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Abstract

Eco-benign and high-temperature-stable oxides are considered a promising alternative
to traditional Bi,Tes, Bi>Ses and PbTe-based thermoelectric materials. The quest for
high performing thermoelectric oxides is still open and, among other challenges,
includes the screening of various materials systems for potentially promising electrical
and thermal transport properties. In this work, a new family of acceptor-substituted
Haldane gap 1D BaGd>CoOs dense ceramic materials was characterized in this respect.
The substitution of this material with calcium results in a general improvement of the
electrical performance, contributed by an interplay between the charge carrier
concentration and their mobility. Nevertheless, a relatively low electrical conductivity
was measured, reaching ~5 S/cm at 1175 K, resulting in a maximum power factor of
~25 pW/(Ksz) at 1173 K, for BaGd;.80Caop20C00s. On the other hand, the unique
anisotropic 1D structure of the prepared materials promotes efficient phonon scattering,
leading to low thermal conductivities, rarely observed in oxide electroceramics. While
the BaGd»-xCaxCoOs materials show attractive Seebeck coefficient values in the range
210-440 pV/K, the resulting dimensionless figure of merit is still relatively low,
reaching ~0.02 at 1173 K. The substituted BaGd».xCaxCoOs ceramics show comparable
thermoelectric performance in both inert and air atmospheres. These features highlight
the potential relevance of this structure type for thermoelectric application, with future

emphasis placed on methods to improve conductivity.
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1. Introduction

In recent years, the rapid depletion of fossil fuel resources and subsequent potential
future oil crises, together with environmental-related problems, have led the researchers
to focus their work more on alternative energy conversion and storage devices such as
batteries, fuel cells, solar cells, supercapacitors and solar thermoelectric generatorsl‘3 to
meet the increased energy demand. Among them, solar thermoelectric generation offers
the unique possibility to directly convert solar heat into electrical power, based on the
Seebeck effect*®. These solid-state devices are robust, reliable and scalable, have no
moving parts and do not require maintenance. Despite these advantages, the
performance and efficiency of thermoelectric devices is rather low and is limited by
several factors, their use being reserved mainly for niche applications, where their
advantages outweigh their disadvantages’. Furthermore, the search for environmentally
benign, highly abundant and non-toxic materials is in prime focus for these devices, if
targeting a reasonable range of potential applications. To this end, oxide-based
thermoelectric materials have been introduced as promising alternatives to the state-of-
the-art ‘traditional’ critical lead, antimony, bismuth, tellurium and selenium-containing
thermoelectric intermetallic alloys, due to their ability to work in the air at high

temperatures, without degradation or decomposition®®,

The thermoelectric performance is usually given by the dimensionless figure of merit,

S%0T ) . ) )
ZT = . where S is the Seebeck coefficient or thermopower, o is the electrical

conductivity, T is the absolute temperature and K is the total thermal conductivity®#-1°,

High Seebeck coefficient and electrical conductivity, simultaneously with low thermal
conductivity, are essential requirements in achieving high ZT values at any given
temperature. However, all these parameters are not independent of each-other, meaning

that enhancing the charge carrier concentration, for example, a strategy usually pursued



in this type of functional materials, must not be performed at the expense of increasing
the thermal conductivity!®!2. Although oxide thermoelectrics show excellent thermal
and chemical stability in air at high temperatures, their known performance is still not
comparable to that of established thermoelectric materials, in the relevant working-
temperature range. This is mainly due to the relatively low charge carrier mobility
values, provided mainly by the ionic bonding and the high thermal conductivity values,
characteristic for oxide materials.

