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a  b s  t r a  c t

Bi2Sr2−xKxCo2Oy (x = 0.0, 0.025, 0.050, 0.075, 0.100, 0.125, and 0.15) ceramic materials have

been  fabricated using a classical ceramic process, followed by texturing through direc-

tional solidification. SEM analysis of samples, before and after annealing has shown that

grains were aligned along the growth direction. While as-grown samples have several

phases, besides the  thermoelectric one, the annealed ones show much higher thermoelec-

tric  phase content. In addition, K-substitution increases the thermoelectric phase content

and  enhances grain orientation. These improvements decrease the electrical resistivity

without significant changes in Seebeck coefficient. The maximum power factor value for

0.10K-substituted annealed samples has been found as  0.20 mW/K2 m. This is superior to

the  highest reported for hot-pressed materials. However, all samples have similar magnetic

properties.

© 2019 Published by Elsevier España, S.L.U. on behalf of SECV. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/

).

Efecto  del  recocido  y  el dopado  con  potasio  en  las  propiedades
termoeléctricas  y  magnéticas  de las  cerámicas  Bi2Sr2Co2Oy crecidas
direccionalmente
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r  e  s u  m e  n

Materiales cerámicos de  composición Bi2Sr2−xKxCo2Oy (x = 0.0, 0.025, 0.050, 0.075, 0.100,

0.125, y  0.15) se han preparado por medio del proceso cerámico tradicional, seguido por

un texturizado a  través de  una solidificación direccional. El análisis de las muestras por

medio del SEM, antes y  después del recocido, ha mostrado que los granos se han alineado

en la dirección del crecimiento. Mientras que las muestras crecidas presentan varias fases,

además de  la termoeléctrica, las recocidas tienen mayor cantidad de fase termoeléctrica.

Además, la substitución con potasio aumenta la proporción de  fase termoeléctrica y mejora
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la orientación de los granos. Estas mejoras llevan a una disminución de  la resistividad eléc-

trica sin modificar en gran medida el coeficiente de  Seebeck. El mayor valor del factor de

potencia se ha obtenido en muestras recocidas con substituciones del 0.10 K, 0.20 mW/K2 m.

Este valor es mayor que el  mayor reportado en materiales texturizados por prensado uni-

axial en caliente. Sin embargo, la diferencia en el contenido de K, no produce variaciones

en las propiedades magnéticas.

© 2019 Publicado por Elsevier España, S.L.U. en nombre de  SECV. Este es un artı́culo

Open  Access bajo la  licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Introduction

At present, researchers are looking for solutions to global
energy crises and saving the environment from the outcomes
of wasted heat. For  this purpose, thermoelectric (TE) materials
are ideal to utilize, as they can harvest wasted heat, trans-
forming it into useful electrical energy [1–3]. Furthermore,
thermoelectric materials can also work  in  air conditioning sys-
tems [2–4] or electric power generation [2,5]. Quantification
of performances is performed through the figure-of-merit, ZT
(=TS2/��; T is temperature, S the Seebeck coefficient, � electri-
cal resistivity, and � is the thermal conductivity) [6].

Commercially available TE devices are produced from
metallic materials or compounds, e.g. Bi2Te3 and PbTe, with
large ZT (∼1) at low-medium temperature [7–9]. Therefore,
these systems cannot use to harvest the high-temperature
wasted heat. In addition, these compounds usually content
heavy or toxic elements which can be degraded or released at
high temperatures.

The feasibility for  obtaining materials which can work at
elevated temperature started in 1997, with the fabrication
of NaCo2O4 ceramics with attractive thermoelectric proper-
ties [10]. This finding allowed a  large amount of study on
similar ceramic systems, as  Ca3Co4O9 (349), La1−xAExCoO3,
or Bi2AE2Co2Ox (AE = alkaline earth) [11–16],  which showed
hole conduction. Moreover, extended studies on other oxides
allowed discovering materials, such as MnO- or TiO-based
ones [17,18],  with electron conduction. Consequently, both
types can be combined to  build practical TE  devices.

Crystallographically, these CoO-based thermoelectric
materials can be described as  a  monoclinic structure com-
posed of two subsystems, a  common conducting one with
CdI2 crystal structure with CoO2 composition, and a sepa-
rating one with NaCl structure (RS), where the other cations
can be accommodated. Both substructures only differ in
the b lattice parameter, which produces a  misfit in this axis
[19,20]. Moreover, the  anisotropic crystal structure in these
materials leads to large anisotropic electrical properties,
as for example, S can be tuned up through modifications
of misfit factor or the oxidation state of cations in the RS
substructure [21].  These modifications can be  performed
through different procedures, as cation substitutions [22–28],
or texturing techniques [29–31].

