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Abstract Three different water based sol-gel methods
were compared in the synthesis of Bi,Sr,Co; gO4 thermo-
electric ceramics. We chose methods that can stabilize a
Bi*" ion while solution and gel are formed: chelating
method using combination of ethylenediamintetraacetic
acid (EDTA) and triethanolamine (TEA) chelating agents
and, further, synthesis using two different water soluble
polymers—polyacrylamide or polyethylenimin. In each
sol-gel process, we tested two gel decomposition atmo-
spheres. The gels were decomposed either in air or in
inert atmosphere (followed by treatment in pure oxygen).
Additionally, a sample synthesized by solid state reaction
was used for comparison with the sol-gel prepared sam-
ples. The grain size of precursors and also their phase
composition were determined for methods used and dif-
ferent gels decomposition atmospheres. The sintered final
samples did not differ in phase composition; on the other
hand, they vary in volume density and microstructure. The
differences were reflected in electric transport measure-
ment (the temperature dependence of Seebeck coefficient,
resistivity and thermal conductivity). The use of EDTA/
TEA or PEI methods led to the samples with improved
thermoelectric parameters in comparison to the solid state
sample.
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1 Introduction

One of the serious challenges for sustainable growth is
energy generation and its storage. The use of the thermo-
electric effect is one of the promising technologies—the
waste heat recovery or the use of thermoelectrics as a
supplement to solar cells (thermoelectrics, unlike solar
cells, can convert also low frequency heat). Ceramics based
on a misfit layered cobalt oxide represent a potential
thermoelectric material. In contrast to intermetallic com-
pounds (e.g. Bi;Te;), they have lower thermoelectric per-
formance but they are non-toxic and stable up to higher
temperatures.

The first reported compound from this family was the
layered Na,CoO, system with the high valence of cobalt
[1]. Similar cobalt oxides (e.g. CazCo03.9504, BirSrs.
Co;.30x) with general formula [M;A>0;,,][CoO,], have
been synthetized so far [2, 3]. The structure generally
consists of two crystal subsystems [4] which are mutually
incommensurate with respect of at least one lattice
parameter. The first one with a rock salt structure is com-
posed of square-planar MO layers (M = Co, Bi, Pb, T1, ...)
surrounded by AO planes also with square symmetry
(A = Ca, Sr, Ba, ...). CoO, subsystem reveals hexagonal
symmetry (Cdl, crystal type) and is built from edge sharing
CoOy octaedra. Mixed valence Co>*/Co** is favored for
high thermoelectric performance in the misfit cobalt oxides
[5].

Interestingly, the Bi,Sr,Co, 3O, phase was first prepared
with the intention to get an analogue of superconducting
Bi-Sr—Ca—Cu oxide [6] with stoichiometry Bi,Sr;Co0,0.
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As late as 10 years after, the crystal structure was refined
[4] as a misfit layered system in contrary to the structure of
the Bi—Sr—Ca—Cu oxide.

To achieve high thermoelectric efficiency, high figure of
merit ZT (~SZT/p/1) is necessary. Therefore, the thermo-
electric material should meet some microstructural criteria,
in particular the bulk density. Methods where bulk material
is prepared from a melt (e.g. flux flow sintering, spark
plasma sintering) or solid state reaction with enhanced
grain growth (e.g. hot isostatic pressing) are utilized. Sol-
gel methods can be successfully used for the preparation of
oxide precursor powders that possess high chemical
homogeneity, small grain size, and high reactivity.
According to our knowledge, only a few studies describing
the sol-gel preparation of Bi—Sr—Co oxide have been
published. PEI (polyethyleneimine) as a water soluble
polymer was used to produce Bi,Sr,Co, 3O, material [7].
The other work describing the solution based synthesis of
Bi-Sr—Co oxide is based on the chemical solution depo-
sition (CSD) of acetates dissolved in propionic acid [8].

