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Abstract
In this study, Bi2Sr2−xNaxCo2Oy (x = 0.0, 0.05, 0.075, 0.10, and 0.15) ceramic powders have been fabricated via the classical 
ceramic route, followed by a texturing process through the laser floating zone technique. XRD patterns show the thermo-
electric phase as the major one. In addition, Na-substitution reduces the amount of secondary phases, when compared to 
the pure sample. SEM observations point out that grain orientation is significantly improved when Na-content is increased. 
Na-substitution reduces electrical resistivity from 35 (in pure samples) to 19.6 mΩ cm (in Na = 0.05 ones) at around room 
temperature, while Seebeck coefficient is, approximately, twice measured in Na-free. On the other hand, thermal conductiv-
ity is slightly lower in undoped samples (0.83 W/K m), when compared to the Na-substituted ones (1.10–1.40 W/K m) at 
room temperature, due to their lower electrical conductivity. Finally, ZT values are higher when the Na-content is increased, 
reaching 0.022 at around 400 K.

1  Introduction

Research on alternative energy sources is quite popular due 
to challenges like the decrease of fossil-fuel-based energy 
sources, increase in energy demand and global warming. 
Thermoelectric materials have an important place in this 
kind of research to enable the reuse of waste heat as electri-
cal energy. These materials allow producing electric energy 
from a temperature gradient when they are integrated into 
thermoelectric generators formed by p-n legs. The conver-
sion efficiency of these materials can be obtained from the 
dimensionless figure of merit, ZT, defined as TS2/ρκ, where 
T is the absolute temperature, S Seebeck coefficient, ρ elec-
trical resistivity, and κ thermal conductivity [1]. Bi2Te3, 
PbTe and CoSe3 intermetallics are commonly used as ther-
moelectric materials in commercial modules. However, this 

compounds show some important drawbacks such as their 
low abundance in the earth’s crust [2], and their degrada-
tion and/or liberation of heavy elements at high temperatures 
under air [3]. Such problems have caused the emergence 
of Co-based oxides, which are abundant in earth’s crust, 
stable at high temperatures, and much less toxic. The first 
discovered member of this CoO-based family, NaxCoO2, 
exhibits large thermoelectric power, breaking the general 
belief that oxides had poor thermoelectric properties [4]. 
This work led to the discovery of new layered cobaltites 
with p-type behavior, such as Ca–Co–O [5], Bi–Ca–Co–O 
[6], and Bi–Sr–Co–O [7]. In addition, other families as TiO- 
and MnO-based materials [8, 9] were discovered, exhibiting 
n-type properties, being the counterpart of p-type ones in 
thermoelectric modules.

Various crystallographic studies showed that Co-based 
crystal structure can be described as composed of two dif-
ferent layers, namely CdI2-type CoO2 conductive layer and 
rock salt (RS) Bi2X2O4 (X = Ca, Sr and Ba) insulating lay-
ers. These two layers have common a- and c-axis lattice 
parameters with different b-axis length, which causes a 
misfit along the b-direction [10, 11]. This irregularity in 
the crystal structure causes a high anisotropy in the mate-
rial as well as in its electrical properties and Seebeck coef-
ficient. In this regard, cation substitution [12–14] or dif-
ferent synthesis techniques [15–18] have been performed 
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to enhance thermoelectric properties of these materials. 
Taking into account these previous studies, the aim of this 
work is investigating the effect of Na substitution for Ca 
on the microstructure, and thermoelectric and magnetic 
properties of Bi2Sr2Co2Oy prepared by solid state method 
followed by LFZ texturing.