It has been argued that the materials having a  superlat-
tice structure, in which conducting and insulating layers are
successively stacked, can facilitate high thermoelectric per-
formance [32]. According to these arguments, the Seebeck

coefficient in the direction of piling would enhance due to
the increasing of density of state of carriers produced by the
two-dimensionality. In addition, decrease in  thermal conduc-
tivity would be expected depending on to phonon scattering
at the interface between layers [33]. On the other hand, the
Bi2Sr2CaCu2Ox (Bi-2212) is known an  oxide superconductor
with a superlattice structure in  which conducting (Cu–O) and
insulating (Bi–O) layers alternate. Since Bi-2212 materials have
low thermoelectric properties, Co is  substituted for Cu in the
Bi-2212 phase to form Bi2Sr2Co2Ox polycrystalline materials
[33].  According to our knowledge Na and K doping in Bi-2212
provides high Tc values and improves the  physical properties
when the samples are prepared via partial or total melting
[34,35].  Taking into account the same analogy, we have previ-
ously studied Na and K  substitution for Sr [27,28].

In those studies, we have prepared our samples via solid
state route. But, the  objective of this work is studying the
modifications induced by partial Sr by K replacement in  the
structural, microstructural, and TE properties of Bi2Sr2Co2Oy

materials prepared by laser floating zone (LFZ).

Experimental

Polycrystalline Bi2Sr2−xKxCo2Oy (x = 0, 0.025, 0.05, 0.075, 0.10,
0.125, and 0.15) ceramics were fabricated using a ceramic
route, from Bi2O3 (99%, Panreac), SrCO3 (99%, Panreac), K2CO3

(99%, Panreac), and CoO (99.99%, Aldrich). Stoichiometric
amounts of each compound were mixed and ball milled 30 min
at 300 rpm with distilled water, which was  evaporated from
the slurries using infrared lamps. After drying, the resulting
powders were manually milled and subjected to two step cal-
cination procedure for 12 h at 750 and 800 ◦C, to eliminate CO2

from the metallic carbonates. These steps will avoid the  CO2

presence in the melting process, which would cause insta-
bilities in  the solidification interface [36]. Calcined powders
were then pressed in an isostatic press at ∼200 MPa to  pro-
duce cylindrical bars (� = 2–3,  and length ∼100  mm).  These
bars were directionally grown from the  melt under Nd:YAG
laser radiation (� = 1064 nm)  in  a  laser floating zone (LFZ) sys-
tem [37].  The texturing conditions were fixed for all samples,
30 mm/h  growth rate. Moreover, the seed was rotated at 3  rpm
to produce cylindrical bars, while the seed was rotated in  the
opposite direction at 15 rpm to maintain the molten zone com-
positional homogeneity. In these conditions, the textured bars
possess constant diameter (�  ∼2 mm),  but show the presence
of several secondary phases formed by their characteristic
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incongruent melting [38].  Consequently, the textured mate-
rials have been subjected to  an  annealing process during 24 h
at 810 ◦C, followed by a  slow cooling rate to room temperature
to produce the TE  phase from the secondary ones.

The identification of phases has  been made on pow-
dered samples by X-ray diffraction (XRD) from 5◦ to 60◦ in
a Rigaku D/max-B X-ray powder diffractometer using Cu K�

wavelength. The modification of microstructure, as a  func-
tion of K doping, was determined by analysing representative
images performed on longitudinal polished sections of sam-
ples before and after annealing procedure. For this purpose,
a field emission scanning electron microscope (FESEM, Zeiss
Merlin) has been utilized. Moreover, EDS analysis has been
used  to determine the phases composition. Furthermore,
Archimedes’ method has been performed to calculate samples
density, using 6.8 g/cm3 as  the theoretical one [39].

�  and S have been simultaneously measured from 50 to
650 ◦C in a  LSR-3 device (Linseis GmbH). Power  factor, PF
(=S2/�) was calculated to establish the electrical performances
of these samples. Magnetic characteristics were determined
using a physical property measurement system (Dyne-cool
PPMS, Quantum Design). Magnetic susceptibility has been
measured, in zero field cooled (ZFC) mode, under a  constant
20 Oe dc applied field and temperatures between 5 and 300 K.
On the other hand, in order to determine the magnetic hys-
teresis cycles, external applied fields from −5 to 5 T, at different
temperatures have been used.