The most widely studied oxide materials for thermoelectric generation are the n-type
Zn0, SrTiO3, CaMnOs3 and In>O3, and the p-type CazCos0O9, NaC0204, BiCuSeO and
NiO3101L.13-21 Thejr performance is further enhanced by aliovalent metal doping, defect
engineering and nanostructuring”??. In the pursuit of new materials, Mandvi et al.
studied the double perovskite oxide material (Ba,Sr)>TiMoOs for thermoelectric
applications and found the electrical conductivity values between 10*-10° S/cm in the
temperature range 300-1223 K?). On the other hand, the Seebeck coefficient and
thermal conductivity (5.8 W/mK at 1150 K) values of this material are yet to be
improved. The thermoelectric performance of stoichiometric and non- stoichiometric
donor-substituted strontium titanates has been widely studied and achieved the
dimensionless figure of merit of 0.35-0.40 at 1200 K!0-142122.24-26 ' qyered Ca3Co04Qo-
based materials have also attracted huge attention as promising p-type thermoelectrics,

reaching ZT of 0.3-0.7 at 1000 K'7-?7-28,

In the quest for new oxide materials, our team has systematically studied for the first
time the thermoelectric performance of one dimensional (1D) BaGd>NiOs Haldane gap
material '2. The ubiquitous 1D structure, low thermal conductivity and impressive
Seebeck coefficient values of Haldane gap materials have convinced us to explore a

similar family of cobalt-rich materials i.e. BaGd>CoOs, for thermoelectric applications.



The cobaltite-based materials were identified to be highly stable at high temperatures,
eco-friendly and widely available in nature'®'%%°, The stability of BaR2CoOs (R = rare
earth) materials has been explained based on the global instability index (GII) using a
bond valence method, and it was found that the rare-earth-based oxides possess a very
high internal stress value of 0.2 v.u.>° The main structural feature of these materials is
the existence of a one-dimensional arrangement of vertex-sharing (CoQOg) flattened
octahedra, successively parallel to the crystallographic a-axis®!. These octahedral chains
are intertwined with monocapped (RO7) trigonal prisms, while the barium cations are
closely surrounded by ten oxygen atoms, forming bicapped (BaO1o) square prisms. The
very short distance between Co-O-Co atoms is shown to have a profound effect on the
behavior of Co?* sublattice and is responsible for the typical 1D antiferromagnetic
behavior of these materials>®3!.

The current work assesses the impact of acceptor doping in BaGd>CoOs Haldane gap
material on the structural, microstructural, electrical and thermal properties. The

thermoelectric performance of novel BaGd»xCaxCoOs (x=0.00-0.30) materials is

evaluated in the temperature range 400—1173 K, under air and argon atmospheres.

2. Experimental

All BaGdzxCaxCoOs (x=0.00-0.30) Haldane gap ceramics were synthesized by solid-
state reaction method using reagent grade BaO; (Sigma Aldrich), CaCOs; (Sigma
Aldrich), Gd203 (Sigma Aldrich) and Co30O4 (Sigma Aldrich) precursor powders as
starting materials. Before weighing, the Gd2O3; powder was heated to 1223 K (2 h dwell
time) and cooled down to 523 K, to remove any absorbed moisture. The stoichiometric
amounts of precursor materials were weighed and mixed in absolute ethanol (Sigma

Aldrich), using an agate mortar and pestle, until a homogeneous mixture was obtained,



followed by drying at 353 K. The dried powders were uniaxially pressed in disc-shaped
samples and fired at 1273 K and 1373 K for 15 h in flowing argon, with an intermediate
grinding step. The resulted sintered pellets were crushed into powders and uniaxially
pressed again into disc-shaped samples. These final green pellets were sintered at 1553
K for 6 h in a controlled argon atmosphere, for further structural, microstructural,

electrical and thermal characterizations.

The density of sintered pellets (pexp), determined by geometrical measurements and
weighing, was found to be >90% of the theoretical density (pwm), calculated from the
structural data. The studied BaGd»xCaxCoOs compositions are also denoted as
BGCC00, BGCCO05, BGCC10, BGCCI5 etc., for x=0.00, 0.05, 0.10, 0.15 etc.,

respectively, for clarity.