In this paper, we compare three different water based sol—
gel methods. The choice of an appropriate procedure is dif-
ficult due to a presence of Bi® "cation as a strong hydrolyzing
species (contrary to other cobaltites, e.g. Ca3Co3950x).
According to our previous experience with Bi-based super-
conducting cuprates [9], we used methods where N-donor
chelating agents suitable for the bismuth cation are applied: a
chelating method using the combination of ethylenedia-
mintetraacetic acid (EDTA) and triethanolamine (TEA).
Secondly, two water soluble polymer methods applying
polyacrylamide (PAAM) or polyethylenimin (PEI) were
used. Both polymers contain also N-donor atoms that
enhance the bismuth chelation. Gels prepared by chosen sol—
gel methods were decomposed either in air or in inert
atmosphere (followed by treatment in pure oxygen). The
phase composition and grain size of the obtained powders
were compared. Further, the influence of decomposition
atmosphere on the final samples microstructure was evalu-
ated. Thermoelectric transport characteristics (the tempera-
ture dependence of Seebeck coefficient, resistivity and
thermal conductivity) were also measured.

2 Experimental procedures
2.1 Samples preparation

The thermoelectric material of stoichiometry Bi,Sr,Co; gOx
(further called Bi-222) was prepared by three different sol—
gel procedures and also by solid state reaction. In water
based methods, bismuth solutions were always prepared at
first with regards to the stabilization of Bi** in solution. Only
after then, compounds containing Sr and Co were added.
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2.1.1 PAAM polymer and PEI polymer methods

The procedure was similar for both used polymers. The
amount of polymer was chosen as 2 monomer units per one
metal cation in each process. 50 % water solutions of PAAM
or PEI with average molecular weight of 1,500 or 2,000
g/mol, respectively, were used. Bi(CH3;COQO); was dissolved
in diluted acetic acid; then the polymer solution was added;
no pH adjustment was required. Sr(CH;COO),-1/2H,0 and
Co(CH3CO0),-4H,0 were added directly to the prepared Bi
solution. The mixture was heated at 80 °C to evaporate water
and then the temperature was increased up to 100 °C to reach
gelation.

2.1.2 Chelating EDTA/TEA sol-gel route

The molar ratio of chelating agent 1:1:1 (metals:EDTA:TEA)
was chosen. Bi(CH;COO); was dissolved in diluted acetic
acid; then EDTA was added and pH was increased using
ammonia solution until EDTA was fully dissolved; next, TEA
was added to this solution. The second solution was prepared
dissolving Sr(CH5COO),-1/2H,0 and Co(CH3COO0),-4H,0O
in water; EDTA was added and deprotonated using ammonia
solution; TEA was inserted at the end, as well. Both prepared
solutions were mixed together and heated at 80 °C. After
water evaporation, the temperature was increased to 100 °Cto
promote the esterification process [9]. After a while, the
temperature started to increase spontaneously up to 130 °C
and the solution turned into gel.

The gels obtained from all sol-gel methods were further
processed as follows: after the first decomposition step at
250 °C in air, the gels were heat treated either in air (500
and 800 °C/2 h) or using “N,/O,” regime (800 °C/3 h/N,
and 400 °C/2 h/O,). Prepared powders were pressed into
pellets that were finally sintered at 870 °C/96 h in air.
Some samples were reground and pressed again in the
middle of sintering (will be described further later).

2.1.3 Solid state preparation

Bi,03, SrCO; and Co30, were homogenized in agate
mortar and then the mixture was calcined at 800 °C for
12 h. After homogenization, the calcined powder was
pressed into pellets that were finally sintered in air in the
same way as in the sol-gel routes.

2.2 Characterization methods

Differential thermal analysis and thermogravimetric anal-
ysis (DTA/TG) were carried out simultaneously using
equipment Setaram (model Setsys Evolution). The tem-
perature range of the measurement was 20-900 °C with the
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heating rate 5 °C/min; the measurement was carried out in
ambient atmosphere.

WTW pH meter (model Multilab 545) equipped with a
glass electrode was used for pH control during the prepa-
ration of solutions and gels.

X-ray powder diffraction (XRD) data were collected at
room temperature with Bruker AXS D8 6—6 powder diffrac-
tometer with parafocusing Bragg—Brentano geometry using
CoK, radiation (X = 1.79021 A, U = 34 kV, I = 20 mA).
Data evaluation was performed in the software package
HighScore Plus.

