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Abstract. Using solid-state reaction method, the ceramics of Ca;Co0409.5 doped by Bi,Os
was prepared, its microstructure and properties were investigated. The single-phase
(Ca,Bi1);C0404.5 solid solutions formed at substitution of up to 10 mol. % calcium by
bismuth, but at larger bismuth content samples consisted of (Ca,Bi);C0409.5 and
Bi,Ca,Co; 70,. Increasing of Bi,O; content in the samples leads to decreasing electrical
resistivity and increasing of Seebeck coefficient, but thermal conductivity changed
unmonotonously, increasing for single-phase ceramics and decreasing for composite one.

Thermoelectric characteristics of Ca;Co409.5 are essentially enhanced by its doping using
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Bi,03, and the best thermoelectric performance was demonstrated by the Ca, 4BipC0409.5
composite material, whose power factor and figure-of-merit values reach 284 pW-m'-K~?
and 0.279, which are 4.6 and 4 times larger than for the parent phase. Such improvement in
the thermoelectric efficiency of Ca3;Co409.5 is provided by substitution of calcium by
bismuth and through creation of phase inhomogeneity in ceramics.

Keywords: Ca;Co40¢,5-based ceramics; Bi,O; doping; Phase inhomogeneity;

Thermoelectric performance

Highlights
e (Ca,Bi);C0409;5 ceramics prepared by solid-state reactions route
comprehensively studied
¢ Bi,0; doping decreases electrical resistivity of ceramics
e Phase inhomogeneity of prepared ceramics increases its Seebeck coefficient

o Ca,4BipC0409+5 ceramics shows the best thermoelectric performance



1. Introduction

The lost technological heat, evolving into environment during working of
factories, power plants or transportation, can be utilized and converted into electrical
energy using devices called thermoelectric generators (TEGs). The TEGs are based on
special group of materials named thermoelectrics, demonstrating good electrical
conductivity, bad thermal conductivity and high values of Seebeck coefficient [1]. For
high-temperature applications, the most promising thermoelectrics are metal oxides,
which are stable at high temperatures in air and, in contrast to the traditional
thermoelectric materials based on the layered chalcogenides of bismuth, lead or tin, do
not contain rare, expensive, and toxic components [2].

The promising materials for n-legs of TEGs are solid solutions of calcium
manganite (CaMnO3) [3,4] or strontium titanate (SrTiO3) [5,6] with perovskite structure
(ABOj). On the other hand, the optimal base for p-legs of TEGs are derivatives of
layered cobaltites of sodium (Na,CoO,) [7,8], calcium (CazCo0409.5) [9,10] or bismuth—
calcium (Bi1,Ca,Co,; ;0,) [11,12] etc. Layered calcium cobaltite is typical misfit-layered
phase which crystal structure consists of [Ca,CoO;] and [CoO,] layers having different
periodicity in one direction [13]. Low values of electrical resistivity (p) of this phase is
due to high concentration of main charge carriers (“holes”) in conducting [CoO,]—
layeres, while relatively high values of Seebeck coefficient is connected to presence of
cobalt ions in different charge and spin states. The misfit-layered structure of
Ca3Co0409,5 cobaltite causes low values of its thermal conductivity [14].

To improve thermoelectric performance of layered calcium cobaltite and make it
suitable for practical usage a number of strategies are used: i) partial substitution in its

structure of calcium by rare-earth elements [15,16] or bismuth [17-19] and/or cobalt by



transition and heavy metals [20-22]; i7) using “solution” synthesis methods [23,24] or
self-propagating high-temperature synthesis to achieve small particle size distribution in
desired phase [25]; iii) instead conventional sintering applying other sintering methods,
such as hot-pressing [10,23,26], spark plasma sintering [24,26,27], oscillatory pressure
sintering [28], or so-called two-step sintering [29-31] to enhance interparticle contacts;
iv) modification of ceramics by micro- or nanoparticles of metals [31-34], metal oxides
[35,36] or carbides [37,38] to modulate material electrical conductivity; v) creation in
ceramics chemical [39] or phase inhomogeneity [10,27,31] due to its self-doping
(producing ceramics with composition beyond its phase homogeneity area) to ensure
decrease in thermal conductivity; vi) producing of ceramics with high configurational
entropy of one or some cationic sublattices (high-entropy strategy) [6,40—42] to
improve material physical and chemical properties. It has been shown by different
authors [10,23-31], that using of special sintering methods results in the formation of
ceramics with lower porosity and electrical resistivity values. According to our previous
investigations [10,30,31] and literature data [27,31-33,35-39], chemically and phase-
inhomogeneous ceramics usually demonstrated larger values of Seebeck coefficient
than the single-phase one.

Despite common (trivial) character of substitution (doping) strategy, its
effectiveness and importance, particularly at development of thermoelectric oxide
ceramics, are without doubts. Effect of bismuth substitution for cobalt in Ca3;C0409.s,
firstly described in [9], was verified in later studies [43-58], either alone [45,48—
50,52,54] or in combination with variation of synthesis/sintering methods [46,47,55—-58]

as well as at using bismuth as co-doping element [43,44,51,53] to optimize the material



thermoelectric properties. Phase equilibria in the Bi,03—CaO-CoO, system in a wide
temperature range were therefore described in [59,60].

The main reason of interest paid to the bismuth-containing derivatives of layered
calcium cobaltite is due to they can be relatively easily produced by means of traditional
solid-state reaction method and conventional sintering. Due to their good thermoelectric
performance and mechanical properties, these compounds are often used as materials for
p-legs of thermoelectric modules and TEGs of different constructions [61-63].

Preliminary results of our investigations of effect of substitution of calcium
or/and cobalt in Caz;Co409:+5 on its structure, electrical, thermal, and thermoelectric
properties are described in [19,21,50,51].

Though bismuth-containing layered calcium cobaltite was an object of
investigation of many works listed above, some questions still remain unsolved. Firstly,
the results of different works often have not coincided with each other. Secondly, it is
still unclear which factor — chemical composition, phase composition (phase
inhomogeneity), microstructure, etc. — is mainly responsible for improving of
thermoelectric performance of Ca;Co409.5 at its doping with bismuth oxide. So, further
study of this system must actually help better clarify up to date summarized results.