The phase analysis was performed by powder X-ray diffraction (XRD) using a Philips
X’Pert diffractometer equipped with an X’Celerator detector, with CuKa radiation, in
the scan range 20=20°-80° and with a step size of 0.02° and an exposure time of 30 s.
The unit cell parameters and lattice volume were calculated using the Rietveld
refinement method, with the Fullprof program 2. The microstructural studies of
fractured ceramics were conducted by scanning electron microscopy (SEM) (Hitachi
SU-70), coupled with an energy dispersive X-ray spectroscopy (EDS) (Bruker Quantax

400 Germany), for elemental analyses.

In BaGd;CoOs Haldane gap materials, the issues related to the oxygen
nonstoichiometry and oxidation states of the transition metal cation represent an
interesting topic for research *. To determine the oxygen content in the studied
compositions, thermogravimetric analysis (TGA) was performed on powdered samples,

at 600 and 1200 K. The relative weight change was monitored as a function of



temperature in flowing argon, followed by a complete reduction of cobalt in 10%H>/N>
gas mixture, at 1223 K for 2 h. The weight of the resulting mixture of oxides and
metallic cobalt was then used as a reference in calculating the oxidation states of the
cobalt cations from the ceramic samples.

The electrical conductivity and Seebeck coefficient values were simultaneously
measured on bar-shaped samples (~1.3x0.3x0.4 cm) cut from sintered ceramic pellets,
as described in previous works 23*. All measurements were performed under both air
and argon atmospheres, in the temperature range 400-1273 K, on cooling and using
temperature steps between 50-80 K. An equilibrium criterion of less than 0.1% min™!
for electrical conductivity and less than 0.002 mV K~! min™' for Seebeck coefficient
was used for relaxation rates after the temperature changes. The estimated experimental
error in measured values did not exceed 3-5% for electrical conductivity and 5-7% for the

Seebeck coefficient .

The thermal diffusivity (D) and specific heat capacity (Cp) studies were conducted with
the standard Netzsch LFA 457 Microflash and Netzsch DSC 404F1 instruments, in both
flowing air and argon atmospheres, using a measurement procedure identical to that
used for the electrical measurements. The total thermal conductivity (x) was calculated
as k=D Xp XC,. The estimated error of the obtained thermal conductivity values was less
than 10% 3°.The lattice thermal conductivity (xp:) was then evaluated from the well-

known Wiedemann-Franz law as:
Kph=Kk—0LT @))

where L (=2.45-10% W Q K?) is the Sommerfeld value of the Lorenz number .

3. Results and Discussion



3.1. Structural characterization and microstructural evolution

As it was mentioned earlier, all BaGd>xCaxCoOs (x=0.00-0.30) Haldane gap ceramics
were synthesized in an inert atmosphere, since the desired phase is not formed in air due
to the oxidation of Co(II) to Co(IIT) *°. The XRD patterns for all samples calcined at

1553 K in argon atmosphere are depicted in Fig. 1.
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Figure 1. Powder XRD patterns of BaGd,.xCaxCoOs (x=0.00-0.30) samples.

All the samples exhibit apparently single-phase composition, without any secondary

peaks visible on the XRD patterns. The identified BaGd,CoOs Haldane gap phase



belongs to an orthorhombic system (Sp. gp: Imma) and its refined lattice parameters and

lattice volumes are presented in Table 1 and Fig. 2, as a function of Ca content.

Table 1. Lattice parameters of BaGd,.xCaxCoOs (x=0.00-0.30) samples, obtained from Rietveld

refinement.
Lattice parameters (A) 23
%mol. Ca 1 B C V (A°)
0 3.76561 | 5.85477 11.62248 256.240
5 3.76413 | 5.85496 11.61472 255.970
10 3.76078 | 5.85319 11.60224 255.395
15 3.7586 | 5.85335 11.59301 255.051
20 3.75974 | 5.85336 11.592145 255.110
25 3.75686 | 5.85115 11.57607 254.435
30 3.75351 | 5.84849 11.55197 253.593
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Figure 2. Variation of the unit cell volume with the Ca content in BaGd>_.CaxCoOs samples.

