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Abstract

The purposes of this research were to synthesize and improve electrical conductivity of
CuAl, Fe, O, thermoelectric material by solid-state reaction. First of all, we prepare
CuAlj ,Fe, O, by mixing high purity CuO, high purity ALO,, and high purity Fe,O,
together, then bake the mixture at 1200 °C for 8 hours, twice. Next, structure analysis of
the work piece was done by SEM technique. Then, it was found that main structure of the
work piece is CuAljFe, O, and contaminated with CuO structure. After that, this
structure was eradicated by dissolution in 15 mol of nitric acid solution. Then, it was found
that CuO structure had disappear — assured by the XRD result. Finally, Seebeck coefficient
and electrical conductance were measured at room temperature to 700 ‘C and calculated

power factor, of which maximum was 2.45 x 10* wm 'K at 700 °C.

Keyword : thermoelectric, CuAlj Fe  O,, Power factor
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Abstract

Fe addition up to x=0.1 in CuAl;_,Fe,0; (0 <x<0.2) led to an increase in electrical conductivity with an increase in Fe content because of
increases in the grain size, density, and carrier density. On the other hand, Fe substitution up to x=0.1 caused a decrease in the Seebeck coelficient
due mainly to an increase in carrier density. The highest value of power factor (1.1 x 10~* W m~! K~2) was attained for CuAlgoFep 0, at 1140 K.
We have demonstrated in the present study that Fe addition is highly effective for enhancing high-temperature thermoelectric properties of CuAlO,.

© 2006 Elsevier B.V. All rights reserved.

Keywords: CuAl|_,Fe,0,; Electrical conductivity; Seebeck coefficient; Power factor; Thermoelectric properties

1. Introduction

Development of thermoelectric materials which convert heat
into electrical energy is expected to promote the efficient use
of energy. The performance of thermoelectric materials is usu-
ally evaluated in terms of their thermoelectric figure-of-merit
7, Z=oa’lk, where o, @, and « are the electrical conductivity,
Seebeck coefficient, and thermal conductivity, respectively [1].
Since good thermoelectric performance requires large values of
Z, it is necessary to obtain high o, high «, and low «. However,
these three properties are interrelated. For example, an increase
in o ordinarily results in a decrease in ¢, and high o leads to high
k. Therefore, it is difficult to obtain a high Z for the current ther-
moelectric materials. Until now, thermoelectric materials such
as PbTe, SiC, SiGe, and FeSi; have shown a high value of the
high-temperature Z [1-5]. However, they are easily decomposed
or oxidized at high temperatures in air. Therefore, practical uti-
lization of these materials as power generators has been limited.
Metal oxides have recently been studied as alternative thermo-
electric materials because of their high thermal and chemical
stability at high temperatures in air, easy manufacture, and low
manufacturing cost [6-9].

* Corresponding author, Tel.: +82 2 3408 3777, fax: +82 2 3408 3664.
E-mail address: kspark@sejong.ac.kr (K. Park).

0925-8388/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2006.07.067

In general, the thermoelectric performance of metal oxides
is lower than that of semiconductor alloys. In 1997, Terasaki et
al. [6] reported a new thermoelectric material, NaCo, 04, which
has a high Z (8.8 x 107*K~!) and a large o (100 pV K1) at
300 K. Since then, NaCo304-based systems have been exten-
sively studied [6-9]. However, their application is quite lim-
ited because of the volatility of sodium above 1073 K and
hygroscopicity of NaCop0y4 in air [10]. It is thus necessary
to develop new oxide materials with both high performance
and environmental stability. Development of new oxide materi-
als is still the most important issue for practical applications
of thermoelectric power generation [I1,12]. For the present
study, we selected as a candidate material CuAlO; with delafos-
site structure. Its crystal structure has been extensively stud-
ied by Ishiguro et al. [13]. Koumoto et al. [14] first reported
CuAlQO; to be a promising material for thermoelectric energy
conversion, i.c., the power factors of ~1.04 x 10~*W m~! K2
and ~2.0 x 107> Wm~! K~2 at 1073 K for single crystal and
polycrystal CuAlO», respectively. Recently, Chattopadhyay et
al. [15] studied the thermoelectric and electrical properties of
CuAlO; thin films deposited by the dc-sputtering method. It is
well known that the adjustment of microstructure and carrier
concentration by substitution is a feasible way to improve ther-
moelectric performance. In the present study, the thermoelectric
properties of the CuAl;_,Fe,07 (0 <x <0.2) ceramics fabri-
cated by the solid-state reaction method are studied, especially
with regard to the addition of Fe to CuAlOa.
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2. Experimental