In this work, Ca; Bi,C0409.5 (x = 0.0, 0.2, 0.3, 0.5, 0.6) thermoelectric ceramics
were obtained using solid-state reactions route and conventional sintering. The materials
prepared were characterized by X-ray diffraction (XRD) and their microstructure by
scanning electron microscopy combined with energy-dispersive X-ray spectroscopy
(SEM/EDX). The ceramics thermal (thermal expansion, thermal diffusivity, thermal
conductivity), electrical (electrical resistivity, Seebeck coefficient), and thermoelectric

properties (power factor, figure-of-merit) in a wide range of temperatures were studied.



Effects of substitution of cobalt for bismuth and creation of phase inhomogeneity in
ceramics on its properties were therefore strategically isolated to clarify their effect.
2. Experimental section
2.1. Synthesis and preparation of the samples

Caz ,Bi1,C0309:5 (x =0.0, 0.2, 0.3, 0.5, 0.6) powders were prepared using solid-
state reaction route from CaCO; (“analytically pure grade”, min. 99.0 wt. %, VEKTON,
Russian Federation), Bi,0; (“pure grade”, min. 99.0 wt. %, VEKTON, Russian
Federation), and Co3;04 (“pure grade”, min. 99.0 wt. %, VEKTON, Russian Federation)
powders through reaction (1):

(3—x)CaCO; + x/2Bi,03 + 4/3C0304 + (1/3+8/2-x/4)0, = Caz ,Bi,C0409.5 + (3—x)CO,. (1)

They were separately weighed following required stoichiometric amounts, then
thoroughly mixed in a Fritch Pulverizette 6.0 planetary mill (Fritch Germany) with
addition of ethanol (ZrO, grinding vials and balls, 300 rpm for 1 h), pressed at 100—150
MPa into pellets 22 mm in diameter and 5—7 mm in thickness, and calcined in a muffle
furnace in air at 1173 K for 12 h. After samples were crushed in an agate mortar, milled
in a Fritch Pulverizette 6.0 planetary mill (Fritch Germany) with addition of ethanol
(ZrO, grinding vials and balls, 300 rpm for 1 h), uniaxial pressed at 100-150 MPa into
bars 5x5x30 mm in dimensions and pellets 15 mm in diameter and 2-3 mm in
thickness, and sintered in air at 1193 K for 12 h. The sintered samples were then used
for the study of their electrophysical and thermophysical properties.
2.2. Characterization of equipment and procedures

The phase composition of the samples and crystal structure of the major phase in
them (Ca3;Co409:5 and its solid solutions) were investigated using XRD analysis

(Bruker D8 XRD Advance diffractometer (Bruker, USA) (Cu—K,—radiation, Ni—filter)).



Values of the coherent scattering areas (CSAs) and microstrains (¢) of the sintered
ceramic samples were calculated using Sherrer equation (Ds) [64], Williamson—Hall
(Dw-_p) [65] and size—strain (Ds s) methods [66], which are described in Supplementary
information (equations (S1)—(S3)). The degree of crystallographic orientation of the
grains (texturing) of the Ca; Bi,C0309.5 ceramics was evaluated using the Lotgering
factor (f) (equation (S4)) [67].

Values of pycnometric density of powders (d,,.,) (the base density) and sintered
ceramics (d..,) were measured by means of gaseous pycnometer Ultrapycnometer 1000
(Quantachrome Instruments, USA) (pycnometric gas is helium) and by Archimedes
method [68] respectively, and based on them the values of the porosity of the samples
(P) were calculated as

1= ((dpow — deer)/ ) - 100%. )

The microstructure of the sintered ceramics and its chemical composition were
studied by scanning electron microscopy (SEM) using JEOL 7500F (Japan) scanning
electron microscope equipped with an energy-dispersive spectroscopy (EDS) detector.
Prepared specimens were observed using SEI (secondary electron image) detector at
acceleration voltage of 15 kV, probe current of 8 uA and working distance of 6—7 mm.
EDS analysis was done using AZtec software at acceleration voltage of 15kV and probe
current of 15 pA.

Electrical resistivity (p) and Seebeck coefficient (S) of the samples were
measured within 300-1073 K by applying of LINSEIS LSR-3 measuring system
(Linseis, Germany) in a helium atmosphere (pye = 0.15 bar). The values of the weighted
mobility (n) of the charge carriers and their concentration (p) in the samples were

calculated based on the experimentally obtained values of p and S of ceramics studied



according to [69] as it is described in Supplementary information (equations (S5)—(S6)).
Apparent activation energy of electrical conductivity values (o) of the samples (E£)
were found from the linear parts of In(c-7) = f(1/T) plots.

Thermal expansion of the sintered ceramics was investigated using
Thermomechanical Analyzer Netzsch TMA 402 F1 Hyperion (Netzsch, Germany)
within 293—-1073 K in an N, atmosphere at heating rate of 10 K/min. The samples were
fixed with a constant force of 50 mN. Values of the average linear thermal expansion
coefficient (a, LTEC) were determined from the linear parts of Al/ly=AT) plots,
respectively. The thermal diffusivity (1) of the samples was measured in the helium
atmosphere within the temperature interval of 293-873 K by means of laser flash
method (Linseis LFA 1000, Germany). The thermal conductivity values (A) of the
ceramics were calculated according to the equation

A =1deey Gy, 3)
where C, is the heat capacity determined by the Dulong—Petit law.