Scanning electron microscopy was carried out using
TESCAN Vega3 equipped with EDS analyzator (Oxford
Instruments INCA 350). All presented pictures were taken
in secondary electrons regime.

Transport properties (electrical resistivity, thermal con-
ductivity and Seebeck coefficient) were measured using
four-probe method (self-designed equipment). The mea-
surement was carried out in a vacuum cell integrated into a
closed-cycle helium cryostat. The bulk density was deter-
mined by volume and weight measurement. The theoretical
value of bulk density 6.81 g/cm® was taken for Bi,Sr,.
Co; gOy phase.

3 Results and discussion
3.1 Gel decomposition

Firstly, we performed the DTA/TG analyses of gels pre-
pared by all used sol-gel methods. Figure la, b show the
TG and DTA curves, respectively. The gels prepared by all
three sol-gel methods are presented. It is generally con-
sidered that water bound in gel is released in the temper-
ature region up to 250 °C. It is interesting that this step
exhibits the biggest mass decrease at PAAM gel decom-
position. PAAM is probably able to bind a higher amount
of water than other used polymers and the release of bound
water is connected with a significant endothermic peak at
approximately 150 °C. (Fig. 1b).

Fig. 1 TG (a) and DTA (a)
(b) measurement of gels
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The temperature region between 250 and 400 °C rep-
resents the decomposition of acetic acid (released from
acetates) and, simultaneously, the beginning of polymer
resin decomposition [10—12]. The highest heat release, in
each case, is located between 400 and 500 °C. This exo-
thermic effect is attributed to the decomposition and oxi-
dation of organic resin associated with gas evolution. On
the basis of the described measurement, the prepared gels
were heat treated in air at 250, 500 and 800 °C/2 h.

We also tested the decomposition of gels in inert
atmosphere followed by treatment in pure oxygen (further
called “N,/O,” regime). The temperatures of both steps
were chosen on the basis of DTA/TG measurement in inert
atmosphere; completeness of decomposition was controlled
using organic elemental analysis (not presented). Such a
procedure could decrease the particle size of prepared
precursor [13] and, consequently, enhance the sintering
process. A flow-chart of both decomposition processes is
given in Fig. 2.

Figure 3 presents the SEM micrographs of precursor
powders prepared by both decomposition procedures (the
difference between used decomposition atmospheres was
the same in all three used sol-gel methods). The photo of
solid state precursor is presented, as well. For greater
clarity, the same magnification is used for all three pictures.
Only agglomerates of 50—-100 nm grains are visible in the
picture of precursor decomposed in “N,/O,” regime. On
the other hand, both precursors heat-treated in air were
partly sintered regardless of the method of their preparation
(sol—gel or solid state).
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Fig. 2 The scheme of used gel decomposition procedures
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Fig. 3 The SEM images of powder precursors prepared by: a EDTA/TEA method with gels decomposed in inert atmosphere, b EDTA/TEA
method with gels decomposed in air, ¢ solid state reaction. (magnification x5,000)

The precursor powders from gels decomposed in air
(independently of the chosen sol-gel method) contained
the prepared phase Bi-222 (as a major phase) as early as
after heat treatment at 500 and 800 °C/2 h. It confirms high
reactivity and stoichiometric homogeneity of sol-gel pre-
cursors. Big 755192504 phase and Bi,Sr,Co;O4 phase (so
called Bi-221) were detected as the most frequent sec-
ondary phases present in this system at the stage of
precursor.

In contrast, the powders decomposed under “N,/O,”
regime did not contain the Bi-222 final phase. These pre-
cursor powders were mainly composed of Bi,03, SrCO3 and
cobalt oxides with the presence of various binary oxides of
Bi, Sr and Co. Note that the formation of carbonate is
undesirable in the intermediate, yet it occurs during the heat
treatment in oxygen. The carbon based matter (formed in the
previous step in inert atmosphere) is oxidized and the arising
CO; is bound by SrO present.

