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A B S T R A C T

Bi2Sr2-xNaxCo2Ox (x = 0.0, 0.025, 0.050, 0.075, 0.100, and 0.125) samples were prepared through the solid-
state route and textured using the laser floating zone technique. Microstructural analysis of as-grown samples
showed well oriented grains and a relatively high amount of secondary phases due to their incongruent melting.
Annealing procedure has drastically decreased the number and amount of secondary phases. Moreover, Na-
doping has further decreased the secondary phases content and improved grain alignment. These modifications
have been reflected in a large decrease of electrical resistivity with the annealing procedure. The maximum
power factor values have been obtained in 0.075 Na-doped annealed samples, 0.20 mW/K2m, which are much
higher than the best values obtained in textured materials through hot uniaxial pressing. Magnetic properties
were very similar for all samples, with paramagnetic Curie temperature and effective magnetic moment values of
−48.6 K and ≈2 μB, respectively.

1. Introduction

Thermoelectric (TE) materials are characterized by their ability to
transform a temperature gradient to electricity without any moving
part. As a consequence, they can increase the efficiency of classical
energy transforming systems when they are used to recover the wasted
heat [1,2]. Moreover, they can be applied as thermoelectric generators
[2,3] or heating/cooling devices [2,4,5]. The efficiency of these mate-
rials is quantified using the expression TS2/ρk (dimensionless figure of
merit, ZT), where T, S, ρ, and κ are absolute temperature, Seebeck
coefficient, electrical resistivity, and thermal conductivity, respectively
[6].

At present, many commercial thermoelectric systems are built using
metallic alloys or intermetallic legs, such as Bi2Te3 or PbTe which
possess high performances at relatively low temperatures [7–9]. Con-
sequently, the high-temperature wasted heat cannot be harvested using
these systems. Moreover, they can be degraded and/or release toxic or
heavy elements when working in these conditions under air. The pos-
sibility to use materials working at high temperatures was reported in
1997, when discovering attractive thermoelectric properties in
NaCo2O4 ceramics [10]. This finding boosted the research on different
CoO-based thermoelectric ceramics, as Ca3Co4O9 (349), LaCoO3, or
Bi2AE2Co2Ox (AE = Alkaline earth) [11–15], with p-type behavior. On
the other hand, the study of transition metal oxide systems led to other

compounds, as TiO- and MnO-based materials [16,17], which showed
n-type behavior and can be used as the p-type counterpart in the
thermoelectric modules.

The crystalline structure of these CoO families can be described as a
monoclinic structure formed, in turn, by an alternate stacking of two
layers: a conductive CoO2 layer with CdI2-structure and a rock-salt-type
block one. These two layers possess common a- and c-axis lattice
parameters and β angles but different b-axis length, leading to a misfit
structure along the b-direction [18,19]. Consequently, the grains pos-
sess a large crystallographic anisotropy, reflected in the anisotropy of
their electrical properties. As it is well known, the misfit factor and the
charge in the rock-salt layer, influence the Seebeck coefficient values
[20]. These characteristics have to be considered when tuning up their
thermoelectric properties. Following these considerations, many routes
have been tested to improve thermoelectric performances, as doping
processes [21–25], or texturing techniques [26–30].

The aim of the present work is determining the effect of Na alio-
valent substitution for Sr on the microstructure, and thermoelectric
performances of laser floating zone (LFZ) textured Bi2Sr2Co2Ox mate-
rials.

