conductivity of the samples 
strongly increased with increasing the cobalt oxide (Co3O4) content. For 
the non-single phase Ca3Co4.4O9+δ ceramics containing Co3O4 as im-
purity phase, σ⊥ values throughout the studied temperature interval 
were 40–60 % larger than those for the single-phase Ca3Co4O9+δ sample 
(Fig. 6). 

The values of apparent activation energy of electrical conductivity of 
ceramics in the temperature range of 325–825 ◦C varied within 81–124 
meV (Table 4), which coincides well with the values of EA = 83− 91 meV 
for (Ca,La)3Co4O9+δ single-phase ceramics [62] and EA of 86–136 meV 
for Ca2.4Co4O9+δ− Ca3Co3.4O9+δ composites [22]. This fact indicates the 
common mechanism of electrical conductivity in these materials, which 
is determined by the charge transfer within the Ca3Co4O9+δ major phase 
of the samples. 

The sign of the Seebeck coefficient of studied materials was positive 
(S > 0), indicating that holes are the main charge carriers and these 
compounds are p-type conductors. The values of the Seebeck coefficient 
of ceramics increased almost linearly as the temperature increased and 

Fig. 3. SEM images of the fractured surface of Ca3Co3.6O9+δ (a), Ca3Co4O9+δ 

(b), and Ca3Co4.4O9+δ (c) samples prepared by FAST. 
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Table 2 
EDX point elemental analysis of obtained ceramics.  

Elemental composition, at.% 

Sample Ca3Co3.6O9+δ Ca3Co4O9+δ Ca3Co4.4O9+δ 

Point in Fig. 4 1 2 3 4 5 6 7 8 9 
Ca 15.6 19.8 15.9 22.5 22.9 22.9 17.9 16.8 24.0 
Co 20.3 12.8 3.5 14.4 14.2 14.1 24.2 23.2 35.2 
O 64.1 67.4 80.6 63.1 62.9 63.0 57.9 60.0 40.8  

Fig. 4. SEM images of Ca3Co3.6O9+δ (a), Ca3Co4O9+δ (b), and Ca3Co4.4O9+δ (c) samples showing regions of the EDX analysis listed in Table 2.  

Fig. 5. High-resolution XPS spectra of obtained materials registered in the binding energy range of Ca2p (a), Co2p (b), and O1s (c).  

Table 3 
Relative surface composition of the examined ceramics based on XPS analysis of element binding energies (BE).   

Ca2p3/2 Co2p3/2 O1s 

Сa(1) Сa(2) Сa(3) Сo(1) Сo(2) Сo(3) O(1) O(2) O(3) 

Ca3Co3.6O9+δ 

BE, eV 345.04 346.45 348.16 779.20 780.51 782.52 528.64 530.87 532.69 
Composition, % 40.0 55.1 4.9 47.3 34.1 18.6 25.9 68.5 5.6 
Ca3Co4O9+δ 

BE, eV 345.48 346.60 347.72 779.60 780.75 782.44 529.07 531.19 532.62 
Composition, % 35.7 55.0 9.3 47.0 37.1 15.9 37.6 54.9 7.5 
Ca3Co4.4O9+δ 

BE, eV 345.26 346.64 347.84 779.44 780.65 782.86 528.86 531.04 532.51 
Composition, % 44.9 50.5 4.6 46.1 40.7 13.2 33.6 59.1 7.3  
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for the samples with cationic nonstoichiometry (Ca3Co3.6O9+δ and 
Ca3Co4.4O9+δ) containing an excess amount of calcium or cobalt oxides 
were essentially larger (by 5–20% depending on temperature and 
composition) than for cation stoichiometric single-phase Ca3Co4O9+δ 
sample (Fig. 7a). The maximum value of S192 μV⋅K− 1 at 825◦С 
possessed Ca3Co3.6O9+δ sample, which consisted of Ca3Co4O9+δ and 
Ca3Co2O6. 

Similar results were found earlier in Refs. [22,49], where it was 
shown that the values of the Seebeck coefficient of non-single-phase 
ceramics in Ca2.4Co4O9+δ–Ca3Co3.4O9+δ [22], Ca3Co4O9/Ca3Co2O6 
[49] systems were appreciably higher than for single-phase Ca3Co4O9+δ 
material. In our earlier work [29,45],we have also observed a significant 
growth of the Seebeck coefficient values of Ca3–xBixCo4O9+δ ceramics at 
the transition from single-phase Ca3–xBixCo4O9+δ solid solutions to the 
phase-heterogeneous samples containing Ca2.7Bi0.3Co4O9+δ, Bi2Ca2-

Co1.7Oy, and Co3O4 phases. Therefore, it can be concluded that the 
creation of phase heterogeneity in the ceramics based on the 
Ca3Co4O9+δ appreciably increases their Seebeck coefficient, particularly 
owing to the introduction of less conducting Ca3Co2O6 or Co3O4 phases. 