3.2 Thermoelectric oxides preparation

With regards to the phase composition of the final samples,
there were no differences between samples prepared in
different gel decomposition atmosphere. None of the cho-
sen sol-gel methods influenced the resulting phase com-
position. Figure 4 shows the example of XRD pattern of
the final sample prepared using EDTA/TEA route with gel
decomposed in “N,/O,” regime. Because of the aniso-
tropic layered crystal structure, some diffraction peaks are
intensified (and marked by # in the Figure). The reference
XRD pattern of Bi-222 phase (not depicted) was calculated
using JANA 2006 program for the Rietveld refinement of
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Fig. 4 The XRD pattern of the sample prepared using the EDTA/
TEA route with gel decomposed in the “N,/O,” regime. The
intensified reflections of the Bi-222 phase are marked by #; bullet is
used for Big 7519250« phase. All unmarked peaks belong to the Bi-
222 phase

modulated structures. The structural data of the phase were
taken from [4]. Biy75Sr9,504 phase was found as a trace
phase almost in all samples.

We compared bulk density of the final samples (Table 1).
Although the manner of density determination does not
ensure high accuracy, we can see some trends in density
changes. The sol-gel samples prepared using either EDTA/
TEA or PEI (in both cases with gels decomposed in air) were
denser than samples prepared by solid state reaction.
Moreover, the grains of sintered samples (prepared by the
mentioned procedure) were larger—see Fig. 5 where the
SEM micrographs of the EDTA/TEA sample and the solid
state sample are presented.
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Table 1 The bulk density of the final samples

EDTA/ PEI PAAM Solid
TEA (%) (%) (%) state (%)
(a) Gel decomposed in air 90 93 71 87
(b) Gel decomposed in N,/O, 74 63 60
(c) Sample (b) with regrinding 85 92 78

The values were determined by volume and weight measurement

The bulk density of samples with gels decomposed in
“N,/O,” regime was lower than those prepared by solid state
reaction. At this point, the advantage of small high reactive
grains of precursor powder is lost because of the presence of
strontium carbonate. Carbonates, when decomposed at sin-
tering, disrupt the microstructure of sintered pellets by CO,
released.

Therefore we decided to incorporate an intermediate
grinding and pressing step into the sintering procedure.
Afterwards, the prepared samples reached a similar bulk
density as sol-gel samples with gels decomposed in air.
The described problem is expected in all systems con-
taining cations with high affinity to CO, that is formed in
situ during oxygen treatment of amorphous organic
powder.

The samples prepared using PAAM as a gelation agent
reached lower bulk densities than all the other samples;
moreover, the density values did not even reach the values
of the solid state prepared material. This fact could be
explained by the different thermal behavior on gel decom-
position visible in DTA measurement (Fig. 1). The PAAM
gel when being decomposed releases more heat that causes

the precocious sintering of precursor grains. Such effect can
further influence the reactivity of grains and the final vol-
ume density.

The comparison of microstructures of chosen samples is
visible in Fig. 5. There is a noticeable difference between
the samples prepared using the EDTA/TEA sol-gel pro-
cess, the solid state reaction and the PAAM method.

The described differences were confirmed by electric
transport measurements. Generally, the samples prepared
using the PAAM sol-gel method showed poor transport
properties. It is in accordance with bulk density and
microstructure. This method could be more successful if
the heat treatment of gel is modified. The results of PAAM
samples are not depicted in the following figures—data are
only presented in Table 2. The values of Seebeck coeffi-
cient are not generally influenced by microstructure;
however, they determine the values of both thermoelectric
parameters—the power factor PF (~S%p) and the figure of
merit ZT (~S?T/p/). The temperature dependence of the
Seebeck coefficient is shown in Fig. 6. It is visible that
decomposition atmosphere can influence the oxygen stoi-
chiometry of sintered material—the samples prepared
using gels decomposed in inert atmosphere reveal lower S
values.

