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Abstract

Bi,Sr,_,Cs,C0,0, materials with 0<x<0.15, have been fabricated via the classical ceramic technique. XRD results have
indicated that undoped and Cs-substituted samples are composed of Bi,Sr,Co,0, phase as the major one. Microstructural
studies have demonstrated the formation of a liquid phase, which allows a drastic grain growth. This factor is responsible
for a drastic improvement of relative density, reaching about 95% of the theoretical one for 0.125 Cs content. On the
other hand, electrical resistivity has been reduced up to 14 mQ cm at 650 °C for 0.125 Cs content, around 40% lower than
the obtained in undoped samples. As a consequence, Seebeck coefficient has been decreased due to the raise in charge
carrier concentration. The highest power factor at 650 °C (0.21 mW/K? m) has been found for 0.125 Cs substituted sample,
about 40% larger than the obtained in undoped samples, and very similar to the notified in single crystals (0.26 mW/K?
m). Magnetisation with respect to temperature results have demonstrated that measured samples have a paramagnetic
property above 50 K, except 0.10 Cs. Magnetic hysteresis curves have shown that the slopes and the magnitudes have

increased with decreasing temperature.
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1 Introduction

Since the establishment of fundamental equations to
explain thermoelectric (TE) phenomena [1, 2], many dif-
ferent families of TE materials have been discovered [3-5].
Nowadays, the most attracting characteristic of these
materials is their ability to directly transform, without
the need of moving parts, heat into electric power [6].
The material efficiency to perform this process can be
evaluated through the dimensionless ZT (Figure of Merit)
obtained from [7]: (ZT=S%0T/k), where S, 0, T, and k, are
Seebeck coefficient, electrical conductivity, absolute tem-
perature, and thermal conductivity, respectively. Moreo-
ver, the S%c factor, representing the electrical part in this
expression is known as the TE Power Factor, PF.

Usually, it is considered that TE materials for practical
applications should present ZT > 1. Recently, the largest
ZT values have been obtained in intermetallic materials,
as PbTeSe [3]. On the other hand, these materials show
limited working temperatures due to oxidation at high
temperature under air, very expensive costs [6], and less
plenty in the earth crust [8]. However, in spite of the major
abundance of silicon in the earth crust [8], the best perfor-
mances are obtained in high costs materials [6]. The dis-
covery of high TE properties in oxide materials [5], which
combine high working temperatures, low costs and rela-
tively high abundance in the earth crust [6, 8], opened a
broad research field. Following this discovery, and pro-
vided by the important advantages of oxides, new mate-
rials with attractive TE properties, such as Bi,Sr,Co, O, [9],
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were also found. Moreover, the interest in these materi-
als grew when ZT of 1.2 in Bi,Sr,Co, 3O, whiskers was
achieved [10]. However, in spite of the many works pub-
lished on TE oxides, bulk polycrystalline materials cannot
reach these ZT values, being usually much lower than 1. As
a consequence, one of the main objectives of researchers
is enhancing their TE performances to be used in practi-
cal applications. Among the large number of approaches
performed to enhance the TE properties of these oxides, it
can be highlighted the use of wet-synthesis methods [11,
12], texturing [13, 14], and doping [15, 16].

The studies performed on TE oxides of the CoO family
have allowed to determine that the substitution of any cat-
ion of the Rock Salt layer by a lower oxidation one, leads to
an increase of charge carrier concentration due to the par-
tial promotion of Co®* cations to Co** in the conducting
layer [17], which induces a decrease of Seebeck coefficient
[18]. This effect can be produced by alkaline earth sub-
stitution in the structure by an alkaline element, leading
to important microstructural and electrical modifications,
as demonstrated in previous works [19, 20]. Therefore,
we aim to determine the effect of a large alkaline cation
(Cs) partial substitution in the alkaline earth position of
Bi,Sr,Co,0, thermoelectric compound. The structural and
microstructural changes induced by this substitution will
be determined and linked to the modifications of electrical
properties in classically sintered materials.

