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Abstract

CazCo4.xZryOy polycrystalline ceramics with small Zr substitution have been
prepared through the classical solid state method. XRD data have shown that
all samples are only composed of CazCo409 and Ca3;Co0,0s phases. Moreover,
increasing Zr substitution up to 0.07, Ca3;Co0,0¢ phase content is decreased.
Density measurements have revealed that all samples are very similar, with
values around 74 % of the theoretical one. Electrical resistivity is decreased in
Zr doped samples, with respect to the pure ones, while Seebeck coefficient is
maintained practically unchanged. Both factors lead to power factor values
around 0.33 mW/K?m at 800 °C in 0.07 Zr doped samples, which is about 65 %

higher than the obtained for the undoped samples.
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1. Introduction

Thermoelectric (TE) generation systems are able to directly transform, without
any mobile element, temperature gradients to useful electrical power through
the Seebeck effect. The efficiency of such process in these materials is
evaluated through the dimensionless figure-of-merit, ZT, which is defined as
TS?/px, where S is the Seebeck coefficient (or thermopower), p the electrical
resistivity, k the thermal conductivity, and T is the absolute temperature [1].
Moreover, in this expression, the electrical part, SZ/p, is called power factor, PF.
Nowadays, these thermoelectric materials are regarded as very attractive to
recover waste heat produced in classical energy transforming systems [2],
increasing their efficiency and decreasing CO; release. As a consequence, they
can help in the fight against global warming.

Most of the practical applications of these thermoelectric systems are based on
intermetallic materials, such as BiyTes [3,4], with high ZT values at relatively low
temperatures, being degraded and/or oxidized when working at high
temperatures [5]. On the other hand, the discovery of high thermoelectric
properties in Na,Co,0,4 ceramic materials [6] overcame these limitations. The
subsequent research on the CoO-based family led to the discovery and
optimization of new members, such as Ca3;Co040Og [7,8] and Bi,AE2C0204 (AE:
alkaline earth) [9-12], with high thermoelectric properties and working
temperatures.

Crystallographic studies performed on those Co-based materials have
demonstrated that they possess large structural anisotropy [13], reflected in a
preferential crystal growth along the ab planes. The formation of plate-like

grains has been exploited to align them using different methods to reach



macroscopic properties comparable to single crystals ones. Among these
methods, it can be highlighted hot uniaxial pressing [14], spark plasma sintering
[15], or laser floating zone melting (LFZ) [16]. On the other hand, in spite of the
high performances obtained in materials processed through these techniques,
their use for mass production still remains a problem. In order to avoid the
drawbacks of these techniques, other easily scalable processes, as synthesis
methods [17,18] or doping [19,20] have been studied to produce high
performance materials.

The aim of this work is to study the effect of Zr substitution for Co in the
Ca3zCo40y ceramics prepared through the classical solid state route. The
structural and microstructural modifications will be studied and related with the

thermoelectric performances.

2. Experimental

Ca3zCo4.4ZryOy polycrystalline ceramic materials, with x = 0.00, 0.01, 0.05, 0.07,
0.10, and 0.15, were prepared by the conventional solid state route using
CaCOj; (Panreac, 98 + %), Co203 (Aldrich, 98 + %), and ZrO, (Aldrich, 99 %)
commercial powders as starting materials. Adequate proportions of each
powder were well mixed and ball milled at 300 rpm for 30 minutes, in water
media. The slurry was totally dried using infrared radiation, followed by a
manual milling, and a two-steps thermal treatment at 750 and 800 °C for 12h,
with an intermediate manual grinding to decompose the calcium carbonate [8].
The resulting powders were uniaxially pressed in form of pellets (3 x 3 x 14
mm?) at 400 MPa, perpendicularly to their long axis, followed by a sintering

procedure at 910 °C for 24 h with a final furnace cooling.



Powder X-ray diffraction (XRD) patterns have been recorded to identify the
different phases in the sintered materials. Data have been collected with 26
ranging between 5 and 60 degrees, using a Rigaku D/max-B X-ray powder
diffractometer working with Cu Ka radiation.

Microstructural observations were performed on longitudinal surfaces, using a
Field Emission Scanning Electron Microscope (FESEM, Carl Zeiss Merlin).
Chemical qualitative analysis of the different phases has been made with an
energy dispersive spectrometry (EDS) device. Moreover, apparent density
measurements have been performed on several samples for each composition
after sintering, using 4.677 g/cm?® as theoretical density [21].

Electrical resistivity and Seebeck coefficient were simultaneously determined by
the standard dc four-probe technique, along the long axis of pellets, using a
LSR-3 system (Linseis GmbH) between 50 and 800 °C. Power Factor has been
calculated, using the electrical resistivity and Seebeck coefficient data, to
determine the samples performances. All these thermoelectric properties have
been compared with the results of undoped samples, and with the best reported

in the literature.

