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bstract

he synthesis of Bi2Ca2Co1.7Ox misfit compounds by different processing routes, i.e. classical solid-state, and two solution methods namely
ol–gel via nitrates and a polymer route, has been investigated. A comparison among the final products has been performed using DTA, TGA,

-ray diffraction, scanning electron microscopy, and thermoelectric characterizations. All the samples obtained by solution synthesis show a very

mportant increase in ZT, as compared to the solid state prepared samples, due to a significant decrease in the electrical resistivity values.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Thermoelectric (TE) materials with high energy conversion
fficiency are strongly required for electric power generation
ainly in terms of waste heat recovery. Thermoelectric energy

onversion has been shown as an effective technology that can
e used to transform thermal to electrical energy owing to the
ell-known Seebeck effect. This physical property allows pro-
ucing electrical energy from a thermal gradient between the
old and the hot side of a thermoelectric system. The conversion
fficiency of such materials is quantified by the dimensionless
gure of merit ZT, which is defined as TS2/ρκ (in which S2/ρ

s also named power factor, PF), where S is the Seebeck coeffi-
ient (or thermopower), ρ the electrical resistivity, κ the thermal
onductivity, and T is the absolute temperature.1 As higher ZT
igher the efficiency, a performant TE material must involve,
herefore, high thermopower and low electrical resistivity, with
ow thermal conductivity.

The discovery of large thermoelectric power in NaxCoO2,2
hich was found to posses a high ZT value of about 0.26
t 300 K, has opened a broad research field and from this
oment, great efforts have been devoted to explore new
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obaltite families with high thermoelectric performances. Some
ther layered cobaltites, such as misfit [Ca2CoO3][CoO2]1.62,
Bi0.87SrO2]2[CoO2]1.82 and [Bi2Ca2O4][CoO2]1.65 were also
ound to exhibit attractive thermoelectric properties.3–7 The
rystal structure is composed of two different layers, with an
lternate stacking of a common conductive CdI2-type CoO2
ayer with a two-dimensional triangular lattice and a block layer,
omposed of insulating rock-salt-type (RS) layers. Both sublat-
ices (RS block and CdI2-type CoO2 layer) possess common
- and c-axis lattice parameters and β angles but different b-
xis length, causing a misfit along the b-direction.8–10 As a
onsequence of their crystal structure, layered cobaltites are
haracterized by a very important anisotropy.

On the other hand, the preparation techniques can influence
rastically the final grain size and aspect and, as a consequence,
heir final properties. Usually, the powders are synthesized by
classical solid state reaction method, which involves repeated
ixing, milling and calcinations. Nevertheless, incomplete reac-

ion, and compositional inhomogeneities are typical trademarks
f conventional solid state synthesis. In this context, solution
yntheses offer some advantages, as a higher precursor homo-
eneity and reactivity, which can result in the improvement of
heir properties. In this context, the aim of the present study

s developing reproducible preparation methods that yield TE
ptimum quality of Bi2Ca2Co1.7Ox powders for their use in
haped ceramics. This work includes a comparison of three dif-
erent synthetic methods, the conventional solid-state synthesis,

dx.doi.org/10.1016/j.jeurceramsoc.2011.03.008
mailto:amadre@unizar.es
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sol–gel method and a versatile polymer solution synthesis route
eveloped in our laboratory11,12 for layered ceramics. Phase
evelopment and transformation, microstructure and thermo-
lectric properties are discussed according to the preparation
echniques.

. Experimental

The initial Bi2Ca2Co1.7Ox powders were prepared, under air,
y the following ways:

(i) Solid-state reaction: Bi2O3 (98%, Panreac), CaCO3
(98.5%, Panreac), and Co3O4 (98%, Panreac) were ball-
milled for 30 min at 300 rpm. The resulting mixture was
placed in a furnace and heated slowly to 750 ◦C, where it
was kept for 12 h, followed by furnace cooling. After cool-
ing, the remaining powder was ground and heated again at
800 ◦C for 12 h, milled and uniaxially pressed at 250 MPa in
form of bars (∼3 mm × 3 mm × 14 mm). Finally, the com-
pacts were sintered at 800 ◦C for 24 h, with final furnace
cooling.