2 Experimental

Cs-doped Bi,Sr,_,Cs,Co,0, precursors, with 0<x<0.15,
have been prepared, through the classical ceramic
method, using commercial Bi,O; (984 %, Panreac), SrCO;
(98.5%, Panreac), CoO (99.99%, Sigma-Aldrich), and
Cs,C0O; (99.8%, Panreac) powders as starting materials.
After weighing them in the appropriate proportions, they
were well mixed and subjected to ball milling, using water
media, at 300 rpm for 30 min. The produced slip was sub-
sequently dried and heated to decompose the carbon-
ates using a two-step process: 750 °C for 12 h, and 800 °C
for 12 h, with an intermediate manual milling. Finally, the
powders were uniaxially pressed into pellets (2x2x 14
mm?) under 400 MPa applied pressure, and sintered at
810 °C for 24 h and furnace cooled.

Powder X-ray diffraction (XRD) patterns were obtained
in a Rigaku D/max-B X-ray powder diffractometer work-
ing with Cu Ka radiation, and fixing 26 between 10 and
40 degrees, in order to identify the phases in the textured
materials. Microstructural characterization has been
made in a Zeiss—Merlin field emission scanning electron
microscope (FESEM) associated to an energy-dispersive
spectroscopy (EDS) system used for qualitative elemental
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analysis. Samples were analysed through surface micro-
graphs to determine microstructural modifications
induced by Cs doping. Moreover, density of materials has
been obtained by Archimedes’ method in several speci-
mens for each composition to minimize errors.

Electrical properties of the different samples were
determined through simultaneous measurement of
Seebeck coefficient and electrical resistivity using the
well-known direct current four-probe configuration in a
LSR-3 system (Linseis GmbH). These properties have been
obtained under steady-state conditions between 50 and
650 °C using He atmosphere. Electrical performance of
samples, PF, was calculated using these data. Finally, the
magnetic properties were measured by using a PPMS sys-
tem (Dynecool PPMS, Quantum Design). The magnetic
hysteresis data were taken in between—5 to 5T, and the
magnetization measurements were obtained in ZFC mode
under a DC-field of 20 Oe, from 300 K down to 5 K.

3 Results and discussion

Representative XRD patterns obtained on grinded
Bi,Sr,_4Cs,C0,0, materials are presented in Fig. 1. In this
graph, it may be easily deduced that most of the peaks
(indicated by their diffraction planes) can be associated
to the Bi,Sr,Co,0, phase, being the major one, which is
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Fig. 1 Representative powder X-ray diffraction patterns of
Bi,Sr,_4Cs,L0,0, samples; for x= (a) 0; (b) 0.025; (c) 0.075; and
(d) 0.125. Diffraction planes show the peaks associated to the TE
phase, while * identifies the corresponding to the Bi-Sr-O phase
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consistent with literature [21]. Moreover, the * shows the
Co-free secondary phase [22], which is present in very
small proportions. Consequently, it can be easily deduced
that all samples are formed by nearly single Bi,Sr,Co,0,
phase. On the other hand, in comparison to undoped sam-
ples, very small shift in the diffraction peaks of Cs-doped
samples has been found, resulting from higher ionic radius
of Cs. In addition, no Cs-based secondary phases have
been observed.

Figure 2 displays representative SEM micrographs per-
formed on the surface of Bi,Sr,_,Cs,C0,0, samples. From
these micrographs, it is easy to observe a drastic grain
growth and decrease of porosity when the amount of Cs
is increased. This evolution can be associated to the forma-
tion of a liquid phase induced by the alkaline cation, which
can be due to the low melting point of Cs,CO; (793 °C
[23]), in agreement with previous studies on similar com-
pounds [24]. Up to 0.05 Cs substitution (Fig. 2b), the grain
sizes are only slightly larger than in pure samples (Fig. 2a).
On the other hand, higher Cs additions lead to much larger
grains, indicating the presence of a large amount of lig-
uid phase along the grain boundaries, which enhances
cations mobility. This effect, and the system tendency to
decrease surface energy, are the responsible parameters
for increasing grain sizes. On the other hand, another

important microstructural modification is the appear-
ance, besides the grey contrast (#1, associated through
EDS to the thermoelectric Bi,Sr,Co,0, phase), of a light
grey one (#2, corresponding to the Bi-Sr—O phase) when
Cs is added to the samples. Finally, for the highest Cs con-
taining samples, a black contrast can be found (#3), with
Co-oxide composition. On the other hand, Cs doping leads
to a slight Ca®* by Cs* substitution, found by EDS analysis
of the thermoelectric phase in several samples for each Cs
substitution. The EDS results have shown that the substi-
tuting Cs amount corresponds to, approximately, one half
of the nominal one in the inner part of the samples, while
it is hardly detected in the surface of samples. Moreover,
no Cs has been identified in any of the secondary phases.
These data clearly agree with previous observations in
similar compounds [24].