The phonon (A,) and electronic parts (A.;) of thermal conductivity of ceramics
were isolated by means of equations (4,5)

A= I + A @)
her=L-Tp, (5)
where L is the Lorentz number, L = 2.45-10°8 V2.K2,

The power factor (PF) and figure-of-merit values (Z7) of the samples were
calculated as

PF = $%/p, (6)
ZT = PF-T/\. (7)

3. Results and discussion



3.1. Phase composition and crystal structure

The single-phase Ca; ,B1,C0409.5 solid solutions, as proved by the powder XRD
patterns, were obtained at substitution of calcium by bismuth for up to 10 mol. %
(x £0.3) (Fig. 1, scans 2-3), which is in a good agreement with the literature data [17—
19, 46, 48, 50, 59, 60] and they possessed a monoclinic structure that was the same as
for Ca3;Co0409.5 parent phase (Fig. 1, scan 1) (PDF-2, Card Ne 00-021-0139, [13]).
Samples with x =0.5, 0.6 were non-single-phase and contained, along with the Ca;_
+B1,C0409.5 solid solution, the Bi,Ca,Co, 70, phase [11], which reflexes on the XRD

patterns became stronger at x increasing (Fig. 1, scans 4-5).
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Fig. 1. XRD patterns of the powdered Ca; Bi,Co0409.5 samples at room temperature
(Cu—K,, radiation): x = 0.0 (7), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). The panel to the right

shows an enlarged XRD patterns view at 20 15-20 degrees



Our results coincide with the data of [59,60], according to them the saturated
Ca, 7Bi3C0409.5 solid solution coexists with the Bi,Ca,Co, O, layered ternary oxide
possessing monoclinic structure and cobalt oxide. The absence of reflexes of cobalt
oxide on the XRD patterns (Fig. 1) is, probably, due to its small quantity lying beyond
the detection limit of XRD method or its presence in the mixtures in partial or fully
amorphized form. The reflexes of Ca; ,Bi,Co409.5 solid solutions shifted to the lower
angles at x <0.3 (Fig. 1, scans 1-3, right panel) due to partial substitution of smaller Ca**
ions by larger Bi** ones (values of ionic radii of Ca?" and Bi*" ions for C.N. = 6 are equal to
0.100 and 0.102 nm respectively [70]), but on the XRD patterns of the samples with x = 0.5,
0.6, their positions, as the positions of reflexes of Bi,Ca,Co, ;O, phase, were practically
unchanged (Fig. 1, scans 4-5, right panel) proving their constant composition.
3.2. Microstructure and elemental analysis

Apparent density values of both powdered and sintered samples increased, and
ceramic porosity decreased at increasing of bismuth oxide content in it (Table 1),
indicating that Bi,0O3; addition results in improving of sinterability of the layered
calcium cobaltite-based ceramics. The II values for both single-phase and composite
Ca; ,B1,C0409.5 ceramics were comparatively close to each other, which shows that
creation of phase inhomogeneity in Ca3;Co40y.s slightly affects its sinterability and
coincides with the results [10] in which the same was observed for self-doped
composite ceramics.

The microstructure of ceramics studied was layered and consisted of grains in
form of plates (flakes) of 1.4-2.3 um (/) in size and thickness of about 0.8—1.3 um (%),
which values, in the whole, increased at increasing substitution degree of calcium by

bismuth, but the aspect ratio (AR = //h) observed had nearly the same values (1.6-1.7)
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for all the compositions studied. The grains were partially aggregated in stacks and, for
the samples with x > 0.2, predominantly oriented in the direction perpendicular to the

pressing axis.

Table 1. Values of pycnometric density of Ca; Bi,C04O9:5 powders (dpo) and

ceramics (d.e), and its porosity (IT)

X dvow (g'cm*3) dcer (g'cm;j) 11 (%)
0.0 4.64 2.64 43.1
0.2 4.67 3.28 29.8
0.3 4.85 3.64 24.9
0.5 5.06 3.27 35.4
0.6 5.19 4.04 22.2

10 nm

10.pm

Fig. 2. SEM images of the surface sections for sintered Ca;_,B1,C0409.5 ceramic

samples: (a) x =10.0, (b)) x=0.2 (2), (c) x=0.3, (d) x=0.5, and (e) x = 0.6

The Lotgering factor values increased from 0.29-0.33 (moderate orientation) to

0.52-0.69 (good orientation) for the samples with 0.0 <x < 0.2 (single-phase ceramics) and
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0.3<x<0.6 (composite ceramics), respectively (Table S1). Thus, formation in
Ca;Co409.5-based ceramics of phase inhomogeneity through overdoping by bismuth oxide
improves the degree of crystallographic grains orientation (degree of texturing). Coherent
scattering area values, corresponding to the crystallite sizes, for the Cas Bi,C040q.5
samples calculated using different methods varied within 28-38 nm and increased at x
increasing, and microstrains varied within (2-29)-10* reaching maximal values for the
samples lying near border between single- and non-single-phase ceramics (Table S1). As
can be seen, partial substitution of calcium by bismuth in Ca;Co40y.s results in increasing
of CSA of ceramics up to 15-30 %.

According to the EDS results, the cationic composition of the Caz ,Bi,C0409.5
synthesized compounds was very close to the target values (taking into account the error
of measurements — 5 mol. %) (Table 2, Figs. S1-S3), and all the elements were evenly
distributed within the ceramic, as indicated by the results of EDS mapping of the

surface of ceramics (Figs.2 and S4-S6).

Table 2. Nominal and real (obtained by EDX results) composition of the samples

Sample Nominal composition (mol. %) Real composition (mol. %)
BiO; 5 CaO CoO, BiO; 5 CaO CoO,
Ca3;C040945 — 42.86 57.14 — 39.76 60.24
Ca, gBip,C040945 2.86 40.00 57.14 2.96 33.88 63.16
Ca, 7Bip3C0409+5 4.29 38.57 57.14 4.71 32.86 62.43
Ca, sBip5C040945 7.14 35.71 57.14 7.78 30.40 61.83
Ca, 4BipcC0409.45 8.57 34.29 57.14 12.31 30.00 57.69
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Fig. 3. Element mapping images of the Ca;Co0409.5 (@) and Ca, gBig2,C04095 (b)

ceramic samples
3.3. Electrical transport properties
As can be seen from the Fig.4, Ca; ,Bi,Co409.5 cobaltites are the p-type
semiconductors (0p/0T < 0), which conductivity character for the electrical resistivity of
the samples with x =0.2, 0.3 near 800 K changed into small-pronounced metallic-like
one (0p/0T > 0) (Fig. 4, a). Dependencies of S = f{T) were close to the linear which is
typical for Ca;Co409.5-based ceramics [10] and obeyed equation (8) [8, 71], which is

commonly used for determination of thermoelectric power of metals and degenerated

21 2/3
s=| 3K \pr| 2| (8)
3eh 3p

semiconductors:
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where kp is the Boltzmann constant, m* is the density of the effective mass of charge
carriers, h is the Planck’s constant, e is the electron charge, 7 is the absolute
temperature, and p is the concentration of the charge carriers.