2. Experimental

Polycrystalline Bi2Sr2-xNaxCo2Ox (x = 0, 0.025, 0.05, 0.075, 0.10,
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and 0.125) ceramic precursors have been prepared through the classical
solid state method, using Bi2O3 (99%, Panreac), SrCO3 (99%, Panreac),
Na2CO3 (99%, Panreac), and CoO (99.99%, Aldrich) commercial
powders as starting materials. They were weighed in the appropriate
proportions, mixed, and ball milled for 30 min at 300 rpm in water
media. The suspension was totally dried under infrared radiation and
the powder was manually milled to break the agglomerates. The
homogeneous mixture has been heated twice, at 750 and 800 °C, for
about 12 h under air, with an intermediate manual milling, to decom-
pose Na, and Sr carbonates. This process is necessary to avoid their
decomposition during the texturing process, otherwise they would
produce CO2 bubbles inside the melt, leading to the crystallization front
destabilization [31]. After the thermal treatments, the powders were
cold isostatically pressed at ∼200 MPa to obtain green ceramic cylin-
ders (ϕ = 2–3 mm and 100 mm length). These cylindrical precursors
were subsequently used as feed in a LFZ device equipped with a con-
tinuous power Nd:YAG laser (λ = 1064 nm) [32]. All samples have
been directionally grown at 30 mm/h, and subjected to 3 rpm seed
rotation to maintain the cylindrical geometry. Moreover, an opposite
feed rotation of 15 rpm has been used to improve the cations dis-
tribution in the molten zone. After the texturing process, geometrically
homogeneous textured cylindrical rods (∼2 mm diameter) have been
obtained. As it has been previously reported, these materials melt in-
congruently and are composed by a large number of secondary phases
[33]. Therefore, some of the as-grown samples were annealed at 810 °C
for 24 h with a final furnace cooling to maximize the thermoelectric
phase content.

Phases identification was performed through powder X-ray dif-
fraction (XRD) analysis using a Rigaku D/max-B X-ray powder dif-
fractometer (CuKα radiation), between 10 and 60°. Microstructural
evolution has been studied on polished longitudinal sections of as-
grown and annealed samples in a field emission scanning electron mi-
croscope (FESEM, Zeiss Merlin). Qualitative chemical composition has
been determined through energy dispersive X-ray spectroscopy (EDS).
Moreover, density of samples has been quantified using Archimedes
method, and 6.8 g/cm3 as theoretical density [34].

Electrical resistivity and Seebeck coefficient were determined by the
standard dc four-probe technique in a LSR-3 measurement system
(Linseis GmbH) between 50 and 650 °C. With these data, power factor
(PF = S2/ρ) has been calculated to determine the samples perfor-
mances. The magnetic properties were measured in a physical property
measurement system PPMS system (Dyne-cool PPMS, Quantum Design)
magnetometer. The magnetic hysteresis data have been obtained be-
tween – 4 and 4 T external applied fields, and magnetization mea-
surements have been made under 20 Oe dc external field between 5 K
and room temperature, in zero field cooled (ZFC) mode.

3. Results and discussion

Powder XRD patterns (from 10 to 40°, for clarity) of representative
as-grown and annealed samples are displayed in Fig. 1. In the graph, the
diffraction planes indicate the peaks associated to the thermoelectric
phase, in agreement with previously published data [35]. Moreover, as
it can be clearly observed in Fig. 1a, and b, as-grown samples possess
several secondary phases, identified using the peaks marked with *, +
and # in Fig. 1a (Bi0.75Sr0.25Oy [36], Sr-rich Bi-Sr-Co-O [37], and Co
oxide [38], respectively). When comparing these two patterns, it is easy
to deduce that Na-doping decreases the amount of secondary phases,
when compared with the undoped ones. On the other hand, when ob-
serving Fig. 1c–e, it is clear that annealing procedure drastically re-
duces the amount of secondary phases (from the as-grown ones),
leading to nearly single phase materials. Another important feature
observed in these patterns is that the most intense peaks correspond to
the ab planes. This effect is associated to the grains shape (thin and
large plate-like grains) [38], which tend to be preferentially oriented
with their ab planes parallel to the sample holder surface during the

samples preparation.
Representative FESEM micrographs of longitudinal polished sur-