2 � Experimental procedure

Bi2Sr2−xNaxCo2Oy (x = 0, 0.05, 0.075, 0.10, and 0.15) ther-
moelectric ceramics were prepared via the conventional 
solid state method using Bi2O3, SrCO3, Na2CO3, and CoO 
commercial powders. In a first step, they were homog-
enously mixed and ball milled for 30 min. at 300 rpm in 
distilled water media. Then, infrared lamps were used 
to dry the suspension and manually milled to break the 
agglomerates. The resulting homogenous mixtures were 
calcined twice at 750 and 800 °C to decompose CO2 from 
the metallic carbonates and isostatically pressed into 
cylindrical rods with radius φ = 2–3 mm, and ~100mm 
length under 200 MPa. These rods were finally used as 
feed in LFZ system powered with Nd-YAG laser radia-
tion (λ = 1064 nm) [19]. The grown speed of all samples 
has been 30 mm/h, with 3 rpm seed rotation to obtain the 
cylindrical geometry. At the same time, the feed was oppo-
sitely rotated at 15 rpm to obtain a homogeneous molten 
zone. This process leads to very dense and geometrically 
homogeneous cylindrical rods with around 2.5 mm diam-
eter. However, due to its incongruent melting, several 
secondary phases are also formed through LFZ process, 
besides the thermoelectric phase [20, 21]. Therefore, a 
final heat treatment at 810 °C for 24 h was applied to 
reduce the secondary phases content, increasing the ther-
moelectric phase proportion in the samples. Consequently, 
all characterizations have been performed on textured and 
annealed samples.

Structural features have been determined through 
the powder XRD technique with 2θ between 5 and 
40 degrees. In order to evaluate the microstructure of 
Bi2Sr2−xNaxCo2Oy samples a field-emission scanning 
electron microscope (FESEM, Zeiss Merlin), with an 
attached EDS system, was used. For these observations, 
longitudinal polished sections of samples were prepared 
by hot-embedding the fibers into conducting resin, grinded 
to reach their center, and finally polished with diamond 
paste. Electrical resistivity (ρ), Seebeck coefficient (S), 
and thermal conductivity (κ) have been simultaneously 
measured from 4.2 to 390 K in a Quantum Design PPMS 
system. Figure of Merit, ZT (= S2T/ρκ), was calculated to 
establish the thermoelectric performances of these sam-
ples as a function of temperature and Na content.

3 � Results and discussion

Powder XRD patterns were acquired at room temperature 
and illustrated in Fig. 1. Regardless of Na content, all pat-
terns are quite similar and major peaks correspond to the 
thermoelectric phase. In the graph, plane reflections for the 
thermoelectric phase have been labeled, and most of them 
correspond to the (00l) planes, in agreement with previously 
reported data [19, 22]. In addition, small amount of second-
ary phases, such as Bi0.75Sr0.25Oy, CoCo2O4 (identified as *, 
and #, respectively), were observed due to their incongru-
ent melting. Moreover, when Na content is increased, the 
amount of these phases is decreased, without observing any 
Na-based phases. Hence, it can be concluded that Na ions 
are incorporated into the TE phase and do not create differ-
ent Na-involved phases.

Representative SEM micrographs of samples after the 
growth process and presented in Fig. 2. They show several 
contrasts: Black (#1), dark grey (#2), grey (#3), light grey 
(#4) and white (#5), which have been identified through EDS 
as Co oxide, Bi poor phase, TE phase (Bi2Sr2−xNaxCo1.8Oy), 
Bi2Sr2Co1Ox, and Bi/Sr rich oxide, respectively. The com-
positional variation of the thermoelectric phase in the tex-
tured annealed samples with the Na nominal substitution 
is displayed in Table 1. As it can be observed in this table, 
Na content is slightly lower than the nominal one, probably 
due to volatilization of Na2CO3 during the laser texturing 
process. In general, volatilization of the molten Na2CO3 
is known as one the factors that limit the performance of 
molten carbonate fuel cells (MCFC), even operating at lower 
temperatures [23]. On the other hand, it is clear that the 

Fig. 1   XRD patterns of Bi2Sr2−xNaxCo2Oy samples for x = (a) 0; (b) 
0.05; (c) 0.075; (d) 0.10 and (e) 0.15. Diffraction planes identify the 
peaks associated to the thermoelectric phase, while * and # corre-
spond to Bi0.75Sr0.25Oy, and CoCo2O4 secondary phases, respectively
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secondary phases decrease when the Na content is increased, 
in agreement with XRD results. Furthermore, with increas-
ing Na-content, better grain orientation is produced, due to 

the fact that introducing Na decreases the melting point of 
the samples, and reduces the radial thermal gradient in the 
solidification interface, as observed in similar systems [24].