Electrical resistivity values of Caz ,Bi,C0409.5 ceramic samples decreased at x
increasing that was most pronounced for single-phase region (Fig. 4, ¢), and may be due
to the decreasing of ceramic porosity (Table 1) and improving of quality of grain
boundaries in its structure (taking into account donor character of the substitution of
Ca?" by Bi*" it would be natural to expect the increasing of p values at such substitution,
like it was observed for Ca; ,Bi,Co404.s single-phase solid solutions in [19]). The
minimal p value was observed for Ca, sBij5C0409.5 composite ceramics — 139 uQ-m at
1100 K.

Seebeck coefficient values of ceramics expectedly (due to decreasing of charge
carriers (“holes”) concentration at substitution of Bi** — Ca®") decreased in the single-
phase region and increased with x increasing for composite ceramics (Fig. 4, d). The
maximum value of § (211 uV-K-! at 1100 K) was demonstrated by Ca, 4BigsC0400+5
sample, which consisted of Ca,;7Big3C040945 solid solution and Bi,Ca;Co, 70, phase.
The positive effect of phase inhomogeneity on the Seebeck coefficient values of
Ca3Co409.5-based ceramics was many times detected earlier both for self-doped [10,
30], overdoped [19], and modified by other phases particles samples of layered calcium
cobaltite [31,34]. Our results also prove the effectiveness of such approach in improving
of thermoelectric performance of ceramics based on Ca;Co409.5 phase. Note, in this
case both phases which formed heterogeneous ceramics (monoclinic Ca; 7Bip3C0409+5

and Bi,Ca,Co, ;O, phases), had the similar, layered structure, and phase inhomogeneity
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was due to the self-doping of ceramics at shifting of its composition to the

inhomogeneity region.
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Fig. 4. Temperature (a, b) and concentration (c, d) dependences of electrical resistivity
(p) (a, c) and Seebeck coefficient (S) (b, d) of the Ca;_Bi,C0409.5 ceramics: x = 0.0 (1),
0.2 (2),0.3(3),0.5(4), and 0.6 (5). I — single-phase samples, I — non-single-phase

samples

The values of the weighted mobility of charge carriers in ceramics decrease with
increasing temperature due to an increase in their scattering at grain boundaries, defects
in the crystal structure, and lattice sites (Fig. 5, @). Increasing of bismuth oxide content
in Ca; Bi,C040¢:5 ceramics results in increasing of weighted mobility of charge
carriers and expected decreasing of their concentration; hereby, concentration
dependencies of these parameters were similar (and nearly linear) for both

homogeneous and heterogeneous ceramic samples (Fig. 5, b).
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400 600 800 1000
)
Fig. 5. Temperature (a) and concentration (b) dependences of weighted mobility of
charge carriers (1) and their concentration (p) in the Ca; ,B1,C0409.5 compounds:
x=0.0(1),0.2(2),0.3(3),0.5(4),and 0.6 (5). I — homogeneous ceramics, II —

heterogeneous ceramics

On the Arrhenius plots of electrical conductivity (In(c7) = f{(1/T) dependencies)
of ceramics studied, one kink near 573 K matching Debye temperature of Ca3;Co0409,
phase (®p =572 K [57]) was detected (Fig. 6), like it was found in [72] for textured
calcium cobaltite ceramics. The values of apparent activation energy of electrical
conductivity (E,) of Cas Bi,C0409:5 ceramics below and above 573 K varied within
36-59 meV and 74-81 meV, respectively, and their values at x increasing decreased
below Debye temperature for single-phase samples and increased above Debye
temperature for composite samples (Fig. 6, inset). Found in this work E, values of
electrical conductivity for Caz Bi,C040¢:5 are coincided with values detected for

layered calcium cobaltite in literature [10,19,30,72], that indicates the common
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mechanism of electrical conductivity in materials studied, which is determined by the

charge transfer within the Ca;Co409,5 major phase of the samples.
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Fig. 6. Dependences of In(cT) versus reciprocal temperature for Caz ,Bi,C0409.5
materials: x = 0.0 (/), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). Inset shows concentration
dependences of apparent activation of electrical conductivity of the samples below (6)

and above (7) 573 K. I — homogeneous samples, II — heterogeneous samples

3.4. Thermal properties

Dilatometric curves (Al/ly = f(T) dependencies) for the studied sintered ceramic
samples were practically linear, suggesting the absence of the structural phase transition
of its main layered cobaltite phase in the temperature range of 293-1073 K, which
coincides with the literature data [16,51,56]. The values of LTEC varied within (11.60—
13.17)-10¢ K- (Table 3) and decreased at doping of parent compound (Ca;C0409.5) by
bismuth oxide, which was, probably, due to the increasing of energy of metal-oxygen

interactions at partial substitution of less charged Ca?" ion by more charged Bi** one, as
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well as due to the decreasing of porosity of the samples at increasing of bismuth oxide
content in them (Table 1). The LTEC values for parent phase and some of its derivatives
coincide with the literature data [16,51], and lowering of LTEC of the Ca;Co409.5 at its
doping by bismuth oxide indicates that such doping improves thermomechanical

properties of parent phase.