(ii) Sol–gel: Bi(NO3)3·5H2O (≥98%, Aldrich), CaCO3
(98.5%, Panreac), and Co(NO3)2·6H2O (98%, Panreac)
were suspended in distilled water. Concentrated HNO3
(analysis grade, Panreac) was added dropwise into the sus-
pension until it turned into a clear pink solution. Citric
acid (99.5%, Panreac), and ethylene glycol (99%, Panreac),
were added to this solution in the adequate proportions.
Evaporation of the solvent was performed slowly in order
to decompose the nitric acid excess, which allows the poly-
merization reaction between ethylene glycol and citric acid,
forming a pink gel.13 The dried product was then decom-
posed (slow self combustion) by heating at 350 ◦C for 1 h.
The decomposed solid was mechanically ground for 30 min
and calcined at 750 and 800 ◦C for 12 h, with an intermedi-
ate grinding. As for the solid state reaction, sintering was
performed, following uniaxial pressing, at 800 ◦C for 24 h
with furnace cooling.

iii) Polymer solution synthesis: To a suspension of
Bi(CH3CO2)2 (99.99+%, Aldrich), Ca(CH3CO2)·2H2O
(99%, Panreac) and Co(CH3CO2)2·4H2O (98%, Panreac)
in distilled H2O, glacial acetic acid (ACS Reagent,
Panreac) was added until a pink clear solution was formed.
Polyethylenimine (PEI) (50% aqueous, Aldrich) was
added to the above solution which turned darker imme-
diately due to the nitrogen-metal bond formation. After
partial evaporation (∼80 vol.%) of water and acetic acid in
a rotary evaporator, the concentrated solution was placed
onto a hot plate until a very dark pink paste appeared.
Further heating turn this paste to violet colour, followed
by a slow combustion with the release of brown fumes
(nitrogen oxides). The resulting powder was milled and

calcined at 750 and 800 ◦C for 12 h, with an intermediate
milling, uniaxially pressed and sintered for 24 h at 800 ◦C
with a final furnace cooling.
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b
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The structural identification of all the samples was performed
y powder XRD utilizing a Rigaku D/max-B X-ray powder
iffractometer (CuK� radiation) with 2θ ranging between 10
nd 70◦. In order to characterize the phase evolution, DTA–TGA
nalyses were performed in a TA Instrument (SDT Q600) sys-
em between room temperature and 900 ◦C. Apparent density

easurements have been performed on several samples for
ach synthetic method using 6.35 g/cm3 as theoretical density
corresponding to the Bi1.68Ca2Co1.69O7.38-� compound14). IR
pectroscopy in ATR mode has been performed on samples
xtracted after each processing step in a Bruker IFS 28 Spec-
rometer, between 600 and 1800 cm−1 to determine the extent
f calcium carbonate decomposition.

Microstructural observations were performed on polished
amples using a Zeiss SUPRA 55 scanning electron micro-
cope fitted with energy dispersive spectrometry (EDS) analysis.

icrographs of these samples have been recorded to analyze
he different phases and their distribution. From these pictures,
n estimation of the amount of the different phases, have been
erformed using Digital Micrograph software. Transversal frac-
ured surfaces were observed in a JEOL 6000 SEM microscope
n order to evaluate their grain shape and size.

Steady-state simultaneous measurements of resistivity and
hermopower were determined by the standard dc four-probe
echnique in a ZEM-3 apparatus (Ulvac-Riko) between 50 and
50 ◦C under partial He atmosphere. The heat capacity and ther-
al diffusivity were analyzed using Netzsch DSC 404C and
etzsch model 457, respectively. The thermal conductivity (κ)
as calculated using the product of apparent density, thermal
iffusivity and the heat capacity.

. Results and discussion

.1. Precursors characterization

DTA–TGA measurements have been performed (in air) on
nitial mixtures of sol–gel and polymer methods. Fig. 1 repre-
ents the weight loss percentage as a function of temperature
or all these samples, obtained under very similar conditions.
lthough the samples have similar decomposition behaviour,

he only significant difference is found at about 300 ◦C, where
broad decrease of the weight percentage is observed for the

ol–gel decomposition procedure. This may be an indication
f the higher thermal stability of the metal–PEI–acetate com-
lex, most likely related to the different type of bonding and
o its decomposition path, which includes the release of H2O,
O/CO2, and NOx.