faces of as-grown (a, and b) and annealed (c, and d) samples are shown
in Fig. 2. The micrographs show several contrasts, indicated by num-
bers, which correspond to different chemical compositions. These
contrasts have been associated, through EDS, to: 1) thermoelectric
phase; 2) Co-poor Bi-Sr-Co-O; 3) Bi-Sr-O; 4) Bi-poor Bi-Sr-Co-O; and 5)
Co oxide. When comparing undoped and 0.075 Na-doped as-grown
samples (Fig. 2a, and b), it is clear that Na-doping decreases the amount
of secondary phases, in agreement with the XRD data previously dis-
cussed. Moreover, Na-doping leads to a decrease of melting point of
samples, reflected in a better grain alignment with respect to the
growth direction, due to a lower radial gradient in the solidification
front, as observed in similar systems [40]. On the other hand, the effect
of annealing can be easily seen when comparing Fig. 2b, and c, corre-
sponding to 0.075 Na doped samples before and after annealing, re-
spectively. As it can be observed in these pictures, annealing decreases
the amount and number of secondary phases (#2, and # 4 dissapear).
This microstructural evolution evidence that annealing conditions are
adequate to promote the TE phase formation from the secondary ones.
Moreover, when increasing Na-doping, the secondary phases content
still decreases (see Fig. 2c, and d).

Another important feature observed in as-grown and annealed
samples (see Fig. 2) is their very low porosity. This is a typical effect of
the melt-solidification process when applied to related ceramic systems
[41,42]. The high density of these samples has been confirmed through
the Archimedes method, reaching 97 ± 2% of the theoretical values in
all cases.

The microstructural evolution is clearly reflected in the electrical
resistivity displayed in Fig. 3 for as-grown and annealed samples. As it
can be observed in the graph, as-grown samples show semiconducting-
like behavior (dρ/dT < 0) in the whole measured temperature range,
while the annealed possess metallic-like one (dρ/dT > 0). The differ-
ence between these two groups of samples can be associated to the
larger amount of thermoelectric phase after annealing, and the oxygen
content in the thermoelectric phase, which affects the charge carrier
concentration. It is well known that LFZ growth promotes the formation
of a high number of oxygen vacancies in the textured materials [43],
decreasing the charge carrier concentration. On the other hand,

Fig. 1. XRD patterns of representative Bi2Sr2-xNaxCo2Oy as-grown samples with x: a) 0;
and b) 0.075; and annealed ones with x: c) 0; d) 0.075; and e) 0.1. Crystallographic planes
indicate the peaks corresponding to the thermoelectric phase. *, #, and + correspond to
Bi0.75Sr0.25Oy, CoCo2O4, and Bi3.8Sr11.4Co8O28.875 secondary phases, respectively.
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annealing allows oxygen diffusion into the structure, decreasing the
number of oxygen vacancies, raising the charge carrier concentration
and decreasing electrical resistivity values. When considering Na-doped
annealed samples, electrical resistivity is lowered up to 0.75 Na con-
tent, increasing for higher substitution. In any case, they always possess
lower electrical resistivity than the undoped samples. This evolution is
found in as-grown and annealed samples, even if the Na-doping effect is
more important in as-grown samples. This is because Na raises the
amount of thermoelectric phase in the samples, decreasing the an-
nealing effectivity. The evolution of electrical resistivity as a function of
Na-content can be associated to the relationship between two opposite
effects: the charge modification in the rock-salt layer, and the decrease
of the charge carrier mobility. For the first effect, when Na+ substitutes
Sr2+, the charge in the rock-salt layer reduced and Co3+ in the con-
ducting layer is promoted to Co4+ to maintain the total charge neu-
trality in the structure, increasing the charge carrier concentration. The
second effect is due to the introduction of defects in the crystal structure
due to the different Na+ and Sr2+ sizes and atomic weight, decreasing
the carriers mobility. Therefore, the electrical resistivity evolution can

be explained considering that up to 0.075 Na-substitution, the increase
of charge carrier concentration is the dominant effect, while for higher
Na content, the decrease of mobility becomes more important. In any
case, the lowest resistivity values at room temperature have been ob-
tained in annealed 0.075 Na doped samples (12 mΩ cm). It is worth to
mention that these values possess an estimated 4% uncertainty taking
into account the sensitivity of the measuring system, and the inaccuracy
in the measurements of samples dimensions, and the distance between
the contacts, as reported in previous works [44]. These mean values are
lower than the ones obtained in samples produced by solution methods
(22 mΩ cm) [39], sintered materials under oxygen (15 mΩ cm) [26], or
single crystals (18 mΩ cm) [45]. At 650 °C, the minimum electrical
resistivity values in annealed samples (15 mΩ cm for 0.075 Na-doped
ones) are similar to the reported in sintered materials under oxygen
atmosphere (∼15 mΩ cm) [26]. Moreover, they are much lower than
the ones obtained in sinter-forged materials (∼40 mΩ cm) [46].