Table 3. LTEC (a) values of Caz ,Bi,C0409:5 ceramics

X 0.0 0.2 0.3 0.5 0.6

a-106, K-! 13.17£0.66 | 13.00£0.65 | 12.80+0.64 | 11.60+£0.58 | 12.48+0.62

The values of thermal diffusivity and thermal conductivity of the ceramic
samples studied, in the whole, reduced as the temperature rises (Fig. 7, a, b) and
unmonotonously changed with increasing of substitution degree of calcium by bismuth
in CazCo409,5: for the single-phase samples values of ) and A increased at x increasing,
but for non-single-phase samples they decreased at x increasing (Fig. 7, ¢, d). The first
is, probably, caused by decreasing of Ca;Co409.s5-based ceramics porosity at doping its
by Bi,03;, but second is due to the increasing of density of interphases in the
heterogeneous ceramics, serving as effective areas of phonon scattering. It is noted that
the lowest thermal diffusivity values were demonstrated by Ca;4BigC04094s5
composite, whereas the lowest values of thermal conductivity among the samples
studied were possessed by the matrix phase — undoped layered calcium cobaltite, which

is, probably, caused by the most values of its porosity.
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Fig. 7. Temperature (a, b) and concentration (¢, d) dependences of thermal diffusivity
(n) (a, c¢) and thermal conductivity (L) (b, d) of the Ca; ,Bi,C0409.s sintered ceramics:
x=0.0(1),0.2(2),0.3(3),0.5(4), and 0.6 (5). I — single-phase region, II — non-single-

phase region

The electronic part of the thermal conductivity of the studied materials increased
nearly linearly with increasing of temperature and was about 1.3-5.6% and 5.2—-18.8%
of the total thermal conductivity of the samples at 373 K and 873 K, respectively
(Fig. 8, a). The phonon part of the thermal conductivity was dominating and, in the
whole, decreased with increasing of temperature (Fig. 8, b). Increasing of substitution
degree of Ca’" by Bi*' results in increasing of A, which was more pronounced for
single-phase samples (Fig. 8, ¢). With x increasing, A,;, changed by the same way, as

total thermal conductivity; hereby, the least value of phonon part of thermal
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conductivity was found for Ca,4BipsC0409.5 compound — 0.61 W/(m-K) at 873 K

(Fig. 8, d).
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Fig. 8. Temperature (a, b) and concentration (¢, d) dependences of electron (A.)) (a, ¢)
and phonon () parts (b, d) of thermal conductivity of Ca;_Bi,C0409:5 samples:
x=0.0(1),0.2(2),0.3(3),0.5(4), and 0.6 (5). I — single-phase samples, Il — non-

single-phase samples

3.5. Functional (thermoelectric) properties

The power factor values of obtained ceramic samples increased with temperature
nearly linearly and with increasing of bismuth oxide content in the samples, hereby the
most pronounced increase was found for the single-phase region (Fig. 9). The highest
power factor of 284 puW-m'-K?2 at 1073 K was found for the composite
Ca, 4Big6C0409.5 ceramics consisting of Ca;7Big3C0409.s solid solution and
Bi,Ca,Co, 70O, phase, which was 4.6 times larger than for the parent Ca;Co409:5 phase

having the same thermal prehistory.
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Fig. 9. Temperature (a, b) and concentration (¢, d) dependences of power factor (P) (a,
¢) and figure-of-merit (Z7) (b, d) of Ca;_,B1,C040¢.5 oxide thermoelectrics: x = 0.0 (7),

0.2 (2),0.3(3),0.5(4),and 0.6 (5). I — homogeneous ceramics, I — composite ceramics

The figure-of-merit (Z7) values of the samples also increased with the increasing of
temperature (Fig. 9) and substitution degree of calcium by bismuth, but in the last case the
most pronounced increase was observed in the non-single-phase region (Fig. 9). The largest
ZT value was detected for Ca; 4Big¢C0409.5 compound — 0.279 at 873 K, which was 4.0 times
larger than for the parent Ca;Co409.5 phase with similar thermal prehistory.

In the Table 4 are summarized the main characteristics of ceramics obtained in
this work and possessing the best thermoelectric performance comparing with the
literature data on Ca3;Co0409.s-based ceramics having different composition and
prepared by various methods. As can be seen, thermoelectric material obtained in this
work possesses a relatively low power factor value due to its high electrical resistivity

caused by high porosity value of the sample.
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Table 4. Literature-reported functional characteristics of Ca;Co409.s-based ceramics comparing with the results reported in this study

. Sintering Measurement P, S, P, A,

Formula Synthesis method method temperature, K pQm  uV/K  pWm-K2  WmK 'l Ref
Ca, sBiy5C0400.5 SSR CS 973 95 160 270 1.34 0.2 2000 [17]
Ca, gsBig 15C0400-5 Sol-gel SPS 973 69 179 461 1.81 0.25 2008 [45]

Ca sBig 1C0400.5 (air) P 870 87 160 294 — 016

Ca, gsBig, 15C0409-5 (air) . 870 98 171 298 - 0.18
Ca, Big2C0400:5 (A1) SSR p"S;ta;‘%ei‘“g 870 189 197 206 116 o015 201 48]

Ca, gBi,C0409.; (air) (on air or Ar) 870 118 170 246 - 0.19
C32'7Bi0,3C03<9F60,109+5 SSR SPS 973 74 182 451 1.18 04 2014 [18]
Ca3C0409:5/ 10 wt % Ag Sol-gel TSS 1073 100 210 430 - - 2015 [33]

Ca, 9Cdp 1C0409.+5/ 10 Wt % Ag SSR HP 952 41 189 880 2.72 031 2019 [9]
Ca3C040¢:5/ 2 wt % Cu GCN process HP 1100 87 211 521 - 0.223 2020 [34]
Ca;3C0409:5/ 0.05 wt % SiC SSR CS 923 105 195 365 1.54 0218 2020 [37]
SPS
. +
Ca, 7Big3C039,09.5 SSR Nt Detling 823 80 160 340 1.79 0.16 2020 [57]
at 1023 K

Ca3C0409:5/ 0.75 wt % TiC 1073 145 195 262 1.82 0.15
Ca3C0409:5/ 0.25 wt % TiC @ €S 1073 170 194 222 1.47 0.16 2021 [38]
. 1073 156 211 284 This
C32_4B10A6C0409+3 SSR CS 873 240 0.75 0.28 2025 work

SSR - solid state reaction; GCN process — glycine-citrate-nitrate process; CS — conventional sintering; SPS — spark-plasma sintering; HP — hot pressing; TSS — two-

step sintering
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The low thermal conductivity value of ceramics studied, which results in the
high value of its figure-of-merit is close to the ZT values reported in the literature for
Ca3C0409:5-based ceramic doped with silver or iron samples with the best
thermoelectric performance [9,18]. It can be expected that using of special synthesis and
sintering techniques enables synthesis of low-porous (Ca,Bi);C040¢:5 composite
ceramic with improved thermoelectric efficiency, similar to single-phase
Ca, 7Biy3C0409:5 material reported in [57]. Lowering of ceramics porosity along with
decreasing of its grain sizes should result in increasing of its Seebeck coefficient and
decreasing of electrical resistivity and thermal conductivity which should lead essential
improve of ceramics thermoelectric efficiency. The effectiveness of proposed approach
will be checked due to the further experiments.