Although the ionic size of Ca** (0.99 A)is slightly larger than that of Gd** (0.93 A), the
lattice volume decreases continuously up to x=0.15, followed by a marginal increase at
x=0.20 and another continuous decrease with a different slope (Fig. 2). This tendency

indicates that the solid solution limit for the BaGd;xCaxCoOs materials occurs at



x=0.15. Similar tendencies were previously observed for other acceptor (Ca, Sr) doped
Haldane gap analogue materials, e.g. CaxBaGd»xNiOs by Nasani et al.'?
Y,—xCaxBaNiOs by Lannuzel et al.’’ and Y»-xSrxBaNiOs by Nasani et al*®. This
behavior can be attributed to the growing contribution of charge compensation

mechanisms on substitution, together with other additional factors, discussed below.

The SEM studies (Fig. 3) performed on selected fractured samples reveal high-quality

ceramic materials having high density and small porosity.

Figure 3. Selected SEM micrographs of fractured BaGd,_xCaxCoOs (x=0.00-0.30) samples.
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The representative SEM micrographs clearly show that all samples present a similar
microstructure, represented by tightly-packed irregular grains of various shapes and

sizes. The corresponding densities in each case are listed in Table 2.

Table 2. Calculated densities for BaGd,<CaxCoOs (x=0.00-0.30) samples.

Sample Pexp/pun (%)
BGCCO 89
BGCC5 92
BGCC10 93
BGCCI15 93
BGCC20 91
BGCC25 88
BGCC30 87

At moderate concentration up to x=0.15, the presence of calcium improves the density
of corresponding ceramics, while further substitution results in the appearance of

residual porosity. More guidelines on these effects can be obtained from the

representative results of EDS studies, shown in Fig. 4.

Figure 4. Selected EDS maps of fractured BGCC10 and BGCC20 samples.
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The BGCCI10 composition lies within the solid solution range and shows a
homogeneous distribution of the constituent cations, in agreement with the XRD results
(Fig. 1). On the other hand, the chemical mapping results for BGCC20 suggest the
presence of local Ca- and Co-rich impurities, which were previously not detected by
XRD, probably due to their small amounts. This fact is apparently responsible for the
inflection observed on the unit cell volume vs. composition curves (Fig. 2), at x >0.15.
The appearance of such impurities also correlates well with the decrease in relative
density observed for x=0.20-0.30 (Table 2). This decrease might be also due to the

volatilization of calcium at the high sintering temperature used in this work (1553 K).

Although the deviations from a single-phase composition may affect the interpretation
of the TGA results, the observed tendencies shown in Fig. 5 are well-in-line with those
expected for acceptor-type substitutions in BaGd>—xCaxCoOs samples, at least for

moderate calcium contents.
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Figure 5. The effect of the nominal chemical composition of BaGd,xCaCoOs samples on the fraction of
Co** cations at 600 and 1200 K, in the solid solution range and for x=0.20, determined from the TGA
studies.
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As compared to the CayBaGd>—xNiOs materials'?, the substituted BaGd,-xCaxCoOs
samples from this work present a rather significant fraction of oxidized transition metal
cations, with expected positive impact on the electronic transport, as it can be seen in
Fig. 5. Based on the previously proposed defect models for Haldane gap nickelates'>3,

the corresponding defect chemistry reactions in this case can be described using the

standard Kroger-Vink notation® as:

Ba0 + (2 — x)Gd0y s + aCa0 + Co0 - Ba}, + aCagy + (2 — x)Gd}y + BColy +

x+f

+(1 = B)CoZ, + =LV + (5 - x = Hox + =L 0,(g) ©)

where S represents the contribution provided by the formation of charge carriers Co**
(Co.,). Even minor substitutions (x=0.05) with Ca*" in BaGd,—«CaxCoOs result in a
dramatic increase of [Co**]/[Co]w: fraction, which further decreases for x=0.10-0.20.
This decrease is likely contributed by the predominant charge compensation by oxygen
vacancies and, for higher cobalt contents, by the exsolution of phase impurities (Fig. 4).
This is also suggested by the higher variation of Co** content with temperature,

observed for the compositions with x>0.10.