Figure 3 presents electrical resistivity curves between 5 
and 390 K for Bi2Sr2−xNaxCo2Oy. At low temperatures, all 
samples display semiconducting-like behavior (dρ/dt < 0), 
reaching the minimum at the metal–insulator-transition-
temperature (Tmin). This transition temperature is increased 
when the Na content is raised, implying the occurrence of 
ordering in the incommensurate spin-density-wave (IC-
SDW) [25]. After this minimum, metallic like behavior is 
presented (dρ/dt > 0) up to the so-called T* temperature, 
determining the transition from a strongly correlated Fermi 
liquid regime to incoherent metal regime [26], and suggest-
ing the existence of mobile carriers. Tmin, T* and room tem-
perature resistivity values are tabulated in Table 2. As it can 
be seen in the table, the room temperature resistivity of all 
doped samples is much smaller than those determined in the 
undoped ones. In addition, Tmin and T* values monotoni-
cally increase with increasing Na-content. The evolution of 
these resistivity results can be explained by the reduction 
of the oxidation state in the rock salt layer provided by the 
replacement of Sr2+ with Na+. As a consequence, some Co3+ 

Fig. 2   Representative SEM micrographs of Bi2Sr2−xNaxCo2Oy sam-
ples for x = (a) 0; (b) 0.075, and (c) 0.15. Black (#1), dark grey (#2), 
grey (#3), light grey (#4) and white (#5) contrast correspond to Co 
oxide, Bi poor phase, TE phase (Bi2Sr2−xNaxCo1.8Oy), Bi2Sr2Co1Ox 
and Bi/Sr rich oxide, respectively

Table 1   Cationic composition 
of the thermoelectric phase as 
a function of the nominal Na 
substitution obtained through 
EDS

Nomi-
nal Na 
content

Bi Sr Na Co

0.0 2.0 1.9 0.0 1.8
0.05 2.1 1.8 0.03 1.8
0.075 2.1 1.8 0.06 1.8
0.10 2.0 1.9 0.09 1.8
0.15 2.0 1.8 0.12 1.8

Fig. 3   Temperature dependence of electrical resistivity for 
Bi2Sr2−xNaxCo2Oy
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is raised to Co4+, in order to preserve electrical neutrality of 
the structure, increasing the charge carrier concentration and 
decreasing resistivity. While room-temperature resistivity 
value is around 35 mΩ cm for undoped samples, this value 
decreases to 21.2 mΩ cm for x = 0.15 and 19.6 mΩ cm for 
x = 0.05 samples. Variable range hopping (VRH) [16] model 
can be used at low temperatures to describe the resistivity 
behavior of samples. In this model, resistivity variation with 
temperature can be described as:

where, T0 is the characteristic temperature of VRH model, 
given as T0 = 8/[πkBN(εF)lν2], in which N(εF) is the density of 
localized states at Fermi level, kB is Boltzmann constant and 
lv is the localization length [27]. T0 value can be obtained 
from the slope of lnρ(T) − T−1/3 graph as shown in Fig. 4a. 
T0 values are listed in Table 2, where it can be observed that 
they increase with increasing Na-content, and implying the 
decrease of localization length, lv.