4. Conclusions

Doping of layered calcium cobaltite ceramics with bismuth oxide results in
improving of its sinterability and texturing degree which is more pronounced for
composite samples containing besides the Ca,;Biy3C0409:5 solid solution the second
phase of layered bismuth—calcium cobaltite Bi,Ca,Co;;0,. Lowering of ceramics
porosity results in decreasing of its electrical resistivity, which values are minimal for
the Caz ,Bi,C0409:5 (x = 0.5, 0.6) compounds — 152—156 uQm at 1073 K which is 3.8
times lower than for base layered calcium cobaltite. Formation of phase inhomogeneity
in ceramics results in improving of its Seebeck coefficient, which reaches the maximal
value for Ca; 4BigC0409.5 compound — 210 uV/K at 1073 K which is 9% larger than
for parent calcium cobaltite. Thermal conductivity values of ceramics at bismuth oxide

doping increased for single-phase materials due to decreasing of their porosity and
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decreased for composite ones due to increasing of phase interfaces serving as additional
phonon scattering sites.

The largest thermoelectric efficiency among the studied samples possesses
Ca, 4BijC0409:5 composite ceramics, which power factor and figure-of-merit values are of
284 uW-m-K2 (at 1073 K) and 0.279 (at 873 K), those are 4.6 and 4 times higher than for
base layered calcium cobaltite and are provided by both low resistivity and high Seebeck
coefficient values of this compound due to its less porosity and phase inhomogeneity.

Obtained results show the effectiveness of bismuth oxide doping strategy in
improving the thermoelectric efficiency of Ca;Co409.5-based ceramics, which can be
further improved due to the using of special sintering methodic and variation of its
thermal prehistory.
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Figure Captions

Fig. 1. XRD patterns of the powdered Ca; ,Bi,C0o409.5 samples at room temperature
(Cu—K,, radiation): x =0.0 (7), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). The panel to
the right shows an enlarged XRD patterns view at 20 15-20 degrees

Fig. 2. SEM images of the surface sections for sintered Ca; ,Bi,C0409.5 ceramic
samples: (@) x=0.0, (b)) x=0.2 (2), (¢) x=0.3, (d) x=0.5, and (e) x = 0.6

Fig. 3. Element mapping images of the Ca3;Co040¢:5 (@) and Ca,gBip,C0409+5 (b)
ceramic samples

Fig. 4. Temperature (a, b) and concentration (c, d) dependences of electrical resistivity
(p) (a, ¢) and Seebeck coefficient (S) (b, d) of the Ca; Bi,C0409.5 ceramics:
x=0.0(1),0.2(2),0.3(3),0.5(4), and 0.6 (5). I — single-phase samples, Il — non-
single-phase samples

Fig. 5. Temperature (@) and concentration (b) dependences of weighted mobility of
charge carriers (i) and their concentration (p) in the Ca; Bi,C0409+5 compounds:
x=0.0 (1), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). I — homogeneous ceramics, II —
heterogeneous ceramics

Fig. 6. Dependences of In(c7) versus reciprocal temperature for Ca; ,Bi,C0409.5
materials: x=0.0 (1), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). Inset shows
concentration dependences of apparent activation of electrical conductivity of the
samples below (6) and above (7) 573 K. I — homogeneous samples, II —

heterogeneous samples
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Fig. 7. Temperature (a, b) and concentration (¢, d) dependences of thermal diffusivity
(M) (a, ¢) and thermal conductivity (A) (b, d) of the Caz ,Bi,C0409:5 sintered
ceramics: x = 0.0 (7), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). I — single-phase region,
IT — non-single-phase region

Fig. 8. Temperature (a, b) and concentration (c, d) dependences of electron (A.;) (a, ¢)
and phonon () parts (b, d) of thermal conductivity ofCas Bi,C0409.5 samples:
x=0.0(1),0.2(2),0.3(3),0.5(4), and 0.6 (5). I — single-phase samples, Il — non-
single-phase samples

Fig. 9. Temperature (a, b) and concentration (c, d) dependences of power factor (P) (a,
¢) and figure-of-merit (Z7) (b, d) of Ca; B1,Co0405 oxide thermoelectrics:
x=0.0 (1), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). I — homogeneous ceramics, II —

composite ceramics
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Fig. 1. XRD patterns of the powdered Ca; ,Bi,C0409.5 samples at room temperature
(Cu—K,, radiation): x = 0.0 (/), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). The panel to the right

shows an enlarged XRD patterns view at 20 15-20 degrees
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Fig. 2. SEM images of the surface sections for sintered Ca;_,B1,C0409.5 ceramic

samples: (@) x=0.0, (b)) x=0.2 (2), (¢) x=0.3, (d) x=0.5, and (e) x = 0.6
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Fig. 3. Element mapping images of the Ca;Co0409.5 (@) and Ca, gBig,C04095 (b)

ceramic samples
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Fig. 4. Temperature (a, b) and concentration (¢, d) dependences of electrical resistivity
(p) (a, c) and Seebeck coefficient (S) (b, d) of the Ca; Bi,C0409.5 ceramics: x = 0.0 (1),
0.2 (2),0.3(3),0.5(4), and 0.6 (5). I — single-phase samples, Il — non-single-phase

samples
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Fig. 5. Temperature (a) and concentration (b) dependences of weighted mobility of
charge carriers (1) and their concentration (p) in the Ca; ,B1,C0409.5 compounds:
x=0.0(1),0.2(2),0.3(3),0.5(4),and 0.6 (5). I — homogeneous ceramics, Il —