The power factor values of sintered ceramics increased with tem-
perature, and the most pronouncing growth of PF was observed at high 
temperatures at which samples possessed the semiconducting character 
of electrical conductivity (Fig. 7b). The values of PF of samples in the 
direction parallel to the pressing axis were less than in the direction 
perpendicular to the pressing axis due to σ⊥ > σ|| (Fig. 6, Table 4). For 

Ca3Co3.6O9+δ and Ca3Co4O9+δ samples, PF⊥ values were close to each 
other and for Ca3Co4.4O9+δ they were essentially larger, which is due to 
the high values both of its electrical conductivity and the Seebeck co-
efficient. The highest power factor of 427 μW⋅m− 1⋅K− 2 at 825◦С in the 
direction perpendicular to the pressing axis showed non-single phase 
Ca3Co4.4O9+δ ceramics, containing Ca3Co4O9+δ and Co3O4. This value is 
1.5 times higher than for the single-phase Ca3Co4O9+δ sample prepared 
using the same method (PF⊥,825 = 280 μW⋅m− 1⋅K− 2) and more than 4 
times higher than for highly porous Ca3Co4O9+δ ceramics synthesized by 
the traditional ceramics preparation method followed by conventional 
sintering (PF825 ≈ 100 μW⋅m− 1⋅K− 2) [26,29,33,45]. 

Dependences Δl/l0 = f(T) for the studied ceramics were linear, sug-
gesting the absence of the structural phase transition of its main 
Ca3Co4O9+δ phase in the temperature range of 25–825◦С, which co-
incides with the literature data [26,29,33,52]. The values of LTEC were 
equal to 12.3(2)⋅10− 6 K− 1, 12.2(1)⋅10− 6 K− 1, and 12.4(2)⋅10− 6 K− 1 for 
Ca3Co3.6O9+δ, Ca3Co4O9+δ, and Ca3Co4.4O9+δ samples, respectively. The 
LTEC values of sintered ceramics using the FAST method were notice-
ably smaller than those for Ca3Co4O9+δ obtained using conventional 
sintering (12.8⋅10− 6 K− 1) [26,29,33] due to their smaller porosity. For 
cation nonstoichiometric samples (Ca3Co3.6O9+δ, Ca3Co4.4O9+δ) LTECs 
were slightly larger than for cation stoichiometric one (Ca3Co4O9+δ), 
probably due to their phase inhomogeneity. 

The values of thermal diffusivity and thermal conductivity of the 
rapidly hot-pressed ceramic samples determined in the direction parallel 
to the pressure axis decreased with the increasing temperature and were 
minimal for the Ca3Co4.4O9+δ sample (Fig. 8a), having the highest 
porosity among the materials studied and containing small particles of 
Co3O4 secondary phase (Fig. 3), which resulted in the increase of density 
of grain boundaries, serving as effective areas of phonon scattering. The 
λ values of this material within the studied temperature interval were 
18–22% and 25–29% less than for Ca3Co4O9+δ calcium cobaltite and 
Ca3Co3.6O9+δ composite, respectively. 

The electronic part of the thermal conductivity of the studied 

Fig. 6. Temperature dependences of electrical conductivity of the samples measured perpendicular (σ⊥) (a) and parallel (σ||) (b) to the pressing axis. Insets show the 
corresponding Arrhenius plots of electrical conductivity. 

Table 4 
Electrical conductivity parameters of ceramics.  

Sample (σ⊥/σ||)300 (σ⊥/σ||)1100 EA,||, meV EA,⊥, meV EA,⊥/ 
EA,|| 

Ca3Co3.6O9+δ 2.70 4.09 81(1) 124(4) 1.53 
Ca3Co4O9+δ 1.40 1.81 98(2) 118(3) 1.20 
Ca3Co4.4O9+δ 3.01 2.75 112(3) 101(4) 0.90  

Fig. 7. Temperature dependences of the Seebeck coefficient (a) and power factor (b) values of Ca3Co3.6O9+δ, Ca3Co4O9+δ, and Ca3Co4.4O9+δ ceramics, prepared by 
FAST technique, in direction perpendicular and parallel (inset) to the pressing axis. 
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compounds increased with increasing temperature and was about 
0.5–1.6% and 3.3–11.6% of the total thermal conductivity of the sam-
ples at 25◦С and 825◦С, respectively (Fig. 8b). The phonon part of the 
thermal conductivity dominated and decreased with increasing tem-
perature (Fig. 8b). 