In general, these results indicate that the concentration of electronic charge carriers from
the prepared compositions is dramatically affected only at relatively low acceptor

contents.

3.2. Thermoelectric performance

The electrical conductivity of BaGd>—xCaxCoOs (x=0.00-0.20) samples was evaluated
in the temperature range 570-1175 K, under both Ar and air atmospheres (Fig. 6). A
typical semiconducting behavior is found for all measured samples, in the whole

measured temperature range. 3-10 times enhanced conductivities as compared to the

13



pristine BGCCO is observed for calcium-substituted samples, as shown in Fig. 6, in
agreement with the calculated density values and the predictions based on the changes

of charge carrier concentrations, estimated from TGA studies (Fig. 5).
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Figure 6. Electrical conductivity values of BaGd,.xCaxCoOs (x=0.00—0.20) samples as a function of
temperature, under both Ar and air atmospheres.

Even higher electrical conductivity is observed for the samples measured in air, as
compared to the measurements performed in Ar. In this case, oxygen effectively acts as
an electronic acceptor, filling the oxygen vacancies and increasing the concentration of
Co** species, combined with similar effects provided by the calcium substitution. This

can be described by the following defects reaction:
2 Colly +3504(9) + V5" = 2Cog, + 05 3)

It is worth noticing that under air, the pristine BGCCO samples show ~3 times higher
conductivity as compared to the measurements in Ar. However, the difference in

conductivity values measured in Ar and air drastically decreases for Ca-substituted
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samples, being noticeable for BGCCS5 and further vanishing for higher calcium
contents. This fact might be related to the progressive formation of phase impurities on
oxidation of the samples with relatively high calcium contents. Although the electrical
conductivity studies were performed in agreement with the equilibration criteria
described in the Experimental section, further studies are needed to better address the
stability issues and redox tolerance of the BaGd».xCaxCoOs Haldane gap ceramics under

air atmosphere.

In both Ar- and air-measured series, the electrical conductivity increases on the
substitution with calcium. This cannot be explained by the tendencies observed for the
compositional dependence of the charge carrier concentration (Fig. 5) and is most
probably associated with changes in carrier mobility!2. The activation energy values
were found to be in the range ~0.18-0.2 eV for all samples, in the temperature range

570-1175 K (Table 3).

Table 3. Activation energy (Ea) of BaGd,.xCa,CoOs (x=0.00—0.20) samples in the temperature range

570-1175 K.
Activation energy, Ea (eV)
Composition
Ar Air
BGCCO 0.187 +0.003 0.200 + 0.003
BGCC5 0.208 +0.003 0.198 +0.002
BGCC10 0.198 +0.001 0.198 +0.001
BGCC15 0.199+ 0.001 0.196 £+ 0.002
BGCC20 0.208+ 0.001 0.203 £ 0.002

The low activation energy values calculated for these materials confirm the thermally

induced/activated polaron-hopping-type conduction mechanism, characteristic for these
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Haldane gap materials. A similar trend was observed previously by Nasani et al. in

BaY>NiOs*® and BaGd,NiOs'? materials.

The variation of the Seebeck coefficient values with temperature is presented in Fig. 7,

also under air and Ar atmospheres.
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Figure 7. Seebeck coefficient values of BaGd,.xCa,CoOs (x=0.00-0.20) samples as a function of
temperature, under both Ar and air atmospheres.

All samples show positive Seebeck coefficient values in the whole measured
temperature range, again confirming a p-type semiconducting behavior, with holes
being the predominant type of electronic defects, as suggested by the defect chemistry
reactions (Eq. 2). The highest Seebeck coefficient value of ~435 uV/K at 1173 K is
found for pristine BGCCO under Ar atmosphere. In contrast, the same sample shows the
value of ~264 uV/K at 1173K under air, again confirming the progressive generation of
charge carriers which decrease the thermopower value. In general, the observed