All samples of CuAl;_Fe 0, (x=0, 0.05, 0.1, and 0.2) were fabricated by a
solid-state reaction starting from high-purity Al,03, CuO, and Fe; O3 powders.
The mixture of the Al,O3, CuO and Fe; O3 powders and ethyl alcohol was
milled for 6 h using a planetary mill (FRITSCH pulverisette 6) and a ZrO; ball as
grinding media. The obtained slurries were dried at 353 Kinan oven for 12 h. The
thermal analysis of dried powder mixtures was carried out using a differential
thermal/thermogravimetric analysis (DT/TGA) (TA Instrument SDT-2960) in
the temperature range of 293-1473 K at a heating rate of 10 K min~" in air. The
mixed powders were calcined in a mullite crucible at 1073 K for 2 h. In order
to identity the distribution of constituent elements in the calcined powders,
secondary electron image (SEI) and elemental maps were investigated using an
electron probe microanalysis (EPMA). The calcined powders were milled in the
planetary mill for 6 h and dried at 353 K in an oven for 12 h, The dried powders
were pressed using a hand press at a pressure of 98 MPa to prepare pellets of
5mm thick and 20 mm diameter. The green compacts were heated at 1473 K
for 20 h in air and then furnace cooled. The obtained sintered compacts were
then crushed in an alumina mortar and milled in the planetary mill for 6 h. The
resulting powders were pressed into pellets of 5 mm thick and 20 mm diameter
and sintered at 1473 K for 20 h in air.

The porosity of the as-sintered CuAl;_,Fe,0; (0 <x<0.2) samples was
measured by the Archimedes’ principle. The crystal structure of the as-sintered
samples was analyzed with an X-ray diffractometer (XRD; Rigaku DMAX-
2500) using Cu Ka radiation at 40kV and 100 mA. The microstructure of the
as-sintered samples was investigated by using a scanning electron microscope
(SEM; Hitachi 54700). In order to measure the thermoelectric properties as a
function of temperature, the electrical conductivity o and the Seebeck coefficient
« were simultaneously measured over a temperature range of 540-1140 K.

The samples for the measurements of thermoelectric properties were cut out
of the sintered bodies in the form of rectangular bars of 2mm x 2 mm x 15 mm
with a diamond saw and polished with SiC emery papers. After four grooves
were put on the rectangular bars, Pt wires were wound along the grooves. Holes
(~1.0mm diameter) in the middle of the two end grooves of the samples were
machined. The heads of the two Pt/Pt-Rh (13%) thermocouples were embedded
in the two holes, and the temperature at the holes was measured. Electrical
conductivity o was measured by the direct current (dc) four-probe method. For
thermopower measurements, a temperature difference AT in the sample was
generated by passing cool Ar gas over one end of the sample placed inside a
quartz protection tube. The temperature difference AT between the two ends
of each sample was controlled to be 4-6 K by varying the flowing rate of Ar
gas. The thermoelectric voltage AE measured as a function of the temperature
difference AT gave a straight line. The Seebeck coefficient @ was calculated
from the relation e = AE/AT.

3. Results and discussion

In order to understand the temperature and weight changes
during the synthesizing process, and to determine the calcin-
ing temperature of the mixed powders, DT/TGA curves in air
were obtained. Simultaneous DT/TGA curves for mixed pow-
ders of Fe-free CuAlO; and CuAlg gFep 20> samples are shown
in Fig. 1(a and b), respectively. Due to the solid-state reaction
of the mixed powders, a weight loss of 4.3%, accompanied with
endothermic reaction, for the mixed powders of CuAlO; sample
occurs at 1342-1368 K. This is due to the following solid-state
reactions in the mixed powders to form CuAlO [16].

CuO + AlO3 — CuAl>04 (1)
CuAl;O4 + CuO — 2CuAlO2 +1/2021 (2)

The temperature of the solid-state reaction of the mixed
CuAl;_,Fe,O> powders decreases with an increase in Fe con-
tent. In fact, the solid-state reaction of the mixed powders of
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Fig. 1. DT/TGA curves for mixed powders of (a) CuAlO2 and (b)
CuAlg gFeg 207 samples.

CuAlggFeq20, sample occurs at 1324-1359 K. It was found
that the distribution of constituent elements in the calcined
powders was relatively homogeneous. For example, the SEI
and elemental maps obtained from the calcined powders of
CuAlp gFep.407 sample is shown in Fig. 2.