To provide insight into the thermal transport behavior of the ce-
ramics, the λph = f(1/T) dependencies were plotted (Fig. 9) [63,64]. As 
can be seen, above 300◦С the function λph = f(1/T) is linear for all the 
samples, which points out the “Umklapping” process, indicating that the 
phonon–phonon interactions dominate [64]. Below 300◦С the thermal 
conductivity is controlled by interface scattering, including grain 
boundary scattering [63]. Note that the transition temperature (300◦С) 
is in a good agreement with the value of Debye temperature (299◦С) 
calculated for the layered calcium cobaltite using the Debye model [65]. 

The figure-of-merit (ZT) values of the samples calculated for the di-
rection parallel to the pressure direction sharply increased with the 
increasing temperature (Fig. 10) and for Ca3Co4.4O9+δ material pos-
sessing the maximal thermoelectric performance reached ZT = 0.146 at 
825◦С, which is by 20 and 192% higher than those for single-phase 
Ca3Co4O9+δ layered calcium cobaltite and Ca3Co3.6O9+δ composite 
materials, respectively. 

Table 5 summarizes main parameters of ceramics obtained in this 
work and compares them with the literature data on Ca3Co4O9+δ-based 
ceramics of different compositions obtained by various techniques. The 
proposed combined approach of self-doping and innovative FAST 
technique allowed to obtain thermoelectric ceramics possessing 
improved functional properties without essential complication of their 
chemical and phase composition. 

4. Conclusions 

The formation of phase inhomogeneity in ceramics based on the 
layered calcium cobaltite through its self-doping allowed to essentially 
increase in the Seebeck coefficient. The value of S for the sample self- 
doped with calcium oxide (Ca3Co3.6O9+δ), containing Ca3Co2O6 as the 
secondary phase, in comparison to the single-phase Ca3Co4O9+δ ce-
ramics increases more than for the samples self-doped with Co3O4 oxide, 
containing Co3O4 as secondary phase, and reaches 192 μV⋅K− 1 at 825◦С. 
Electric field assisted sintering technique with applied pressure of 50 
MPa during sintering allows to obtain low porous (P = 8–13%) partially 
textured ceramics with larger values of electrical conductivity than for 
quasi-isotropic highly porous ceramics obtained using the traditional 
pressureless sintering method. The Ca3Co4.4O9+δ ceramics demonstrated 
the maximum electrical conductivity values of 138 S⋅cm− 1 at 825◦С in 
the direction perpendicular to the pressing axis. The thermal conduc-
tivity of the samples below 300◦С is controlled by interface scattering, 
but above 300◦С the phonon–phonon interactions dominate. The min-
imal value of the thermal conductivity possessed the Ca3Co4.4O9+δ 
heterogeneous ceramics (1.166 W⋅m− 1⋅K− 1 at 825◦С) in the direction 
parallel to the pressure axis which is 22% less than for Ca3Co4O9+δ 
layered calcium cobaltite. Joint use of self-doping and the FAST tech-
nique leads to the formation of thermoelectric oxide ceramics with 
improved functional characteristics. Among the samples studied in this 
work, the phase heterogeneous Ca3Co4.4O9+δ ceramics containing Co3O4 
as the secondary phase, possesses the highest power factor value of 427 
μW⋅m− 1⋅K− 2 at 825◦С in the direction perpendicular to the pressing axis, 

Fig. 8. Temperature dependences of the thermal conductivity (a) and phonon and electronic parts of thermal conductivity (b) values of Ca3Co3.6O9+δ, Ca3Co4O9+δ, 
and Ca3Co4.4O9+δ ceramics. 

Fig. 9. Dependences of the phonon part of the thermal conductivity of 
Ca3Co3.6O9+δ, Ca3Co4O9+δ, and Ca3Co4.4O9+δ samples versus reciprocal 
temperature. 