3. Results and discussion

Powder XRD patterns of some of the CazCo4..ZriOy samples are shown in Fig.
1 (from 5 to 40° for the sake of clarity). These graphs illustrate the general
evolution of samples with Zr content. At a first sight, it can be observed that all
the samples show very similar diffraction patterns. In all samples the most
intense peaks have been associated to the thermoelectric CazCo40O9 phase,

identified by their reflection planes in Fig. 1a, in agreement with previous data



[22]. On the other hand, some minor peaks, corresponding to the Caz;Co0,0¢
phase [22], appear (identified by * in Fig 1a). Moreover, the intensity of the
secondary phase peaks is reduced when Zr is added until 0.07 Zr, slightly
increasing for higher content. This is a clear indication that small amounts of Zr
increase the CazCo409 phase stability. On the other hand, no other secondary
phases have been identified in the XRD diagrams pointing out to the Zr
incorporation into the Ca3;Co40Og crystal structure.

SEM micrographs performed on representative surfaces of some of the
samples are presented in Fig. 2. In the figure, it can be clearly seen that all
samples are composed by randomly oriented plate-like grains with similar sizes.
Moreover, as identified through EDS, major phase is the thermoelectric CazCo4.
«ZrOy one (grey contrast) in all samples. Zr-free Ca3Co0,0s secondary phase
(#1) can be also seen in Fig. 2a as a slightly darker grey contrast and different
grain shape. The content of this phase in the samples is decreased when Zr is
added up to 0.07, being maintained or slightly increased for higher Zr addition.
This microstructural evolution clearly agrees with the XRD data previously
discussed. Finally, for high Zr content, > 0.10, a dark grey contrast appears (#2)
corresponding to CaO. Moreover, a white one is also appearing in noticeable
content (#3), identified as CaZrOs. These phases have not been found in the
XRD patterns due to their small amount. Other interesting observation made in
these micrographs is that the samples porosity is not appreciably modified with
Zr addition. This effect can be associated to the relatively low thermal stability of
this phase (maximum stability temperature 926 °C), compared with the melting

point of this CaO-CoO system (around 1350 °C) [23].



In order to confirm the SEM observations about the negligible effect of Zr
addition on the porosity of samples, apparent density measurements have been
made in all samples. At least five samples of each composition were
determined for three times to decrease the errors associated to their
measurement. The density values showed a good reproducibility, with a
standard error of around + 0.01 g/cm® in all samples, and very similar mean
values for all samples, around 3.45 g/cm?®, which corresponds to about 74 % of
the CazCo40g9 phase theoretical density. These results clearly agree with the
SEM images previously discussed which showed no evident effect of Zr
addition on the porosity of samples.

The temperature dependence of electrical resistivity, as a function of the Zr
content, is shown in Fig. 3. The p (T) curves show a decrease of resistivity
when Zr is added, in the whole measured temperature range, when compared
to the undoped samples. Moreover, in a general view the curves show a
semiconducting (dp/dT < 0) behaviour, from room temperature to around 400 °C
in all cases, changing to a metallic one (dp/dT > 0) at higher temperatures. On
the other hand, for Zr content > 0.05, the semiconducting part of the curves is
modified and a metallic behaviour region can be found below 200 °C, while the
semiconducting one is limited to temperatures between 200 and 400 °C. The
decrease of resistivity found in these samples can be associated to the partial
substitution of Co®* and Co** from the conducting layer by Zr** [24], and to the
increase of the thermoelectric phase content. The lowest resistivity values in the
whole measured temperature range have been measured in 0.07 Zr-doped
samples (12.6, and 15.0 mQ.cm at room temperature and 800 °C, respectively),

which are lower than the obtained for hot-pressed textured samples (33, and 40



mQ.cm) [14]. On the other hand, they are higher than the measured in textured
samples produced through SPS (5, and 6 mQ.cm) [25], or by more complex
preparation methods (10.7, and 13.5 mQ.cm) [26,27]. It should be highlighted
that all these reported results have been obtained in higher density samples
than the produced in this work, clearly indicating the electrical resistivity
improvement produced by Zr doping.

Fig. 4 shows the variation of the Seebeck coefficient with temperature, as a
function of Zr substitution. In the graph, it can be observed that the sign of the
Seebeck coefficient is positive, independently of temperature, indicating that the
conduction mechanism is produced by holes. Moreover, it increases when the
temperature is raised, with very similar values and behaviour for all the
samples, indicating that Zr doping does not affect, in a great extent, the
Ca3Co409 conduction band [28]. Furthermore, the fact that this increase is
nearly linear can be associated with a typical behaviour of a metallic compound
or a semiconductor in the saturation region [29]. The maximum values at room
temperature and 800 °C (135, and 235 uV/K, respectively) are significantly
higher than the values obtained for Ca;Co409 samples consolidated by spark
plasma sintering (125, and 165 uV/K) [25], or doped and sintered specimens (<
160, and < 200 uV/K) [30]. Moreover, they are comparable to the highest
reported so far in CazCos0q/Ag composite materials subjected to a two steps
thermal treatment (135, and 240 uV/K) [31].