tendencies agree with the electrical conductivity behavior, namely, the samples with
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higher conductivity values show lower Seebeck coefficient, and vice-versa. However,
additional insights on charge carrier mobility issues discussed earlier can be obtained
from surprisingly low Seebeck coefficient values measured for pristine BGCCO
samples, measured in air, as compared to the substituted samples. This decrease is
obviously related to the massive charge carrier generation on oxidation, as revealed by
the corresponding ~3 times conductivity increase (Fig. 6). While the amount of these
charge carriers is enough to suppress the Seebeck coefficient to one of the lowest
measured values, the conductivity of BGCCO in air is still below the rest of the samples,
suggesting the lowest mobility. This hypothesis also agrees with the increase in charge
carrier mobility, observed for BaGd>_xCaxNiOs materials, upon substitution with

calcium 2.

Fig. 8 represents the cumulative effect of the electrical conductivity and Seebeck
coefficient on the thermoelectric performance, expressed as a variation of the power

factor (P=S2.0) with temperature under air and Ar atmospheres.

BGCCO
25 [ OBGCCS
r  ©BGCC10
& 0 f ABGCC15
é OBGC(C20
E_ 15 F
= [
S
k3
< 10 |
=
S
z
o 5 oaEASY et
A I Open symbol - air
""""" Filled symbol - Ar
0 L L L L L
400 800 1000 1200
Temperature (K)

Figure 8. Power factor values of BaGd,«Ca.CoOs (x=0.00-0.20) samples as a function of temperature,
under both Ar and air atmospheres.
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The power factor is improved by increasing the temperature and Ca substitution. The
BGCC20 sample shows the highest power factor value of ~25 uW/K.m? at 1173 K, due
to the highest electrical conductivity values from the whole range of studied
compositions. It should be noticed that these power factor values are notably below
those found/measured for state-of-the-art CazCo40O9 and SrTiO3 thermoelectric oxides.
The highest power factor value measured for the BaGd,NiOs Haldane gap material is
~21 uW/K.m? at 1179 K, as previously reported by our group '%. Thus, in this context,
only a marginal enhancement in power factor values is achieved for calcium substituted

BaGd>CoOs compositions.

Fig. 9(a) illustrates the variation of total thermal conductivity with temperature, between
400-1200 K. Only a marginal difference (except for BGCCO) between the samples of
the same composition measured in Ar and air is observed, suggesting that oxygen

vacancies, if any, are only slightly affecting the thermal transport.
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Figure 9. Total thermal conductivity (a) and lattice thermal conductivity (b) values of BaGd».xCaxCoOs
(x=0.00-0.20) samples as a function of temperature, under both Ar and air atmospheres.

In the studied materials, the heat is predominantly transported by phonons, and the
contribution of the electronic counterpart does not exceed 1%. Corresponding data for
lattice thermal conductivity measurements are shown in Fig. 9(b), where the tendencies
observed are essentially similar to those found for the total thermal conductivity (Fig.
9(a)). Therefore, the impact of possible oxygen vacancies on the phonon scattering is
apparently negligible, as compared to more pronounced effects observed for strontium
titanate-based thermoelectrics?>>#264041 This fact most probably stems from the highly
anisotropic crystal structure of the Haldane gap materials, which provides rather
efficient scattering of phonons, compared to oxygen vacancies, and possibly, to some
other type of point defects. The difference between the low thermal conductivity values
observed for BaGd,-xCaxCoOs materials and the typical ones found for donor-
substituted strontium titanates, also justify this assumption. The thermal conductivity

values exhibit an increase from pristine BGCCO to BGCCS; the reasons for this

19



behavior being not so well understood. Typically, the generation of point defects by

cation substitutions suppresses the thermal transport*?

. A possible explanation for this
fact might be based on an intimate interplay between low calcium contents (and, hence,
relatively low concentration of point defects) and decrease in unit cell volume (Fig. 2),
favorable for higher thermal conductivity values*?. Upon further increase of the calcium
content up to x=0.15, the thermal conductivity drastically decreases and reaches very
attractive values, between 1.0-1.4 W/(m.K). It should be noticed that this minimum
observed for the BGCC15 samples is also in line with structural and microstructural
results, which indicated the solid solution limit corresponding to this composition.
Further promotion of microscale-size (Fig. 4) phase impurities shifts the chemical
composition of the main phase and decreases the advantage of its anisotropy, resulting
in the higher thermal conductivity values measured for the BGCC20 samples.