At higher temperatures, the thermal energy increased, 
exciting holes carriers, and then VRH model is not suffi-
cient to describe the samples behavior. Instead, thermally 
activated conduction (TAC) model [26, 27] can be used with 
the following expression:

which can be rewritten as;

where �(T) is charge carriers mobility, k
B
 is the Boltzmann 

constant, E0 is the energy gap or activation energy due to the 
spin density wave (SDW) occurring at Fermi surface with 
fitting parameters A and B. By using this equation, low resis-
tivity data was fitted and presented in Fig. 4b. The slope in 
the plots of ln ρ versus T−1 corresponds to the samples acti-
vation energy ( E0) . As it can be seen, the obtained E0 values 
increase with increasing Na-content, suggesting that replac-
ing Sr with Na positively affects the formation of the SDW 
propagating in the CoO2 plane. Furthermore, the increase 

(1)�(T) = �(0) exp(T0∕T)1∕3

(2)
1

�
= �(T) exp

(
−
E0

k
B

)

(3)ln � =
E0

k
B

T
−1 − ln � = AT

−1 + B

in the activation energy can be an indication of the Co+3 to 
Co+4 promotions. Hence, introducing Na into the rock salt 
layer has an indirect effect on the CoO2 plane promoting 
SDW state surviving in the CoO2 plane.

The temperature dependence of Seebeck coefficient as 
a function of Na-content is presented in Fig. 5. At a first 
sight, Seebeck coefficient is positive for all samples in the 
whole measured temperature range which is indicative of 
p-type conduction. More importantly, Seebeck coefficient 

Table 2   Electrical and thermal 
transport parameters for all 
Bi2Sr2−xNaxCo2Oy samples

Sample Na = 0.00 Na = 0.05 Na = 0.075 Na = 0.10 Na = 0.15

T0 (K) 110 ( ∓0.3) 288 ( ∓0.1) 292 ( ∓0.06) 294 ( ∓0.10) 451 ( ∓0.13)
E0 (meV) 0.042 ( ∓0.02) 0.55 ( ∓0.07) 0.73 ( ∓0.05) 0.74 ( ∓0.41) 0.84 ( ∓0.26)
Tmin(K) 49 ( ∓4) 74 ( ∓4) 91 ( ∓4) 93 ( ∓4) 97 ( ∓4)
T* 306 ( ∓4) 311 ( ∓4) 353 ( ∓4) 362 ( ∓4) 366 ( ∓4)
κch300K (WK−1 m−1) 0.02 ( ∓0.001) 0.04 ( ∓0.003) 0.03 ( ∓0.003) 0.03 ( ∓0.003) 0.03 ( ∓0.004)
ρ300K (mΩ cm) 35.8 ( ∓0.02) 19.7 ( ∓0.09) 22 ( ∓0.04) 21.9 ( ∓0.03) 21.2 ( ∓0.08)

Fig. 4   a ln ρ − T−1/3 plots between 10 and 37 K, b ln ρ − T−1 plots 
between 12 and 380 K
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of Na-doped samples is increased, approximately, twice 
compared to Na-free samples. A temperature-independent 
expression for the Seebeck coefficient is given by Koshibae 
et al. [28] as follows;

where kB is the Boltzmann constant, e is the electron charge 
and x is the concentration of Co+4 ions. The Seebeck coef-
ficient at room temperature is around 110 μV/K for all 
Na-doped samples and 55 μV/K for Na-free sample. This 
Seebeck coefficient increase can be attributed to the higher 
concentration of Co+4 ions given in Koshibae’s equation. By 
using this equation, the valence of cobalt ions is approxi-
mately 3.45 at around 300 K for Na-doped samples. How-
ever, this model is not realistic enough as it is ignoring the 
peculiar splitting of the t2g levels in the CoO2 layer [29]. As 
a matter of fact, Seebeck coefficient of Na-doped samples 
increases almost linearly up to 300 K indicating a tempera-
ture dependency. A temperature dependent expression for 
Seebeck effect is given by the Mott formula [27];

where n, Ce, kB and μ(ϵ) are carrier concentration, electronic 
specific heat, Boltzmann constant, and energy correlated 
mobility, respectively. By using this relation, it can be sug-
gested that an increase in carrier concentration reduces See-
beck coefficient as indicated by the first term in Eq. 5. There-
fore, the increase in the Seebeck coefficient with Na-content 
can be explained by the second term in Eq. 5. By increasing 