The appearance of enthalpy anomalies at given temperatures
n DTA experiments performed on these samples confirms the
eight losses found in TGA. Mainly, and in correlation with

he graph shown in Fig. 1, weight losses below 135 ◦C corre-
pond to the evaporation of the solvent from the initial solution;
elow 175 ◦C, water of crystallization is lost. Above this tem-

erature, the behaviour of both precursors differs: the sol–gel
ample shows a small exothermic peak at about 300 ◦C and a
igger one at about 450 ◦C, showing a decomposition path in
wo different steps, while the polymer solution sample shows
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Fig. 1. TGA plot vs. temperature of the initial solutions (–) sol–gel and (- - -)
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Fig. 2. FTIR curves obtained, in ATR mode, in different steps of the synthetic
procedure: after burning the dry products from the (a) sol–gel and (b) polymer
s
t

s
from the polymer solution method, as evidenced previously for
other layered ceramics17,18 (Fig. 4c). Moreover, the sol–gel and
polymer samples show lower porosity than solid state ones.
olymer solution methods. The insert shows the DTA curve in the coordination
ompounds decomposition temperature range.

nly a narrow exothermic peak at 470 ◦C due to the combustion
f the organic materials (see insert in Fig. 1). This is indicative
f a higher thermal stability of the nitrogen-metal coordination,
ompared with the oxygen-metal coordination existing in the
ol–gel method. Above 450 ◦C, in both cases, there is still a con-
iderable amount of carbonate within the samples, which starts
o decompose at 600–650 ◦C. This is confirmed by FTIR spec-
roscopy, in ATR mode, performed in each step of the treatment
nd represented in Fig. 2. After burning the dry products from
he sol–gel and polymer solution methods, the calcium carbon-
te is formed (Fig. 2a and b, respectively), and identified from
he IR bands appearing at about 1410 (strong), 870 (strong),
nd 710 (weak) cm−1. Also, as it was deduced from the TGA
urves, thermal treatment performed on the burned materials at
50 ◦C, leads to the disappearing of the IR bands associated to
he carbonates (Fig. 2c), confirming their decomposition.

.2. Structural and microstructural characterization

Powder XRD patterns for samples obtained from the differ-
nt synthetic methods are plotted (from 10 to 40◦ for a better
larity) in Fig. 3. They show very similar patterns where the
ost intense peaks correspond to the (0 0 l) planes of the misfit

obaltite Bi2Ca2Co1.7Ox.15 Even if minor differences are found
n weak peaks, the cobaltite phase appears as the major one,
ndependently of the synthetic route. Peaks marked with a * in
he plot correspond to the Ca4Bi6O13 secondary phase.16

Scanning electron microscopy was performed on fractured
nd polished samples after the sintering procedure. The most

epresentative of the transversal fractures are shown in Fig. 4.
his micrograph clearly shows that the samples derived from

he solid state (Fig. 4a) and sol–gel (Fig. 4b) precursors posses
F
d

olution method. Curve (c) shows the spectra of the polymer sample after a
hermal treatment at 750 ◦C for 12 h.

imilar grain sizes, while they are bigger for the samples derived
ig. 3. XRD plots of the Bi2Ca2Co1.7Ox sintered specimens obtained for the
ifferent synthetic methods. (a) Solid state, (b) sol–gel, and (c) polymer solution.
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Fig. 4. Scanning electron micrographs from transversal fractured samples
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80–100 m� cm at room temperature, or for textured materi-
i2Ca2Co1.7Ox obtained by solid-state (a and d), sol–gel (b and e), and polymer
c and f) reaction methods.

hen observed at higher magnification (Fig. 4d–f), all sam-
les show to be composed mainly of flat platelets with sizes
anging from a mean size of 8 �m × 8 �m for the solid state sam-
le, to 20 �m × 20 �m for the polymer solution samples, while

ol–gel derived samples are in between. The total thickness of
hese platelets ranges between 0.1 and 0.3 �m and are com-
osed, in turn, of some very thin grains, well stacked together.