heterogeneous ceramics
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Fig. 6. Dependences of In(c7) versus reciprocal temperature for Ca; Bi,C0409.5
materials: x = 0.0 (1), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). Inset shows concentration
dependences of apparent activation of electrical conductivity of the samples below (6)

and above (7) 573 K. I — homogeneous samples, II — heterogeneous samples
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Fig. 7. Temperature (a, b) and concentration (¢, d) dependences of thermal diffusivity
(n) (a, c¢) and thermal conductivity (L) (b, d) of the Ca; ,Bi,C0409.5 sintered ceramics:
x=0.0(1),0.2(2),0.3(3),0.5(4), and 0.6 (5). I — single-phase region, II — non-single-

phase region
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Fig. 8. Temperature (a, b) and concentration (¢, d) dependences of electron (A.)) (a, ¢)
and phonon () parts (b, d) of thermal conductivity of Cas Bi,C0409.5 samples:
x=0.0(1),0.2(2),0.3(3),0.5(4), and 0.6 (5). I — single-phase samples, II — non-

single-phase samples
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Fig. 9. Temperature (a, b) and concentration (¢, d) dependences of power factor (P) (a,
¢) and figure-of-merit (Z7) (b, d) of Ca;_,B1,C040¢.5 0xide thermoelectrics: x = 0.0 (7),

0.2 (2),0.3(3),0.5(4), and 0.6 (5). I — homogeneous ceramics, I — composite ceramics
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Tables Captions

Table 1. Values of pycnometric density of Cas Bi,C04O95 powders (dyon) and
ceramics (d), and its porosity (IT)
Table 2. Nominal and real (obtained by EDX results) composition of the samples

Table 3. LTEC (a) values of Ca;_Bi,C0409.5 ceramics

Table 4. Literature-reported functional characteristics of Ca;Co409.s-based ceramics
comparing with the results reported in this study
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Table 1. Values of pycnometric density of Ca; BiC04O9:5 powders (dpo) and

ceramics (de), and its porosity (IT)

X dnow (g,cm—S) dcer (g-cm*3) 11 (%)
0.0 4.64 2.64 43.1
0.2 4.67 3.28 29.8
0.3 4.85 3.64 24.9
0.5 5.06 3.27 35.4
0.6 5.19 4.04 22.2
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Table 2. Nominal and real (obtained by EDX results) composition of the samples

Nominal composition (mol. %)

Real composition (mol. %)

Sample BiO, ; CaO CoO, | BIO,s Ca0 CoO,
Ca3C040015 _ 42.86 | 57.14 _ 39.76 | 60.24
Ca, §Big2C0400s5 2.86 40.00 | 57.14 2.96 33.88 | 63.16
Ca, -Big 3C0400+5 4.29 3857 | 57.14 471 32.86 | 62.43
Ca, sBiy sC0400+5 714 3571 | 57.14 778 3040 | 61.83
Ca, 4Big 4C0400+5 8.57 3429 | 57.14 12.31 30.00 | 57.69
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Table 3. LTEC (a) values of Ca; Bi,C0409.5 ceramics

X

0.0

0.2

0.3

0.5

0.6

o106, K1

13.17+0.66

13.00+0.65

12.80+0.64

11.60+0.58

12.48+0.62
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Table 4. Literature-reported functional characteristics of Ca;Co409.5-based ceramics comparing with the results reported in this study

. Sintering Measurement P, S, P, A,

Formula Synthesis method method temperature, K. uO'm VK LWmEK.  WmK ZT  Year Ref
CaysBiysC0400.5 SSR CS 973 95 160 270 134 02 2000 [17]
Ca 53Bi0.15C0400:5 Sol-gel SPS 973 69 179 461 1.81 025 2008  [45]

Can oBio; C04O0ss (air) P 870 87 160 294 - 016

Cay 55Biy 15C0400-5 (air) . 870 98 171 298 - 0.18
Cas 3Big2C0400+5 (AT) SSR posatta;%e?é‘ng 870 189 197 206 116 o015 201 48]

Ca, Big2C0400; (air) (on air or AD 870 118 170 246 - 0.19
Caz'7Bi0'3CO3_9FC()'109+5 SSR SPS 973 74 182 451 1.18 0.4 2014 [18]
Ca3C0400.5/ 10 wt % Ag Sol-gel TSS 1073 100 210 430 - - 2015 [33]

Cay9Cdg;C0400.5/ 10 wt % Ag SSR HP 952 41 189 880 272 031 2019  [9]
Ca3C0409:5/ 2 wt % Cu GCN process HP 1100 87 211 521 - 0.223 2020 [34]
Ca;C0404.5 / 0.05 wt % SiC SSR cs 923 105 195 365 1.54 0218 2020  [37]
SPS
. +
Ca» 7Big3C03 62005 SSR sost annealing 823 80 160 340 1.79 0.6 2020  [57]
at 1023 K

Ca;C0404.5 / 0.75 wt % TiC 1073 145 195 262 182 0.15
Ca3C0400-5 / 0.25 wt % TiC SSR s 1073 170 194 22 147 o016 2021 [38
. 1073 156 211 284 This
C32'4B10_6CO409+5 SSR CS 873 240 0.75 0.28 2025 work

SSR — solid state reaction; GCN process — glycine-citrate-nitrate process; CS — conventional sintering; SPS — spark-plasma sintering; HP — hot pressing; TSS — two-

step sintering
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. 1. XRD patterns of the powdered Ca; ,B1,C0409.5 samples at room temperature (Cu—K,
radiation): x = 0.0 (/), 0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). The panel to the right shows an
enlarged XRD patterns view at 20 15-20 degrees

. 2. SEM images of the surface sections for sintered Ca; ,Bi,C0409.5 ceramic samples: (a)
x=0.0,)x=02(2),(c)x=0.3,(d)x=0.5,and (¢) x = 0.6

. 3. Element mapping images of the Ca3;Co409:5 (@) and Ca,Biyp,C0409:5 (b) ceramic
samples