(4)S = −
k
B

|e|
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6
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)

(5)S =
C
e

n
+

T�2k
2
B

3e

[
� ln�(�)

��

]

Na-content, due to the disorder arising from Na substitution, 
the rate of change in the system energy correlated mobility 
is increased, leading to higher Seebeck coefficient values. 
At room temperature, the S values change from 54 (pure 
samples) to 115 µV/K (0.075 Na doped samples).

Figure 6 presents thermal conductivity, κ(T), versus tem-
perature curves for the samples. According to the graph, 
the thermal conductivity behavior of all samples seems 
very similar. It increases linearly with temperature at low 
temperatures, and tends to be almost temperature independ-
ent at higher ones. Generally, thermal conductivity can be 
expressed as [30];

where κph(T) and κch(T) are phonon, and carrier thermal 
conductivity components, respectively. In this expression 
κch(T) term can be deduced from Wiedemann–Franz (W–F) 
law given as κch(T) = LT/ρ where L is the Lorentz number 
with the value of 2.45 × 10−8 V2/K2. Calculated κch values 
at room temperature are presented in Table 2. These values 
are around 0.03 in all cases, being slightly higher for Na 
doped samples. Typically, the contribution of carrier thermal 
conductivity component is small, and the main contribution 
comes from the phonon thermal conductivity component. 
In addition, the difference between the ionic radii of the Na 
and Sr affects the lattice vibrations positively by distorting 
the crystal lattice.

In order to determine TE performances of the samples 
ZT has been calculated from ρ, S and κ values, and plot-
ted, as a function of temperature, in Fig. 7. Although all 
Na-substituted samples possess higher thermal conductivity, 

(6)�(T) = �ph(T) + �ch(T)

Fig. 5   Temperature dependence of Seebeck coefficient for 
Bi2Sr2−xNaxCo2Oy

Fig. 6   Temperature dependence of thermal conductivity for 
Bi2Sr2−xNaxCo2Oy
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ZT values of all Na-substituted samples are higher than the 
obtained in Na-free ones. The largest ZT value has been 
obtained for x = 0.15 sample (0.017) at room temperature. 
This value is higher than the reported for melt quenched 
samples (0.010) [31], and in the same order of those 
obtained in spark plasma textured materials [32].

Temperature dependence of magnetization between 5 and 
300 K for all samples is measured. From the results, the 
magnetization behavior of all samples are found to be quite 
similar, sharply increasing below 50 K. At higher tempera-
tures, temperature dependence of magnetization is relatively 
weak and shows a temperature-independent tendency. From 
Curie Weiss law (1/χ versus T graph), the fitting line cuts 
the temperature axis at negative temperatures. This means 
that antiferromagnetic-type interactions are dominant at low 
temperatures [33]. From the magnetic field dependence of 
magnetization curves for BiSr2−xNaxCo2Oy fibers under ±5T  
applied fields at 10 K, it has not been observed any hyster-
esis behavior.

4 � Conclusion

In this study, Bi2Sr2−xNaxCo2Oy ceramics were produced 
via the conventional solid state method and textured using 
the LFZ technique. XRD patterns showed that major phase 
is the thermoelectric one regardless of Na concentration. 
SEM–EDS analysis has shown that Na doping enhances 
grain orientation and slightly decreases the amount of sec-
ondary phases. Samples resistivity is decreased with Na-
content, and a broad minimum at Tmin can be observed in all 
samples, implying the presence IC-SDW ordering. Seebeck 
coefficient of Na-doped samples increased approximately 
twice compared to Na-free ones. Although doped samples 

possess higher thermal conductivity, due to their lower resis-
tivity and higher Seebeck coefficient, ZT values of all doped 
samples are higher than for Na-free ones.
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