Fig. 3 shows the XRD patterns of the as-sintered
CuAl;_,Fe,07 (0 <x<0.2) samples. The crystal structure of
the sintered CuAlO; bodies is thombohedral, R3m, a = 2.8567 A
and ¢=16.943 A [17], along with a small amount of unre-
acted CuQ with a monoclinic structure, a=4.653 A, h=3.410 A,
and ¢=5.108 A [18]. The measured lattice parameters closely
agree with those previously reported for this material [19]. For
the Fe-added CuAl|_,Fe,0>, in addition to the CuAlO; and
CuO, Fe>03 and CuFeO; phases were observed. The second
phase Fe;O3 belongs to the space group P4132(213) and has a
cubic structure (a=28.352 A) [20]. Also, the crystal structure of
CuFeO; belongs to the space group R3m with a=3.031 A and
¢=17.092 A in the hexagonal description [21]. The Cu!* ions in
CuFeO, are primarily coordinated to two O%~ ions, as in Cup O,
in a linear O—Cu-0 array parallel to the c-axis of the hexagonal
structure [21,22]. The CuFeO; phase is believed to be formed
by the following reactions [23]:

2Cu0 + FeyO3 — CuFe;04 + CuO (3)
2CuFe;04 + CuO — 4CuFeOs + 031 4



K. Fark et al. / Journal of Alloys and Compounds 437 (2007) 1-6 3

Fig. 2. SEI and elemental maps obtained from the calcined powders of CuAlg gFeg 402 sample.

It was found that the intensity of the CuFeQ; peak increased
with an increase in Fe content.

The peaks of the CuAl|_,Fe,O; phase for the Fe-added
CuAl|_,Fe,0O; were found to shift toward lower angles with
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Fig. 3. XRD patterns of as-sintered (a) CuAlO;, (b) CuAlygsFepos503, (¢)
CuAlgpgFep,1 02, and (d) CuAlg gFep 20, samples.

an increase in Fe content up to x=0.05, indicating that the lat-
tice parameter of the CuAl;_,Fe,O; phase increased up to the
Fe content. As a result, one can conclude that the added Fe
(x <0.05) is present on the Al site of CuAlQO; lattice to form
a solid solution. The ionic crystal radii of Fe3* and AI** are
0.65 and 0.53 A, respectively [24]. Also, the lattice constant
of the Fe-added CuAl;_Fe,0, decreased gradually by further
increasing the Fe content. The lattice parameter of as-sintered
CuAl;_yFe,0; (0 <x <0.2) samples as a function of Fe content
is shown in Fig. 4.

Fig. 5 shows the SEM images of the as-sintered
CuAl _Fe O (0 <£xv=<0.2) samples. It was found that as the
amount of Fe in the CuAl|_,Fe,O2 samples increased the grain
size increased from 0.94 to 2.73 wm, and the relative density
increased from 70.7 to 89.9% of the theoretical density, as given
in Table 1. Most pores were located at the grain boundaries. It is
considered that Fe addition increases the rate of grain growth
and densification during isothermal sintering at 1473 K. The
added Fe;Os raises the effective diffusion coefficient, allow-
ing pores to shrink faster. As a result, pores stay attached to
grain boundaries during grain growth because smaller pores
can migrate faster, resulting in an increase in density |25.26].
In addition, an increase in the surface diffusion coefficient in
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Fig. 4. Lattice parameter of as-sintered CuAl; _,Fe O, (0 <x < 0.2) samples as
a function of Fe content,

Table 1
Grain size and relative density of the prepared CuAl;_,Fe,0; (0 <x<0.2)
samples

Grain size (um) Porosity (%)

CuAlO, 0.94 0.7
CuA]o'gsFeg‘gj 02 1.86 83.6
CuAlpgFeq, 02 2.08 85.2
CUAIU_EFE(J;OZ 2.7 89.9

terms of the Fe addition accelerates the coarsening of grains
[23].

The temperature dependence of the electrical conductiv-
ity o for the CuAl;_,Fe,Oy (0 <x<0.2) samples is shown
in Fig. 6. Electrical conductivity increased with increasing
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Fig. 6. Electrical conductivity of (a) CuAlO;, (b) CuAlposFeqos02, (c)
CuAlpoFen 10z, and (d) CuAlp gFeq 207 samples as a function of temperature.,

temperature over the measured temperature range, indicating
semiconducting behavior, which may be due to the devia-
tion from the stoichiometric composition of the components
induced by the defect equilibrium [27]. The positive holes in
CuAlO; are generated from ionized Cu vacancies and/or inter-
stitial oxygens within the crystallite sites of the material |27].
The defect chemistry plays an important role in the electrical
conductivity.