The thermoelectric performances of these materials have been evaluated
through the power factor, calculated using the electrical resistivity and Seebeck
coefficient data. Its evolution as a function of temperature and Zr content is

presented in Fig. 5. When considering PF values at around room temperature, it



can be clearly seen that all the Zr-doped samples possess higher PF values
than the undoped ones. The values are increased with Zr content until they
reach the maximum (0.15 mW/K?.m) for 0.07 Zr substitution, decreasing for
higher content. PF is increased with temperature in all samples, reaching the
maximum measured values at 800 °C (around 0.33 mW/K%.m) in the 0.07 Zr
substituted samples, which are 65 % higher than the measured in undoped
samples. This value is slightly higher than the obtained in samples produced by
classical solid state method and consolidated through spark plasma sintering
(0.32 mW/K2.m) [32], but lower than samples produced by autocombustion and
textured with SPS (0.50 mW/K?.m) measured along the ab direction [25].
Moreover, they are higher than the determined in rare earth doped materials
(0.27 mW/K2.m) [33]. On the other hand, they are still lower than the obtained in
samples produced through more complex methods (0.43 mW/K%.m)
[15,21,26,27,31]. The important raise obtained in PF through Zr doping is
mainly associated to the drastic decrease of electrical resistivity, without
significant modification of Seebeck coefficient. Moreover, it is worth to mention
that these values have been obtained in samples with relatively low density and
random grain orientation.

All these data point out that Zr doping is adequate to improve the thermoelectric
performances of Ca3;Co40g ceramics, which can be further raised though
processes increasing density and/or aligning the grains, approaching these

materials to their practical applications.

4. Conclusions



This paper demonstrates that Zr substitution for Co in Ca3;Co409 materials
improves their thermoelectric performances. Zr substitution up to 0.07
decreases the Ca3;Co0,06 secondary phase content, slightly increasing for
further substitution. The microstructural modifications are reflected in a
decrease of electrical resistivity, when compared with the undoped samples,
without drastic modification of Seebeck coefficient. The optimal Zr substitution
has been determined through the PF values at 50 and 800 °C, which is
maximum for 0.07 Zr samples. The highest PF values at 800 °C are about 65 %
higher than the obtained for the undoped samples. Moreover, they are slightly
higher than the values obtained in typical samples produced by spark plasma

sintering or through the classical solid state method.
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Figure captions:

Figure 1. Powder X-ray diffraction patterns obtained for the CazCo4.ZrOy
samples; x = 0.00 (a); 0.05 (b); 0.07 (c); and 0.10 (d). The diffraction planes

indicate the Ca3Co409 phase peaks and the * the Ca3zCo,0¢ Ones.

Figure 2. Representative SEM micrographs performed on the surface of
CazCo44ZrOy samples; x = 0.00 (a); 0.05 (b); 0.07 (c); and 0.10 (d). Grey
contrast corresponds to the CazCo4..ZrcOy phase; slightly darker grey (#1) to
Ca3Co0,06, and the darkest grey (#2) to CaO. Small white particles (#3) found in

the higher Zr-substituted samples corresponds to CaZrOs.

Figure 3. Temperature dependence of electrical resistivity, as a function of the
Zr content in CazCo4.xZrOy samples, for x = 0.00 (A); 0.01 (M); 0.05 (#); 0.07

(¥): 0.10 (A); and 0.15 (4).

Figure 4. Temperature dependence of Seebeck coefficient as a function of Zr
substitution in Ca3Co4.xZrOy samples, for x = 0.00 (A); 0.01 (M ); 0.05 (®);

0.07 (¥); 0.10 (\.); and 0.15 ().

Figure 5. Temperature dependence of the power factor as a function of Zr
substitution in CazCo4.xZrOy samples, for x = 0.00 (A); 0.01 (M ); 0.05 (®);

0.07 (¥); 0.10 (\.); and 0.15 ().
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S (uV/K)

200

180

160

140

220

v
L v
vvb.
v & u
v & 8
v & 4
it b
B vkt
ve kgt
e A
Vo hd
YopdmA
ve A
ve, K Bua
b z’ }I‘
3 }}!‘
> A% |
v? )
ve l!!
v ‘.l
L 30‘11
3t
J4h
v

i
P
rhag




Figure 5

PF (MW/K’m)

0.35

0.30

0.25

0.20

0.15

0.10

0.05

[ v
L v
L +¥
v
L % 3
# ¥ **
[ 'Y 0.0 .
L vv " ...
L v * [ ]
v * = Y
B v * a" h
L v ,0 ]
X e SN B\ 4
L * . A a4
5 'T’ * .l. A ““
- v * " A 44 A
v ¢ & g A
- ¢ = ™oy A
V o0 Lk V| A
I ] 44 A
- Voln k;A‘ At
[ vv’Ol b4 A
v iew" N4 At
[ w7, ¢m }} A
[ .‘ » asrt
Y & as
L “‘k}} “AA
- “ rFy 4
TV
0 100 200 300 400 500 600 700 800

T (°C)