a
l
s

eramic Society 31 (2011) 1763–1769

ue to the inherent difficulty to determine the thickness of each
ndividual grain by SEM observations, a qualitative estimation
f their thickness has been performed from the XRD results
pplying Scherrer’s formula, using the peak corresponding to
he (0 0 5) plane. The obtained values are between 50 and 60 nm
or samples obtained from solid state and sol–gel methods, and
bout two times bigger, 90 nm, for the polymer derived sam-
les. These results confirm the observations performed in Fig. 4,
here the PEI derived samples show bigger grains than the other

wo methods.
Another difference can be pointed out from these figures:

he platelets in the sample derived from the solid-state reaction
ethod exhibit rounded corners, very different from the very

harp ones found in the sol–gel and polymer solution derived
amples. For all samples, nevertheless, the platelet-grains size
nd shape are observed to be homogeneous throughout the whole
aterial.
In Fig. 5, where longitudinal polished sections of the sam-

les are displayed, three main contrasts can be found. The major
hase in all samples (grey contrast) is identified by EDS as
he misfit thermoelectric Bi2Ca2CoyOx one, with small differ-
nces in Co content (y = 1.60 for the solid state, 1.62 for the
ol–gel, and 1.70 for the PEI). On the other hand, solid state
amples (Fig. 5a) show big white aggregates (about 18 vol.%),
hich appears in the sol–gel and PEI samples in lower amounts

around 6.6 and 3.0 vol.%, respectively) and sizes with an homo-
eneous distribution. This contrast, after EDS analysis, shows
i5.9Ca4.0Oy composition, confirming the results obtained from
RD (where the Bi6Ca4Oy phase was identified). Finally, the

ast observed phases (black contrast) are cobalt oxides, except
or the sol–gel derived samples where they are associated to
he (Bi,Ca)-Co–O phase, with an approximate composition
i0.1Ca0.6Co1.0Ox (close to the 349 phase).

.3. Thermoelectric characterization

The temperature (T) dependence of the electrical resistivity
ρ) according to the synthetic method and the sintering temper-
ture is given in Fig. 6. As it can be easily seen, the ρ(T) curves
how very high values for samples derived from the solid-state
ethod in the whole studied temperature range. Moreover, it

learly shows two different parts, from 50 to around 550 ◦C
ith a semiconducting-like behaviour (dρ/dT < 0), and above
50 ◦C with a metallic-like one (dρ/dT > 0). On the other hand,
he samples derived from the solution methods show lower
esistivities than those obtained from solid state route. Further-
ore, they seem to be nearly independent with the temperature,
ith less marked semiconducting or metallic-like behaviour.
etween these samples, the polymer solution method always

hows lower resistivity values than the sol–gel ones. The values
easured at 50 ◦C for the sol–gel and PEI samples are, approx-

mately, 70 and 45 m� cm, respectively. These values are lower
han the best reported resistivities for sintered specimens, about

8

ls (around 60 m� cm).19 These values can be explained by the
ower amounts of secondary phases for samples obtained from
olution methods, and the higher amount and size of the misfit
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Fig. 5. Scanning electron micrographs from longitudinal polished samples
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From the above data S2/ρ can be calculated at about room
temperature, with values about 0.01 mW/K2 m for the solid
state samples, and 0.04 and 0.06 mW/K2 m for the sol–gel and
i2Ca2Co1.7Ox obtained by solid-state (a), sol–gel (b), and polymer (c) reaction
ethods.

obaltite phase in the case of the polymer solution method, as
bserved in SEM micrographs (see Figs. 4 and 5).