Fig. 4 displays the Seebeck coefficient variation with temperature
for as-grown and annealed samples. The sign of the Seebeck coefficient
is positive in the whole measured temperature range for all the samples,

Fig. 2. Representative SEM micrographs of long-
itudinal polished Bi2Sr2-xNaxCo2Oy as-grown samples
with x: a) 0; and b) 0.075, and annealed ones with x:
c) 0.075; and d) 0.10. The numbers indicate the
different phases: 1) thermoelectric phase; 2) Co-poor
Bi-Sr-Co-O; 3) Bi-Sr-O; 4) Bi-poor Bi-Sr-Co-O; and 5)
Co oxide.

Fig. 3. Temperature dependence of electrical resistivity for Bi2Sr2-xNaxCo2Oy as-grown
samples with x: 0; and 0.075; and annealed ones with x: 0; 0.025; 0.05;
0.075; 0.10; and 0.125. The bars illustrate the uncertainty of the measured values.

Fig. 4. Temperature dependence of Seebeck coefficient for Bi2Sr2-xNaxCo2Oy as-grown
samples with x: 0; and 0.075; and annealed ones with x: 0; 0.025; 0.05;
0.075; 0.10; and 0.125. The bars illustrate the uncertainty of the measured values.
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confirming a conduction mechanism mainly governed by holes. On the
other hand, the as-grown and annealed samples exhibit very different
behaviour. In the as-grown samples Seebeck coefficient is decreased
when the temperature is increased, while it is raised with temperature
in the annealed ones. The difference between both types of samples can
be also explained by the high number of oxygen vacancies produced by
the LFZ process and its reduction after annealing. The increase of
oxygen vacancies in the thermoelectric phase decreases the charge
carrier concentration (reflected in higher room temperature S values),
as observed in similar systems [30]. The highest Seebeck coefficient at
room temperature has been obtained in 0.075 Na-doped as-grown
samples, around 10% higher than the measured in the annealed ones.
An uncertainty of around 4% has been determined in these measure-
ments, coming from the temperature determination in the hot and cold
sides of the samples [44]. In any case, the highest values determined in
annealed samples at this temperature are around 115 μV/K, which are
about the obtained in sintered materials under oxygen atmosphere
(125 μV/K) [26], single crystals (115 μV/K) [45], or sinter-forged ma-
terials (110 μV/K) [46]. At 650 °C, the maximum values are close to
180 μV/K, higher than the obtained in sinter-forged materials
(∼150 μV/K) [46], but lower than the measured in samples produced
through solution methods (205 μV/K) [39].

The thermoelectric performances of these materials have been
evaluated through the power factor, presented as a function of tem-
perature, in Fig. 5. Taking into account the electrical resistivity, and
Seebeck coefficient uncertainties, it is possible estimating the un-
certainty of PF values using the principle of error propagation. More-
over, taking into account the number of measurements at each tem-
perature, the 9% uncertainty is the upper limit. At room temperature,
the highest values (0.10 mW/K2m in 0.075 Na-doped annealed sam-
ples) are more than twice the best determined in as-grown materials.
Moreover, they are higher than the measured in single crystals
(0.07 mW/K2m) [45], and similar to the reported in sintered materials
under oxygen atmosphere (0.10 mW/K2m) [26]. Finally, at 650 °C, the
maximum PF (0.20 mW/K2m in 0.075 Na-doped annealed samples), is
similar to the measured in samples produced by solution methods
(0.20 mW/K2m) [39], but much higher than the ones measured in
sinter-forged materials (0.05 mW/K2m) [46].

It is well known that thermoelectric parameters, as Seebeck coeffi-
cient, are very sensitive to slight variations in the magnetic properties.
Therefore, the temperature dependence of magnetization has been de-
termined on annealed samples, and presented in Fig. 6. In the graph, it
can be seen that all samples are very similar: magnetic susceptibility
sharply drop between 5 and 35 K, and then slowly decrease above 35 K.