Results  and discussion

Fig. 1a and b presents the XRD patterns determined on pow-
dered samples before and after annealing, respectively. The
diffraction planes displayed in these plots identify the peaks
of the TE phase [40]. Furthermore, samples before anneal-
ing show the presence of different phases, which have been
indexed with the peaks shown with * (Bi0.75Sr0.25Oy [41]), o
(Sr-rich Bi-Sr-Co-O [42]), and # (CoO [43]). On the other hand,
the patterns presented in Fig. 1a  clearly indicate that K-
substitution promotes a  relative decrease of secondary phases
content, when compared with the K-free ones. The compari-
son of these patterns with their annealed counterparts shown
in Fig. 1b, points out to a  drastic decrease of secondary phases
content through annealing. These patterns also show that
the highest peaks are those associated to  the ab-planes of TE
phase. This is a consequence of the large crystal anisotropy,
which leads to the formation of very thin platelet grains
[44]. The grains shape induces a  preferential grain orienta-
tion during the samples preparation, and the c-axis is mostly
perpendicular to the sample holders.

The Lotgering factor (LF) defined as LF = (P − P0)/(1 − P0)  can
be calculated from the intensities of XRD peaks (see Table 1),
where P indicates the fraction of the summation of the peak
intensities corresponding to the preferred orientation axis to
that of the summation of all diffraction peaks in  particle-
oriented materials and P0 is P of a material with a  non-oriented
distribution. The LF  changes between zero to  unity; LF  = 0
corresponds to random orientation, and LF = 1 to  perfect ori-
entation [45].  As  can be seen from Table 1, the LF values of

Fig. 1 – Powder XRD patterns of (A) as-grown; and (B)

annealed Bi2Sr2−xKxCo2Oy textured samples. The peaks of

thermoelectric phase are  shown by the diffraction planes. *,

o,  and # correspond to Bi0.75Sr0.25Oy, CoCo2O4, and

Bi3.8Sr11.4Co8O28.875 secondary phases, respectively. Here,

a, b,  c, d,  e, f, and g correspond to x = 0.0, 0.025, 0.050, 0.075,

0.10, 0.125, and 0.15, respectively.

annealed samples increase with increasing K-content, point-
ing out good orientation of the grains.

Fig. 2 presents FESEM micrographs performed on 0.10K-
doped samples before and after annealing. As  it  can be
observed, as-grown samples (Fig. 2a)  possess good grain ori-
entation along the  growth direction and several secondary
phases, indicated by arrows for clarity. Black contrast (#1)
corresponds to cobalt oxide, dark grey  (#2) to Bi-free phase,
light grey (#3) to Co-poor phase, and grey (#4) to  the ther-
moelectric Bi2Sr2Co2Oy phase. Other interesting feature not
shown here is that K-doping leads to improved grain orienta-
tion with the longitudinal rod axis. The grain misalignment,
estimated through angle measurement in  several SEM micro-
graphs, is ranging from around 13◦ for undoped samples,
to about 7◦ for the highest K-doped ones. This effect has
already been found in other families [46] and has been
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Table 1 – Lotgering factors; magnetic parameters; Curie–Weiss temperature, Curie constant, and effective magnetic
moment from the Curie–Weiss law.

Sample Lotgering
factor-as-grown

Lotgering
factor-annealed
fibre

Curie–Weiss
temp.  � (K)

Curie constant, C

(emu K/g) ×  10−4
Effective
moment, �eff (�B)

0K 0.59 0.74 −52.46 7.9 2.1
0.025K 0.75 0.82 −45.68 11.4 2.2
0.050K 0.81 0.83 −56.64 10.9 2.3
0.075K 0.77 0.85 −39.04 9.9 2.2
0.100K 0.80 0.89 −48.12 11.2 2.4
0.125K 0.81 0.91 −47.77 10.6 2.3
0.150K 0.87 0.93 −44.21 11.8  2.4

Fig. 2 – Representative FESEM micrographs of longitudinal

polished surfaces of 0.10K-substituted samples (a)

as-grown; and (b) annealed; and (c) 0.15K annealed ones.

The numbers identify the different phases: (#1)

corresponds to cobalt oxide; (#2)  Bi-free phase; (#3) Co-poor

phase; and (#4) thermoelectric Bi2Sr2Co2Oy phase.