Fig. 7 displays the variation of the thermopower as a func-
ion of temperature for the three studied methods. The samples
erived from solid state synthesis exhibit comparable values than
hose reported elsewhere (∼150 �V/K) at room temperature.8 At
his temperature, the sol–gel method induces a slight increase
f S (∼5%) while the polymer solution method improves it by

bout 10%. These differences can be due to the different Co con-
ents, as mentioned previously, which can influence the overall
o4+/Co3+ relationships in the cobaltite phase, depending on

F
t

ig. 6. Temperature dependence of the electrical resistivity of Bi2Ca2Co1.7Ox

or each type of sample. ( ) solid state; ( ) sol–gel; and ( ) polymer solution.

he synthetic route. Other factor influencing the S values is the
mount of oxygen vacancies, higher in the case of solution meth-
ds due to the formation of a reducing atmosphere in the organic
aterial decomposition step, as reported previously.12 These

ifferences on S are in agreement with Koshibae’s expression
nd the oxygen content (Co4+/Co3+ relationship) in the sam-
les. On the other hand, S values converge to a final value of
round 220 �V/K at about 600 ◦C for all the samples, indicating
thermal activated mechanism.
ig. 7. Temperature dependence of the thermopower of Bi2Ca2Co1.7Ox for each
ype of sample. ( ) solid state; ( ) sol–gel; and ( ) polymer solution.



1768 A. Sotelo et al. / Journal of the European C

F
f

p
p
f

r
e
O
t
t
t
s
t
s
p
d
t
p
v

F
b
s

o
b

r
m
o
T
s
t
s
b
t

d
a
l
s
c
t

4

B
m
r
m
o
A
r
h

ig. 8. Temperature dependence of the thermal conductivity of Bi2Ca2Co1.7Ox

or each type of sample. ( ) solid state; ( ) sol–gel; and ( ) polymer solution.

olymer solution ones, respectively. The value obtained for the
olymer method is, approximately, 50% higher than the obtained
or textured materials (around 0.04 mW/K2 m).20

The evolution of the thermal conductivity with temperature is
epresented in Fig. 8 for each synthetic method. All the samples
xhibit a decrease of the thermal conductivity with temperature.
n the other hand, solid state samples show lower values than

he sol–gel samples in all the measured temperature range, due
o the lower density measured on this sample (∼80% of the
heoretical density for the solid state sample and ∼90% for the
ol–gel samples). In the polymer solution synthesized samples,
he κ values are practically the same to those obtained for the
olid state ones while the measured densities are higher in the
olymer derived materials (∼90% of the theoretical value). This
ecrease in the thermal conductivity of the samples obtained by

he polymer solution route can be associated with the defects
roduced in the crystal structure by the higher amount of oxygen
acancies, as previously discussed. In order to optimize the effect

ig. 9. Temperature dependence of ZT for the Bi2Ca2Co1.7Ox samples prepared
y the different synthetic methods. ( ) solid state; ( ) sol–gel; and ( ) polymer
olution.
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f the polymer route on the TE properties, further studies will
e performed.

Finally, ZT has been calculated using ρ, S, and τ values and
epresented in Fig. 9 as a function of temperature and synthetic
ethod. As it can be clearly seen in the graph, solution meth-

ds improve ZT values in all the measured temperature range.
his increase is particularly important for the polymer solution
amples, ranging from a factor 5 (at 50 ◦C) to more than two
imes (at 650 ◦C) as compared to ZT values measured for the
olid state samples. Sol–gel samples show intermediate values
etween solid state and polymer methods in all the measured
emperature range.

All the results indicate that the PEI synthetic route pro-
uces high quality and homogeneous powders which, when
ppropriately compacted and sintered, lead to ceramics with
ow electrical resistivity and thermal conductivity using a very
imple and reproducible process. It makes this method a good
andidate in the preparation of bulk ceramics for applications in
hermoelectric generators.

. Conclusions

A comparison of several synthesis routes of the
i2Ca2Co1.7Ox phase, i.e. solid-state, sol–gel and poly-
er solution, has been studied. The typical solid-state method

esults in a relatively good quality product, but the solution
ethods evaluated in this study provide much higher yields

f the cobaltite phase and better thermoelectric properties.
mong the solution methods, the polymer-based one has been

evealed as the most advantageous, with respect to the samples
omogeneity and higher values of ZT, compared with the
ther two methods. This improvement in ZT properties can
e associated to the very important reduction of secondary
hases as well as to the different grain shape and higher oxygen
acancies obtained with the polymer solution method.
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