Fig. 10. Temperature dependences of the figure–of–merit values of 
Ca3Co3.6O9+δ, Ca3Co4O9+δ, and Ca3Co4.4O9+δ ceramic samples prepared by 
FAST technique. 
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which is 1.5 times higher than for single-phase FAST-sintered 
Ca3Co4O9+δ (PF⊥,825 = 280 μW⋅m− 1⋅K− 2) and more than 4 times higher 
than for low density (P = 25%) Ca3Co4O9+δ ceramics prepared by 
conventional sintering (PF825 ≈ 100 μW⋅m− 1⋅K− 2 [23,26,29,45]). Fig-
ure–of–merit of Ca3Co4.4O9+δ ceramics in the direction parallel to the 
pressure axis at 825◦С reaches 0.146, which is 20% more than of 
Ca3Co4O9+δ layered calcium cobaltite and 192% higher than of 
Ca3Co3.6O9+δ composite at the same temperature. Obtained results show 
high efficiency of using combined self-doping and FAST approach in 
obtaining the Ca3Co4O9+δ-based ceramics with enhanced thermoelectric 
performance without essential complication of its phase and chemical 
composition. 
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[20] T. Schulz, J. Töpfer, Thermoelectric properties of Ca3Co4O9 ceramics prepared by 
an alternative pressure-less sintering/annealing method, J. Alloys Compd. 659 
(2016) 122–126, https://doi.org/10.1016/j.jallcom.2015.11.001. 

[21] Z. Shi, J. Xu, J. Zhu, R. Zhang, M. Qin, Z. Lou, T. Gao, M. Reece, F. Gao, High 
thermoelectric performance of Ca3Co4O9 ceramics with duplex structure fabricated 
via two-step pressureless sintering, J. Mater. Sci. Mater. Electron. 31 (2020) 
2938–2948, https://doi.org/10.1007/s10854–019–02838–0. 

[22] A.I. Klyndyuk, E.A. Chizhova, E.A. Tugova, R.S. Latypov, O.N. Karpov, M. 
V. Tomkovich, Thermoelectric multiphase ceramics based on layered calcium 
cobaltite, as synthesized using two-stage sintering, Glass Phys. Chem. 46 (2020) 
562–569, https://doi.org/10.1134/S1087659620060127. 

[23] A.I. Klyndyuk, E.A. Chizhova, R.S. Latypov, S.V. Shevchenko, V.M. Kononovich, 
Effect of the addition of copper particles on the thermoelectric properties of the 
Ca3Co4O9+δ ceramics produced by two–step sintering, Russ. J. Inorg. Chem. (Engl. 
Transl.) 67 (2022) 237–244, https://doi.org/10.1134/S0036023622020073. 

[24] A. Chatterjee, A.E. Sachat, A. Banik, K. Biswas, A. Castro-Alvarez, C.M.S. Torres, 
J. Santiso, E. Chavez-Angel, Improved high temperature thermoelectric properties 
in misfit Ca3Co4O9 by thermal annealing, Energies 16 (2023) 5162, https://doi. 
org/10.3390/en16115162. 

[25] M. Prevel, O. Perez, J.G. Noudem, Bulk textured Ca2.5(RE)0.5Co4O9 (RE: Pr, Nd, Eu, 
Dy and Yb) thermoelectric oxides by sinter-forging, Solid State Sci. 9 (2007) 
231–235, https://doi.org/10.1016/j.solidstatesciences.2007.01.003. 

[26] A.I. Klyndyuk, I.V. Matsukevich, Synthesis and properties of Ca2.8Ln0.2Co4O9+δ (ln 
= La, Nd, Sm, Tb–Er), Inorg. Mater. 48 (2012) 1052–1057, https://doi.org/ 
10.1134/S0020168512090099. 

[27] S. Li, R. Funahashi, I. Matsubara, K. Ueno, S. Sodeoka, H. Yamada, Synthesis and 
thermoelectric properties of the New oxide materials Ca3–xBixCo4O9+δ (0.0 < x <
0.75), Chem. Mater. 12 (2000) 2424–2427, https://doi.org/10.1021/cm000132r. 

[28] R. Tian, T. Zhang, D. Chu, R. Donelson, L. Tao, S. Li, Enhancement of high 
temperature thermoelectric performance in Bi, Fe co-doped layered oxide-based 
material Ca3Co4O9+δ, J. Alloys Compd. 615 (2014) 311–315, https://doi.org/ 
10.1016/j.jallcom.2014.06.190. 

[29] I.V. Matsukevich, A.I. Klyndyuk, E.A. Tugova, A.N. Kovalenko, A.A. Marova, N. 
S. Krasutskaya, Thermoelectric properties of Ca3–xBixCo4O9+δ (0.0 ≤ x ≤ 1.5) 
ceramics, Inorg. Mater. 52 (2016) 593–599, https://doi.org/10.1134/ 
S0020168516060091. 

[30] T. Liu, D. Bao, Y. Wang, H. Gao, D. Zhou, G. Han, J. Tang, Z.-Y. Huang, L. Yang, Z.- 
G. Chen, Exploring thermoelectric performance of Ca3Co4O9+δ ceramics via 
chemical electroless plating with Cu, J. Alloys Compd. 821 (2020) 153522, https:// 
doi.org/10.1016/j.jallcom.2019.153522. 