Fig. 3 – Temperature dependence of electrical resistivity for

Bi2Sr2−xKxCo2Oy annealed samples.

associated with lower radial thermal gradients when the melt-
ing point of samples is decreased. Annealed samples possess
much less secondary phases, and only the Co-poor and ther-
moelectric phases (#3, and 4, respectively) can be identified,
while the  grain alignment is  maintained. Furthermore, rais-
ing K-substitution produces the  decrease of the amount of
secondary phases. In addition, it is  necessary to mention here
that all samples show very few pores, which is a feature associ-
ated to the LFZ technique [47,48].  This fact has been confirmed
by Archimedes method, which showed that relative samples
density was around 97 ± 2%.

In Fig. 3, electrical resistivity determined on the longi-
tudinal direction of samples after annealing, is displayed.
All samples behave very similarly and show metallic char-
acteristics (d�/dT ≥ 0). This is due to  the fact that texturing
process promotes the  formation of large amounts of oxy-
gen vacancies [49],  which can be filled during the thermal
treatment. In these samples, electrical resistivity values first
decrease with the K-content up to 0.10 K, slightly increas-
ing for higher K-substitution. It is necessary to emphasize
that the  electrical resistivity values of K-substituted samples
always  are lower than in the undoped ones. It is  possible
to argue that this behaviour with K-doping is related with
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Fig. 4 – Temperature dependence of Seebeck coefficient for

Bi2Sr2−xKxCo2Oy annealed samples.

the relative importance of two contrary factors. The substi-
tution of alkaline-earth cations by alkaline ones decreases
the total charge in the RS  layer, leading to  the  raise of Co
oxidation state in the conducting one, and the  hole concen-
tration. On the other hand, their different cationic radii and
weight may create defects in the crystal structure resulting
in a decrease the carrier mobility. Therefore, it is considered
that the first effect is the dominant one up to 0.10K-doping,
while the second one is  more  important for further dop-
ing. At 50 ◦C, the  minimum values were obtained in 0.10 K
doped samples (11.6 m�  cm,  with around 4% uncertainty [50]).
We  have to emphasize at this point that this value is  lower
than the reported in the literature for sintered materials in
different conditions (15–22 m�  cm)  [27,42], or in single crys-

Fig. 5 – Temperature dependence of power factor for

Bi2Sr2−xKxCo2Oy annealed samples.

tals (18 m� cm)  [51].  At high temperature, the lowest � value
(14.8 m�  cm at 650 ◦C, in 0.10K-substituted samples) is close
to the obtained in  materials sintered in oxidizing environ-
ment (∼15 m�  cm)  [27]. Furthermore, it is largely lower than
the reported for hot-pressed samples (∼40 m�  cm)  [52].

The Seebeck coefficient variation with respect to temper-
ature in  annealed samples is displayed in  Fig. 4. Taking into
account the positive sign of S in  the whole measured tempera-
ture range, it is  clear that the conduction mechanism is mainly
governed by holes. In addition, Seebeck coefficient monoton-
ically rises with temperature with very similar values for all
samples, independently of K content. At room temperature,
the maximum S values were determined in 0.10K-substituted
samples (115 �V/K, with about 4% uncertainty [50]). These
values are consistent with the reported for materials sin-
tered in oxidizing environment (125 �V/K) [27], single crystals
(115 �V/K) [51], or hot-pressed samples (110 �V/K) [52].  On the
other hand, at 650 ◦C,  the highest value is around 180 �V/K,
which is larger than the  reported for hot-pressed samples
(∼150 �V/K) [52], and lower than the  determined in sintered
samples obtained by soft chemistry routes (205 �V/K) [44].

Fig. 6 – DC-magnetic susceptibility with respect to

temperature for the all annealed samples measured at

20 Oe.

Fig. 7 – DC-magnetic susceptibility and inverse

DC-magnetic susceptibility curves for the 0.075 K doped

samples measured at  20 Oe.
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Fig. 8 – Hysteresis curves for Bi2Sr2−xKxCo2Oy annealed samples measured at 15K.

In Fig. 5,  PF variation with temperature is  presented. The
maximum value at room temperature (0.115 mW/K2 m)  has
been achieved in  0.10K-doped samples, which is  close to those
measured in  materials sintered in oxidizing environment
(0.10 mW/K2 m)  [27],  but higher than the reported for single
crystals (0.07 mW/K2 m)  [49].  On the  other hand, at 650 ◦C, the
maximum PF value in  0.10K-doped samples (0.20 mW/K2 m)
is the same determined in sintered materials from precur-
sors produced through soft chemistry routes (0.20 mW/K2 m)
[44], and is superior to  the  reported for hot-pressed samples
(0.05 mW/K2 m)  [52].