In order to determine the effect of this liquid phase in
the sintering process, density measurements have been
performed using Archimedes’ method and the results are
presented, as a function of nominal Cs content, in Fig. 3. As
it can be observed in the graph, undoped samples display
the lowest densities, 5.45 g/cm3, which are about 80% of
the theoretical one (taking theoretical density as 6.8 g/cm?
[25]). When Cs is added, relative density monotonically
increases with Cs content up to around 95% for 0.125 Cs

Fig.2 Representative SEM micrographs performed on surfaces of Bi,Sr,_,Cs,C0,0, samples, with x=a 0; b 0.05; ¢ 0.1; and d 0.15. Grey con-
trast (#1) corresponds to the thermoelectric phase, light grey (#2) to the Co-free one (Bi-Sr-0), and black one (#3) to Co-oxide
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Fig. 3 Evolution of Bi,Sr,_,Cs,Co,0, samples density, together with
its standard error, as a function of nominal Cs content

samples, slightly decreasing for higher Cs amounts. These
data clearly confirm the drastic decrease of porosity when
Cs is added, reaching values comparable to the reported
for hot-pressed or melt-grown materials (96, and 97%,
respectively) [25, 26], and only lower than the reported
in partially melted materials with subsequent hot-press-
ing process (around 99%) [25]. Furthermore, it should be
highlighted that these very high density values have been
obtained through a very simple and short process, when
compared to those previously mentioned in literature.
Electrical resistivity variations of all samples with tem-
perature, as a function of Cs content, are shown in Fig. 4.
As can be seen in the plot, the general sample’s behav-
iour is significantly changed by Cs substitution; it is semi-
conducting (dp/dT < 0) for the pure and 0.025 Cs samples
(much less evident for these last samples), while higher
Cs substitution leads to metallic (dp/dT > 0) one. Moreo-
ver, the increase of Cs substitution leads to lower electri-
cal resistivity values than the measured in undoped ones.
This evolution is in agreement with the Sr?* substitution
by Cs*, which decreases the oxidation state of the rock
salt structure, promoting the Co®" in the conducting layer
to Co*". Consequently, the charge carrier concentration
(holes), are increased, decreasing electrical resistivity. On
the other hand, the increase determined in the 0.15 Cs
substituted samples can be associated to the raise in the
number of defects, which is responsible for their higher
electrical resistivity values. Other favourable effects for
this decrease in electrical resistivity are the raise in den-
sity, and the important grain growth, which decreases
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Fig.4 Electrical resistivity evolution with temperature for
Bi,Sr,_,Cs,L0,0, samples. The inset shows the linear fits of In(p/T)
versus 1000/T for all samples

the number of grain boundaries in the bulk material. The
lowest resistivity values at 650 °C (14 mQ cm) have been
determined in 0.125 Cs substituted samples, about 40%
lower than those obtained in undoped samples in this
work. Moreover, they are much lower than the reported
in textured materials via hot pressing (40 mQ cm [27]), or
laser processing (20 mQ cm [13]), while they are close to
those obtained in sintered materials under oxygen (15
mQ cm [28]), or in single crystals (18 mQ cm at room tem-
perature [29], and 10 mQ cm at 600 °C [16]). These results
clearly agree with the drastic enhancement of grain sizes,
decrease of porosity and, probably, the improvement of
grains electrical connectivity, produced by Cs substitution.

The tendency observed in electrical resistivity with Cs
substitution may be due to the modification of micro-
structure and electronic parameters. However, more infor-
mation and experimental work is necessary to precisely
determine and explain this evolution. Therefore, in order
to better understand the mechanism of resistivity, the
small polaron hopping model [30] has been used though
the following relation:

T E,
p(T) = (W>9XP <kB_T> (2)

where A, n, e, x, E,, kB, and T are the pre-exponential
term related to the scattering mechanism, carrier concen-
tration, elementary charge, intersite hopping distance,
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polaron activation energy, Boltzmann constant and abso-
lute temperature, respectively. As it is shown in the inset of
Fig. 4, the linear relationship of In(o/T) with respect to 1/T
above 500 K fits well with the polaron hopping model of
electrical resistivities for all samples. In order to calculate
the activation energies of samples, the slopes of straight
lines have been used, and the calculated values for the
pure, 0.025, 0.050, 0.075,0.10, 0.125, and 0.15 samples are
165.62, 59.21, 33.20, 25.80, 27.21, 26.60, and 25.72 meV,
respectively. According to these values, the E, values of
undoped samples are much higher than the determined in
Cs doped ones. Initially, the values drastically decrease up
to 0.05 Cs, remaining practically constant for higher dop-
ing. The hopping of charge carriers takes place between
Co*" and Co*" in the CoO, layer of BiSrCoO system. There-
fore, the ratio between Co3* and Co** directly influences
the hopping distance, x. The decrease of this ratio suggests
an increment of Co** concentration due to Cs substitu-
tion, reducing the hopping distance. This fact also leads
to the decrease of hopping activation energy. This result
supports the argument that the Co®* is promoted to Co**
in the conducting layer, as discussed above.

Figure 5 illustrates Seebeck coefficient variation with
temperature, and Cs substitution. In the graph, it can be
observed that all values are positive in the whole meas-
ured temperature range, which is characteristic of hole-
dominating transport mechanism. At room temperature,
the Seebeck coefficient is decreased in Cs substituted
samples, when compared to the undoped ones. This is
in agreement with Koshibae’s expression [18], which
indicates that the increase of Co** proportion in the
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Fig.5 Seebeck coefficient evolution with temperature for

Bi,Sr,_,Cs,L0,0, samples

conduction band leads to a reduction of Seebeck coef-
ficient. However, room temperature Seebeck coefficient
values are only slightly modified in the Cs doped samples,
which could be interpreted as a close Cs content in all
doped samples, when compared to the nominal compo-
sition. This fact could also explain the fact that lower Cs
content than the nominal one has been found by EDS in
the samples, as observed in previous works [24]. The high-
est S values at 650 °C (195 uV/K) have been measured in
undoped samples, around 10% higher than those meas-
ured in Cs substituted samples in this study. These values
are larger than those informed in hot-pressed samples
(~150 uV/K) [27], or single crystals (160 puV/K) [16], and
close to those determined in sintered samples obtained
by soft chemistry routes (205 pV/K) [31].

Using electrical resistivity and Seebeck coefficient val-
ues previously presented, PF evolution with temperature,
and Cs substitution, has been calculated and presented in
Fig. 6. As it can be seen in the plot, in spite of their lower
Seebeck coefficient values, Cs substituted samples display
higher PF values than the undoped ones. Moreover, PF is
increased with temperature in the whole measured tem-
perature range, and with Cs content up to 0.125, slightly
decreasing for higher content. The highest PF values at
650 °C (~0.20 mW/K? m) have been obtained in 0.125
Cs substituted samples, which are around 40% higher
than those determined in undoped samples in this work.
Moreover, they are much larger than the presented in
hot-pressed samples (0.06 mW/K? m) [27], and similar to
the obtained in ceramics prepared through soft chemis-
try routes (0.20 mW/K? m) [31], at the same temperature.
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However, they are still slightly lower than the best reported
results in single crystals (0.26 mW/K? m) [16], due to the
absence of grain boundaries.

Thermoelectric apparatus directly converts a tempera-
ture gradient into electricity called as the Seebeck effect,
while the reverse counterpart is the thermoelectric cooling
phenomenon named as Peltier effect. As it is known, the
magnetic cooling is based on the Magneto Caloric Effect
(MCE) and it is promisingly applicable on refrigeration sys-
tems. Hence, for the potential payoff, it is necessary to pro-
duce and optimize new thermoelectric materials, which
can be suitable for operation over wide low temperature
ranges. Since the thermoelectric parameters like Seebeck
coefficient, power factor and others are very sensitive to
the small variation of the external applied magnetic field,
the magnetic characterization can be very important issue
to present new candidate samples for thermoelectric-
cooling applications. Therefore, the samples were inves-
tigated from the magnetic point of view. For this purpose,
the temperature and field dependent magnetization, and
hysteresis curves of all samples have been determined.