Regarding the temperature dependence of electrical
resistivity (not presented), the sample prepared by the solid
state reaction had the higher value of p (~23.5 mQ cm at
room temperature) in comparison to the sol-gel prepared
samples. The samples prepared using gels decomposed
either in “N,/O,” regime or in air differed only slightly
(e.g. p ~ 15.1 and 16.5 mQ cm at room temperature for

Fig. 5 The SEM images of the final samples prepared by a EDTA/TEA sol-gel process (with gel decomposed in air), b solid state reaction,
¢ PAAM sol—gel process (with gel decomposed in air). (magnification x1,000)
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Table 2 The measured

. . The atmosphere of gel EDTA/TEA PEI PAAM Solid state
electrical properties (Seebeck decomposition reaction
coefficient, electrical resistivity, Air N,/O, Air N,/O, Air N,/O,
thermal conductivity) and the
calculated values of Soo8 k [LV/K] 150.0 113.5 143.5 123.0 119.2 120 144
thermoelectric efficiency (the paos x [MQ cm] 16.5 15.1 16.7 152 2050 29.0 235

power factor and the figure of
merit); all values given for

;ngg K [W/K m] 2.40

1.88 2.48 2.85 1.63 2.05 2.81

298 K PFaos x [MW/K? m] 0.137 0.085 0.122 0.097 0.007 0.050 0.087
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Fig. 6 The temperature dependence of the Seebeck coefficient

the EDTA/TEA samples with gels decomposed in “N,/O,”
regime and in air, respectively). It is probably caused by
well grown, larger grains of sol-gel samples (compare
Fig. 5a, b) that can improve electrical conductivity. How-
ever, the temperature dependence of the power factor was
more influenced by the values of Seebeck coefficient—
Fig. 7. The sol-gel samples prepared using gels decom-
posed in air possessed the following values of PF at room
temperature: 0.12 mW/K*> m (EDTA/TEA sample) and
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Fig. 7 The temperature dependence of the power factor
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Fig. 8 The temperature dependence of the figure of merit

0.14 mW/K>m (PEI sample). These values are higher than
those presented in the only article describing sol-gel
preparation of Bi—Sr—Co oxide [7]. All measured transport
properties are also comparable to or higher than those cited
in this article for single crystals or textured materials.

Taking into account the thermal conductivity data (not
presented) we will obtain the temperature dependence of
the figure of merit—Fig. 8. The sol-gel samples (except
samples prepared by the PAAM method) revealed more
favorable values of thermoelectric efficiency than the solid
state sample. The main reason is the increased electrical
resistivity and higher thermal conductivity of the solid state
sample. Table 2 summarizes the values of both measured
and calculated electrical properties.

The most promising progress in the figure of merit
showed the EDTA/TEA sample with gel decomposed in air
(ZT ~ 0.017 at room temperature). Naturally, the figure of
merit at higher temperatures is important for oxide mate-
rials. Therefore we will be further studying the behavior of
the sol-gel prepared samples at higher temperatures.

4 Conclusions

We compared three different water based sol-gel methods for
Bi-Sr—Co thermoelectric oxide preparation. Two different
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gel decomposition atmospheres were tested for each wet
method. The solid state reaction was also used to compare
with the sol-gel samples.

Independently on the chosen sol-gel method, the pow-
der precursors prepared from gels decomposed in air were
mainly composed of the desired phase as early as after the
treatment at 800 °C (2 h). On the other hand, the powders
prepared using gels decomposed at 800 °C (3 h) in N,
followed by treatment in O, at 400 °C (2 h) contained
three constituent oxides and strontium carbonate. These
powders had much smaller grain size; however, the pres-
ence of carbonates compelled intermediate grinding during
the sintering process.

After sintering, we obtained homogeneous polycrystal-
line samples with trace impurities of Big 755192504 phase.
The use of PAAM polymer turned out to be unsuitable for
thermoelectric material preparation (the samples did not
even reach the bulk density of the solid state sample). The
other methods (EDTA/TEA and PEI) provided samples
with improved thermoelectric parameters in comparison to
the solid state sample. The samples prepared using gels
decomposed in air showed higher values of the power
factor and the figure of merit. In comparison to the samples
with gels decomposed in “N,/O,” regime, they have higher
values of the Seebeck coefficient.

Generally, the precursor powders prepared by used sol—
gel process could be well used in a solid state reaction with
enhanced grain growth (e.g. hot isostatic pressing) due to
good homogeneity and high reactivity.
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