As it is well-known, thermoelectric devices can transform
heat energy into electrical one (Seebeck effect), while the
reverse counterpart is known as thermoelectric cooling phe-
nomenon (Peltier effect). On the other hand, there are some
studies about the magnetic cooling effect of these materi-
als, which is based on the Magnetocaloric Effect (MCE). This
phenomenon is a new promising subject for  application in
refrigeration systems. Therefore, the intense scientific stud-
ies on the development of low-temperature thermoelectric
refrigeration devices for optimization over wide temperature
ranges has revealed as very interesting in  the new thermoelec-
tric materials [53].  In addition, thermoelectric parameters as
power factor, or Seebeck coefficient, are known to be very sen-
sitive to small fluctuations in magnetic properties. Therefore,
in order to obtain new promising samples for cooling applica-
tions, the magnetic characterization of the materials is very
important. In order to clearly understand the nature of mag-
netic phase, the  magnetization versus temperature data has
been recorded in  zero-field cooled mode, under 20 Oe external
applied magnetic field. From these experiments, very similar
magnetic susceptibility (�) values were obtained for all sam-
ples, as it can be seen in Fig. 6. In the  graph, it is shown that
magnetic susceptibility values for all samples sharply drop
from 5 K up to  25 K, and then slowly decrease above 25 K,
exhibiting a  typical Curie–Weiss behaviour (�  = C/(T − �), where

�  and C are the Curie–Weiss temperature and Curie constant,
respectively).

According to this law, the high temperature data of each
sample should be fitted to a  straight line by plotting the
inverse susceptibility (1/�) vs. T. For the  sake of clarity, only
the graph for the x  = 0.075K sample is  presented in Fig. 7. From
the 1/�  → 0 extrapolation of the high-T part of the curves,
paramagnetic temperatures, �, are negative, pointing out to
antiferromagnetic fluctuations in the samples (see Table 1).
However, the �(T) curves do not explicitly exhibit a magnetic
transition which can be  attributed to a  long-range antiferro-
magnetic state. In this regard, the  �(T) curves point towards
the absence of long-range magnetic ordering as  reported for
the Bi/Ca/Co/O and Bi/Ba/Co/O cobaltites [53,54].  By using the
�eff = [3kBCMw/N]1/2 equation, where, kB, C, Mw,  and N are  the
Boltzmann constant (1.38 × 10−16 erg/K), the Curie constants,
the molecular weights of samples and the Avogadro number
(6.02 × 1023 atoms/mol), respectively, the effective magnetic
moments for each sample, �eff,  have been calculated and tab-
ulated in Table 1.

The magnetic hysteresis curves (M–H), determined at 15 K
for all samples are shown in  Fig. 8. These plots show that all
samples display paramagnetic characteristics, above 15 K, as
no hysteretic behaviour has been observed. In other words,  the
perfect linear M(H) behaviour of samples clearly indicate a nor-
mal  canonical paramagnetic ordering of the magnetic spins,
due to  the applied magnetic field at 15 K.

Conclusions

Bi2Sr2−xKxCo2Oy (x = 0.0, 0.025, 0.050, 0.075, 0.100, 0.125, and
0.15) ceramics have been fabricated by a  classical ceramic
method, and directionally grown from the melt using a  LFZ
system. It has been found that the incongruent melting leads
to textured materials composed by several phases, besides



b o  l e  t í  n d e  l a s  o c i  e d a d  e s  p a ñ o l a d  e c  e r  á m i c a y v i d r  i  o 5 9 (2 0 2 0) 121–128 127

the thermoelectric one. A drastic decrease of the  secondary
phases content has been produced by annealing the tex-
tured samples. In addition, K-doping decreases the secondary
phases amount while enhancing the grains orientation. The
decrease in electrical resistivity values with K-doping up to
0.10K-content reflects the microstructural modifications. On
the other hand, Seebeck coefficient is  practically unchanged
with the K-substitution. As  a consequence, the  highest PF has
been reached in 0.10K-substituted materials at all tempera-
tures. These values are larger than the highest reported for
materials prepared by hot-forging method. Magnetically, all
samples are very similar and show a drastic fall from 5 to
25 K, followed by a  smooth drop above 25 K. In addition, all dc-
susceptibility curves exhibit a typical Curie–Weiss behaviour.
M–H measurements showed that no hysteresis cycles have
been produced. These data demonstrate that adequate K-
doping and annealing of LFZ textured materials increase the
electrical characteristics of Bi2Sr2Co2Oy, while they do not
drastically affect magnetic ones.
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