Nevertheless, the thermal conductivity values from this work are among the lowest

found in oxides, as illustrated in Table 4.

Table 4. Comparison of the thermal conductivity results from this work with literature data.

. Thermal conductivity
Material (W/m.K) Temperature (K) Reference
BaGd;.g5Cag.15C00s5 1.08 -1.44 1173-422 This work
BaGd; g5Cap.15sNiOs 1.59 -2.15 1179-446 12
BaGd; 75Cap25NiOs 1.28 = 1.31 1179-446 12
Al-doped ZnO 1.8 1000 =
nanocomposite
710.993A10.0070 9.4 820 35
CaMng.95Nbg.0503 ~1 1000 13
S12TiMoOge ~6 1000 2
StTio70Ta0 30035 ~2 1000 a4
StTi0.85Nbo.1503 ~3
YSZ/SrTiossNbo.1503 ~2.6 900 45
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Finally, the temperature dependence of the dimensionless figure-of-merit for all samples

is plotted in Fig. 10, between around 450 and 1200 K.
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Figure 10. Dimensionless figure of merit values of BaGd».xCaxCoOs (x=0.00-0.20) samples as a function
of temperature, under both Ar and air atmospheres.

The ZT values increase with temperature and calcium substitution, reaching the
maximum value of ~0.02 for both BGCC15 and BGCC20 at 1173 K. Despite showing
the lowest thermal conductivity values among selected oxide-based thermoelectric
materials, the thermoelectric efficiency of the materials studied in this work is still
below that acceptable for most thermoelectric applications. The underlying reason for
this is mainly low electrical conductivity, which can be possibly improved by exploring

further possibilities to design acceptor-(co)substituted Haldane gap oxides.

4. Conclusions
In this work, the structural, microstructural, electrical and thermal properties of calcium-

substituted BaGd>CoOs Haldane gap family materials were studied, to assess these
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materials as potential thermoelectrics to operate in inert and air atmospheres and in the
relevant temperature range. When using a conventional solid-state synthesis route,
followed by sintering at 1553 K for 6 h in argon atmosphere, the solubility limit of
calcium allowing the formation of single-phase BaGd>—xCaxCoOs solid solutions with
an orthorhombic structure, corresponds to x<0.15. The microstructural studies
confirmed the formation of highly-dense ceramics and revealed the presence of local
calcium- and cobalt-rich impurity phases for x >0.15, which were not detected by XRD,
probably because of their small amounts. The substitution with Ca resulted in a
significant increase in p-type electronic charge carriers concentration up to the solubility
limit, followed by a gradual decrease after that point. The electrical conductivity trends
of the prepared ceramic samples, in Ar and air, showed a semiconducting-like behavior
and varied in the range 0.06-4.7 S/cm at 570-1175 K. The Seebeck coefficient values
were found to lie in the range 210-440 uV/K. The difference in electrical behavior
under inert and oxidizing conditions was found to decrease on increasing calcium
content. The acceptor-type substitution resulted in a general increase in electrical
conductivity, contributed by an intimate interplay between the charge -carrier
concentration and their mobility. The highest power factor value was for the
BaGd;.80Ca020C00s samples, amounting to ~25 pW/K.m? at 1173 K. The materials
from this study demonstrated very low thermal conductivity values, reaching 1.08
W/m.K for BaGd;.85Cao.15C0o0Os at 1173 K, due to the highly-anisotropic structure of the
Haldane gap phase, combined with the generation of point defects upon Ca
substitutions. The highest dimensionless figure-of-merit of ~0.02 at 1173 K was

achieved for the BaGd; 85Cao.15C0o0Os and BaGdi .s0Cao.20Co0Os compositions.
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