It is of particular interest that the addition of Fe up to x=0.1
gives rise to an increase in electrical conductivity. There are two
possible reasons for increase in the conductivity. First, as dis-
cussed previously, Fe addition leads to an increase in density,
resulting in an increase in the time between electron scattering

P TR T

(UL
10.0urm

Fig. 5. SEM images of as-sintered (a) CuAlOa, (b) CuAlg.o5Fen 502, (c) CuAlyeFeq, 02, and (d) CuAlysFep 202 samples.
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Fig. 7. Seebeck coefficient of (a) CuAlO;, (b) CuAlpgesFeppsOz, (c)
CuAlpgFep 1 02, and (d) CuAlpgFep202 samples as a function of temperature.

events of charge carriers, thus increasing electrical conductivity.
Second, individual grains in the polycrystalline CuAl;_,Fe,O»
are separated by grain boundaries, which are less dense and
regularly packed compared to the bulk of the grains [28]. As a
result, the grain boundary plays an important role in the con-
duction process and it acts as the region of enhanced scattering
center for conduction electron. As discussed earlier, Fe addition
increases grain size, giving rise to an increase in the possibil-
ity of conduction electrons moving toward the neighboring sites
and thus increasing electrical conductivity [29].

However, the electrical conductivity of CuAlggFe202 is
lower than that of CuAlO». This is due to the fact that although
an increase in both the density and the grain size leads to an
increase in the electrical conductivity, the amount of Fe,Os,
which has quite a quite low electrical conductivity, increases
with an increase in Fe content [30], thus decreasing overall
electrical conductivity. In addition, the CuFeO; detected in the
CuAlj_Fe, 07 (0.05 <x < 0.2) samples scarcely affect the elec-
trical conductivity. The electrical conductivity of CuFeQ; is
similar to that of CuAl|_,Fe, 07 [31].

Fig. 7 shows the Seebeck coelficient e of the CuAl;_Fe,Oq
(0 =x =0.2) samples as a function of temperature. The sign
of the Seebeck coefficient is positive for the measured tem-
perature range, indicating that the major conductivity carri-
ers are holes. The values of the Seebeck coefficient for the
CuAlj_ Fe O, samples decreases with increasing tempera-
ture and then increases. In addition, Fe addition up to x=0.1
decreases the Seebeck coefficient, implying that Fe addition
leads to an increase in carrier density. In general, the value
of the Seebeck coefficient decreases with increasing carrier
density in common semiconductors [1]. An increase in carrier
density leads to an increase in electrical conductivity. In addi-
tion, the value of the Seebeck coefficient for CuAlpgFep202
sample is higher than that of other samples owing to a large
amount of second phase Fea03 with a large Seebeck coelficient
[32].

Power factor o«” is calculated by using the electrical con-
ductivity o and the Seebeck coefficient @. The power factor
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Fig. 8. Power factor of (a) CuAlO3, (b) CuAlygsFeps02, (c) CuAlpgFep102,
and (d) CuAlpgFeo 20, samples as a function of temperature.

calculated from the data in Figs. 6 and 7 is plotted in Fig. 8.
The power factor of the CuAlj_,Fe,02 (0 <x <0.2) samples
increases with an increase in temperature. Fe addition up to
x=0.1leads to a significant increase in the power lactor because
it significantly increases the electrical conductivity. The highest
value of power factor (1.1 x 1074 W m~! K=2) was attained for
CuAlgoFeq, 1O at 1140 K. The obtained power factors of the Fe-
added CuAl;_,Fe,O5 samples are similar to those of the single
crystal CuAlO; and are much higher than those of the poly-
crystal CuAlO; reported previously [14,33]. In addition to their
high power factors, the Fe-added CuAl;_,Fe,O> ceramics have
advantages for use in thermoelectric devices, i.e., thermal and
chemical stability under air or oxidizing atmospheres at high
temperatures. Based on the above findings, it is believed that the
polycrystalline CuAl;_,Fe,O> could be promising for thermo-
electric applications at high temperatures,

4. Conclusions

The sintered CuAl;_Fe,O, (0 <x <0.2) bodies contained
the CuAl,_.Fe,O; phase with a rhombohedral structure, R3m,
along with second phases such as CuO, Fep;Os, and CuFeO,
phases. As the amount of Fe in the CuAl;_,Fe,0; samples
increased, the grain size increased from 0.94 to 2.73 pm and
the relative density increased from 70.7 to 89.9% of the the-
oretical density. Fe addition up to x=0.1 increased electrical
conductivity because of increases in the grain size, density, and
carrier density of the CuAl|_,Fe,O; samples. On the other
hand, the Seebeck coefficient of the CuAlj_Fe, 02 samples
up to x=0.1 decreased with an increase in Fe content mainly
because of an increase in carrier density. CuAlp gFeg202 sam-
ple showed the highest Seebeck coefficient. Fe addition up to
x=0.1 significantly increased the power factor because of a
significant increase in the electrical conductivity. The highest
value of power factor (1.1 x 10~* W m~! K~2) was attained for
CuAlpgFep 107 at 1140 K. The addition of Fe to CuAlO; was
highly effective for enhancing high-temperature thermoelectric
properties.
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