In the high temperature region, the curves exhibit a typical Curie-Weiss
behavior, described by the Curie-Weiss law formula:

= = −
χ

H
M

T θ
C

1

DC (1)

where θ and C are the Curie-Weiss temperature and Curie constant,
respectively. According to this law, the high temperature region of the
curves should be fitted to a straight line when plotting the inverse
susceptibility (1/χ) versus T, as shown in the inset of Fig. 6. Taking into
account that all the results are very similar, only the ones for the un-
doped samples are displayed. The Curie constant, estimated from the
curve slope, is 7.2 × 10−4 emu K/g. In addition, from the 1/χ → 0
extrapolations in the high-T part of the curve, negative paramagnetic
Curie temperature (−48.6 K) has been obtained. This behavior clearly
indicates that the paramagnetic regime at high temperature is domi-
nated by antiferromagnetic fluctuations. However, the χ(T) curves do
not exhibit a clear transition attributable to a long-range anti-
ferromagnetic state.

The effective magnetic moment for each compound, μeff, has been
calculated using the following equation:
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where, kB, C,Mw, and N are the Boltzmann constant (1.38 × 10−16 erg/
K), Curie constant, the compound molecular weight, and Avogadro
number (6.02 × 1023 atoms/mol), respectively. It has been determined
that μeff was approximately the same (≈2 μB) for all samples, without
any Na-substitutional effect.

Magnetic hysteresis cycles, as a function of the external applied
field, determined in the 0.15 Na-doped annealed samples at three dif-
ferent temperatures, are displayed in Fig. 7. As it can be observed in the
graph, no hysteresis cycle is produced, indicating a paramagnetic be-
havior at temperatures higher than 15 K, without any magnetic phase
transition. Moreover, the slope of the curves decreases when the tem-
perature increases indicating a reduction of magnetization, due to an
easier orientation of magnetic moments at high temperatures.

All these results demonstrate that Na-doping of LFZ textured ma-
terials, followed by an adequate annealing are very useful to raise the
thermoelectric performances of Bi2Sr2Co2Oy materials. On the other
hand, these modifications have no effect on the magnetic properties,
due to the non-magnetic nature of Na cation.

4. Conclusions

Na-doped Bi2Sr2Co2Ox ceramic materials have been prepared by the
solid-state route, and textured through the laser floating zone

Fig. 5. Temperature dependence of power factor for Bi2Sr2-xNaxCo2Oy as-grown samples
with x: 0; and 0.075; and annealed ones with x: 0; 0.025; 0.05; 0.075;
0.10; and 0.125. The bars illustrate the uncertainty of the measured values.

Fig. 6. DC-magnetization curves of all samples measured at 20 Oe external applied field.
The inset presents the DC-magnetic susceptibility and inverse DC-magnetic susceptibility
curves for annealed undoped samples also measured under 20 Oe external applied field.
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technique. As-grown samples are composed by the thermoelectric
phase, accompanied by a relatively large amount of secondary phases
due to the incongruent melting of this compound. After annealing, the
amount and number of secondary phases are drastically reduced.
Moreover, Na-doping has further increased the thermoelectric phase
content and improved grain orientation. These microstructural mod-
ifications are reflected in a drastic decrease of electrical resistivity after
the thermal treatment. Seebeck coefficient has also been raised in an-
nealed samples. As a consequence, PF values determined in these
samples are more than twice the measured in as-grown ones.
Furthermore, they are much higher than the best ones reported in the
literature in hot-forged materials. From the magnetic point of view, all
samples are very similar, their magnetic susceptibility values sharply
drop between 5 and 35 K, slowly decreasing at higher temperatures.
The paramagnetic Curie temperature (−48.6 K) indicates that anti-
ferromagnetic fluctuations are dominant in the high-T part of the
paramagnetic regime. The effective magnetic moment (≈2 μB) was
approximately the same for all annealed samples. On the other hand, no
hysteresis cycles are observed in the M-H measurements.

All these results show that the thermoelectric performances of
Bi2Sr2Co2Oy ceramics can be tuned up by adequate doping, texturing,
and annealing, leading to promising thermoelectric materials for
practical applications.
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