[31] S. Punitsoontorn, N. Lerssongkram, A. Harnwunggmoung, K. Kurosaki, 
S. Yamanaka, Synthesis, mechanical and magnetic properties of transition metals- 
doped Ca3Co3.8M0.2O9, J. Alloys Compd. 503 (2010) 431–435, https://doi.org/ 
10.1016/j.jallcom.2010.05.027. 

[32] S. Demirel, E. Altin, E. Oz, S. Altin, A. Bayri, An enhancement ZT and spin state 
transition of Ca3Co4O9 with Pb doping, J. Alloys Compd. 627 (2015) 430–437, 
https://doi.org/10.1016/j.jallcom.2014.11.200. 

[33] A.I. Klyndyuk, I.V. Matsukevich, Synthesis, structure, and properties of 
Ca3Co3.85M0.15O9+δ (M = Ti–Zn, Mo, W, Pb, Bi) layered thermoelectrics, Inorg. 
Mater. 51 (2015) 944–950, https://doi.org/10.1134/S0020168515080105. 

[34] Y.-n. Li, P. Wu, S. Zhang, X. Han, S. Chen, L. Wang, Enhanced Ca3Co4O9 
thermoelectric transport properties through Gd doping based on spin entropy and 
size effect, J. Alloys Compd. 973 (2024) 172904, https://doi.org/10.1016/j. 
jallcom.2023.172904. 

[35] S. Neelakandan, K. Biswas, Tweaking the interplay of the layers by substitution in 
Ca3Co4O9+δ for high efficiency thermoelectric materials, J. Alloys Compd. 971 
(2024) 172693, https://doi.org/10.1016/j.jallcom.2023.172693. 

[36] A. Soffientini, P. Chigna, G. Spinolo, S. Boldrini, A. Famengo, U.A. Tamburini, 
Nanostructured calcium cobalt oxide Ca3Co4O9 as thermoelectric material. Effect 
of nanostructure on local coordination, Co charge state and thermoelectric 
properties, J. Phys. Chem. Solid. 143 (2020) 109474, https://doi.org/10.1016/j. 
jpcs.2020.109474. 

[37] N. Puri, R.P. Tandon, M.V.G. Padmavati, A.K. Mahapatto, Defect states in graphene 
oxide mixed nanostructured calcium cobalt oxide, J. Alloys Compd. 963 (2020) 
171232, https://doi.org/10.1016/j.jallcom.2023.171232. 

[38] P. Carvillo, Y. Chen, C. Boyle, P.N. Barnes, X. Song, Thermoelectric performance 
enhancement of calcium cobaltite through barium grain boundary segregation, 
Inorg. Chem. 54 (2015) 9027–9032, https://doi.org/10.1021/acs.inorgchem. 
Sb01296. 

[39] P.-H. Xiang, Y. Kinemuchi, H. Kaga, K. Watari, Fabrication and thermoelectric 
properties of Ca3Co4O9/Ag composites, J. Alloys Compd. 454 (2008) 364–369, 
https://doi.org/10.1016/j.jallcom.2006.12.102. 

[40] Y. Wang, Y. Sui, J. Cheng, X. Wang, W. Su, Comparison of the high temperature 
thermoelectric properties for Ag-doped and Ag-added Ca3Co4O9, J. Alloys Compd. 
477 (2009) 817–821, https://doi.org/10.1016/j.jallcom.2008.10.162. 

[41] F. Kahraman, M.A. Madre, Sh Rasekh, C. Salvador, P. Bosque, M.A. Torres, J. 
C. Diez, A. Sotelo, Enhancement of mechanical and thermoelectric properties of 
Ca3Co4O9 by Ag addition, J. Eur. Ceram. Soc. 35 (2015) 3835–3841, https://doi. 
org/10.1016/j.jeurcermsoc.2015.05.029. 

[42] F. Delorme, P. Diaz-Chao, E. Guilmeau, F. Giovannelli, Thermoelectric properties 
of Ca3Co4O9–Co3O4 composites, Ceram. Int. 41 (2015) 10038–10043, https://doi. 
org/10.1016/j.ceramint.2015.04.091. 

[43] R.K. Gupta, R. Sharma, A.K. Mahapatro, R.P. Tandon, The effect of ZrO2 dispersion 
on the thermoelectric power factor of Ca3Co4O9, Physica B 483 (2016) 48–53, 
https://doi.org/10.1016/j.physb.2015.12.028. 

[44] O. Jankovsky, ̌S. Huber, D. Sedmidubský, L. Nádherný, T. Hlásek, Z. Sofer, Towards 
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