. 4. Temperature (a, b) and concentration (c, d) dependences of electrical resistivity (p) (a, ¢)
and Seebeck coefficient (S) (b, d) of the Ca; ,B1,C040¢.5 ceramics: x = 0.0 (1), 0.2 (2), 0.3
(3), 0.5 (4), and 0.6 (5). I — single-phase samples, II — non-single-phase samples

. 5. Temperature (a) and concentration (b) dependences of weighted mobility of charge
carriers (W) and their concentration (p) in the Ca; ,Bi,C0409.5 compounds: x = 0.0 (/), 0.2
(2), 0.3 (3), 0.5 (4), and 0.6 (5). I — homogeneous ceramics, I — heterogeneous ceramics

. 6. Dependences of In(c7) versus reciprocal temperature for Cas ,Bi,Co409:5 materials:
x=0.0(7),0.2(2),0.3 (3), 0.5 (4), and 0.6 (5). Inset shows concentration dependences of
apparent activation of electrical conductivity of the samples below (6) and above (7)
573 K. I - homogeneous samples, II — heterogeneous samples

. 7. Temperature (a, b) and concentration (¢, d) dependences of thermal diffusivity (n) (a, c)
and thermal conductivity (A) (b, d) of the Caz ,Bi,C0409,5 sintered ceramics: x = 0.0 (/),
0.2(2),0.3(3),0.5(4), and 0.6 (5). I — single-phase region, II — non-single-phase region

. 8. Temperature (a, b) and concentration (¢, d) dependences of electron (A.) (a, ¢) and

phonon (A,;) parts (b, d) of thermal conductivity ofCa;_,B1,C0409:5 samples: x = 0.0 (/),



0.2 (2), 0.3 (3), 0.5 (4), and 0.6 (5). I — single-phase samples, II — non-single-phase
samples

Fig. 9. Temperature (a, b) and concentration (c, d) dependences of power factor (P) (a, c¢) and
figure-of-merit (Z7) (b, d) of Caz ,Bi,C0409:5 oxide thermoelectrics: x =0.0 (7), 0.2 (2),

0.3 (3), 0.5 (4), and 0.6 (5). I — homogeneous ceramics, Il — composite ceramics
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Tables Captions

Table 1. Values of pycnometric density of Cas Bi,C04O95 powders (dyon) and
ceramics (d), and its porosity (IT)
Table 2. Nominal and real (obtained by EDX results) composition of the samples

Table 3. LTEC (a) values of Ca;_Bi,C0409.5 ceramics

Table 4. Literature-reported functional characteristics of Ca;Co409.s-based ceramics
comparing with the results reported in this study



Table 1. Values of pycnometric density of Ca; BiC04O9:5 powders (dpo) and

ceramics (de), and its porosity (IT)

X dDow(g'Cmi’)) dcer (g'cmis) H(%)

0.0 4.64 2.64 43.1
0.2 4.67 3.28 29.8
0.3 4.85 3.64 24.9
0.5 5.06 3.27 354

0.6 5.19 4.04 22.2




Table 2. Nominal and real (obtained by EDX results) composition of the samples

Nominal composition (mol. %)

Real composition (mol. %)

Sample BiO, ; CaO CoO, | BIO,s Ca0 CoO,
Ca3C040015 _ 42.86 | 57.14 _ 39.76 | 60.24
Ca, §Big2C0400s5 2.86 40.00 | 57.14 2.96 33.88 | 63.16
Ca, -Big 3C0400+5 4.29 3857 | 57.14 471 32.86 | 62.43
Ca, sBiy sC0400+5 714 3571 | 57.14 778 3040 | 61.83

Cay 4Bij6C0409.5

8.57 34.29 57.14

12.31 30.00 57.69




Table 3. LTEC (a) values of Ca; Bi,C0409.5 ceramics

X

0.0

0.2

0.3

0.5

0.6

o106, K1

13.17+0.66

13.00+0.65

12.80+0.64

11.60+0.58

12.48+0.62




Table 4. Literature-reported functional characteristics of Ca;Co409.5-based ceramics comparing with the results reported in this study

. Sintering Measurement P, S, P, A,

Formula Synthesis method method temperature, K. uO'm VK LWmEK.  WmK ZT  Year Ref
CaysBiysC0400.5 SSR CS 973 95 160 270 134 02 2000 [17]
Ca 53Bi0.15C0400:5 Sol-gel SPS 973 69 179 461 1.81 025 2008  [45]

Can oBio; C04O0ss (air) P 870 87 160 294 - 016

Cay 55Biy 15C0400-5 (air) . 870 98 171 298 - 0.18
Cas 3Big2C0400+5 (AT) SSR posatta;%e?é‘ng 870 189 197 206 116 o015 201 48]

Ca, Big2C0400; (air) (on air or AD 870 118 170 246 - 0.19
Caz'7Bi0'3CO3_9FC()'109+5 SSR SPS 973 74 182 451 1.18 0.4 2014 [18]
Ca3C0400.5/ 10 wt % Ag Sol-gel TSS 1073 100 210 430 - - 2015 [33]

Cay9Cdg;C0400.5/ 10 wt % Ag SSR HP 952 41 189 880 272 031 2019  [9]
Ca3C0409:5/ 2 wt % Cu GCN process HP 1100 87 211 521 - 0.223 2020 [34]
Ca;C0404.5 / 0.05 wt % SiC SSR cs 923 105 195 365 1.54 0218 2020  [37]
SPS
. +
Ca» 7Big3C03 62005 SSR sost annealing 823 80 160 340 1.79 0.6 2020  [57]
at 1023 K

Ca;C0404.5 / 0.75 wt % TiC 1073 145 195 262 182 0.15
Ca3C0400-5 / 0.25 wt % TiC SSR s 1073 170 194 22 147 o016 2021 [38
. 1073 156 211 284 This
C32'4B10_6CO409+5 SSR CS 873 240 0.75 0.28 2025 work

SSR — solid state reaction; GCN process — glycine-citrate-nitrate process; CS — conventional sintering; SPS — spark-plasma sintering; HP — hot pressing; TSS — two-

step sintering