In Fig. 7 the magnetization of all samples with respect
to temperature down to 10 K, measured in zero-field
cooled mode, under 20 Oe external applied magnetic
field, are presented. As it can be seen in this figure, very
similar magnetic properties have been determined in all
samples, i.e. magnetization of samples sharply decreases
from 5 K up to 25 K, and then slowly decreases, except for
0.1 Cs ones. According to the Curie-Weiss law, in the high
temperature region, the data of each sample should be fit-
ted to a straight line by plotting inverse susceptibility (1/y)
with respect to temperature, T, as given in inset of Fig. 7,
for the 0.05 Cs samples. By extrapolating the high-T part of
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Fig. 7 DC-magnetization of pure and 0.05 Cs, 0.075 Cs, and 0.10 Cs.
The inset shows the inverse DC-magnetic susceptibility curves for
the 0.05 Cs doped samples measured at 20 Oe
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the curves (1/y — 0), negative paramagnetic temperatures,
6, were obtained for the pure (=—60 K), 0.05 (=~50 K), and
0.075 (=—15 K), samples. Consequently, antiferromagnetic
fluctuations are prevailing in these samples. However, for
Cs substitution 20.10, the x (T) curves exhibit a shallow
maximum at around 150 K. This effect may be attributed
to an antiferromagnetic state promoted by this higher
Cs-content.

The Curie constants of all samples have been calculated
from the slope of the 1/ versus T curves, being around
=3x 1072 emu K/g. The effective magnetic moments, pi.,
for undoped, 0.05 Cs, 0.075 Cs and 0.1 Cs samples have
been calculated by using the equation given in [32], as
2.40u5, 2.35p, 1.25p, and 3.83p;, respectively.

The M-H curves, measured at 15 K for the undoped and
Cs-doped samples have been plotted in Fig. 8. No hyster-
esis behavior can be observed in these curves, demon-
strating that the paramagnetic phase is still dominant at
temperatures =15 K. In addition, the slopes are increased
when the Cs-content is higher. It is necessary to highlight
that the linear field dependence of magnetization points
to a normal canonical paramagnetic order in connection
with the applied magnetic field.

The temperature dependence of magnetic hysteresis
has been also investigated, and the results are presented
in Fig. 9. Since the general behavior of undoped and Cs-
doped samples is the same for Cs content up to 0.10, for
the sake of clarity, only the results obtained in 0.05 Cs and
0.10 Cs samples are shown. In the figure, it can be seen
that the slopes and the magnitude of magnetization is
decreased when the temperature is increased for samples
with Cs content <0.10. It can be argued that when temper-
ature decreases, the magnetic moments in random direc-
tions are affected by increasing external applied magnetic
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Fig. 8 Hysteresis curves for the pure and 0.05 Cs, 0.075 Cs, and 0.10
Cs samples at measured 15 K
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Fig. 9 Hysteresis curves for the a 0.05 Cs, b 0.10 Cs doped samples
measured at 15, 30, and 45 K

field. Then, all the spins in random directions are oriented
the direction of external applied magnetic field. Hence,
the magnetization values start to increase with decreasing
temperature values.

As a result, when considering all these results, it may
be concluded that Cs-doping is very useful for improving
the thermoelectric properties of Bi,Sr,Co,0, materials. An
important increase in power factor, PF, obtained in this
work using a simple preparation process, leads to consider
these ceramic materials as very promising candidates for
their integration in practical thermoelectric devices.

4 Conclusions

Bulk sintered Bi,Sr,_,Cs,C0,0, (0 <x<0.15) thermoelectric
ceramics have been successfully fabricated via the clas-
sical ceramic preparation technique. It has been found
that Cs substitution has led to the formation of a liquid
phase during sintering procedure, drastically enhancing

grain growth and decreasing porosity. On the other hand,
this grain growth is accompanied by the formation of a Co
poor region close to the grain boundaries. These micro-
structural modifications have been reflected in a drastic
increase of relative density, reaching values of about 95%
of the theoretical one. Moreover, electrical resistivity is
decreased with Cs doping, due to the increase in charge
carrier concentration, which has been confirmed by the
decrease of Seebeck coefficient when compared to the
undoped samples. Furthermore, the increase of electrical
resistivity in 0.125 Cs samples is associated to the raise of
defects which act as electronic scattering centers. All these
characteristics led to high power factor values in Cs sub-
stituted samples, which makes them promising ceramic
materials for practical applications.

On the other hand, magnetic properties do not reflect
these improvements since Cs-addition is randomly influ-
encing them.
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