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bstract

e investigated the effect of Mg-substitution on the microstructure and high-temperature thermoelectric properties of CuAl1−xMgxO2 (0 ≤ x ≤ 0.2)
abricated by the tape casting method. The sintered CuAl1−xMgxO2 bodies crystallized in CuAl1−xMgxO2 solid solutions along with MgAl2O4
nd Cu2MgO3 phases. Mg substitution up to x = 0.12 in the CuAl1−xMgxO2 yielded a higher electrical conductivity and lower Seebeck coefficient
ainly because of an enhanced carrier density. The highest value of the power factor (3.47 × 10−5 W m−1 K−2) was attained for CuAl0.88Mg0.12O2

t 800 ◦C. It is demonstrated that Mg substitution is highly effective for improving high-temperature thermoelectric properties.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Thermoelectric materials with a high-energy conversion effi-
iency are strongly required for both electric power generation
n terms of waste heat recovery and the refrigeration of elec-
ronic devices. The evaluation of the properties of thermoelectric

aterials can be expressed by figure-of-merit (Z) as follows1:
= σα2/κ, where σ, α, and κ are the electrical conductivity, See-
eck coefficient, and thermal conductivity, respectively. Until
ow, it has been reported that thermoelectric materials such as
bTe, SiC, SiGe, and FeSi2 show a high value of the high-

emperature Z.1–5 However, they are easily decomposed or
xidized at high temperatures in air. Therefore, the practical uti-
ization of these materials as power generators has been limited.

etal oxides have recently been studied as alternative thermo-
lectric materials because of their high thermal and chemical
tability at high temperatures in air, easy manufacture, and low
anufacturing cost.6–9 However, in general, the thermoelec-

ric performance of the metal oxides is lower than that of the
emiconductor alloys.
In 1997, Terasaki et al.6 reported a new thermoelectric mate-
ial, NaCo2O4, which has a high Z (8.8 × 10−4 K−1) and a large

(100 �V K−1) at 27 ◦C. Since then, NaCo2O4-based systems
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ave been extensively studied.6–9 However, their application is
uite limited because of the volatility of sodium above 800 ◦C
nd the hygroscopicity of NaCo2O4 in air.10 It is thus necessary
o develop new oxide materials with both high performance and
nvironmental stability. In this work, we have selected CuAlO2
ith a delafossite structure as a candidate material.11–13 Our

pproach to improve the thermoelectric performance is the par-
ial substitution of Mg for Al in CuAlO2. In the present study, the
hermoelectric properties of the CuAl1−xMgxO2 (0 ≤ x ≤ 0.2)
eramics fabricated by the tape casting method were studied,
specially with regard to the substitution of Mg for Al. Tape
asting is the prominent process used to produce thin and flat
eramic sheets mainly for the electronic industry.14

. Experimental

All samples of CuAl1−xMgxO2 (x = 0, 0.04, 0.08, 0.12, 0.16,
nd 0.2) were fabricated by the tape casting method starting
rom high-purity CuO, Al2O3, and MgO powders. A mixture
f the CuO, Al2O3, and MgO powders and ethyl alcohol was
illed for 6 h using a planetary mill (FRITSCH pulverisette 6)

nd ZrO2 ball as a grinding media. The obtained slurries were

ried at 80 ◦C in an oven for 12 h. Subsequently, the mixed pow-
ers were calcined in a mullite crucible at 1000 ◦C for 5 h. The
alcined powders were milled in the planetary mill for 6 h and
ried at 80 ◦C in an oven for 12 h. After the powders were mixed

mailto:kspark@sejong.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.030
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ith solvents (toluene and ethyl alcohol) and a dispersant (BYK,
YK Chemie GmbH, Wesel, Germany) in a ball mill for 12 h,
lasticizers (polyethylene glycol 400, polyethylene glycol 3350,
i-octyl phthalate, and ethylene glycol) and a binder (polyvinyl
utyral) were added into the mixture and then mixed for another
4 h. The obtained slurry was degassed in vacuum to remove gas
ubbles and then tape cast onto a plastic film with a laboratory
ape caster (STC-14A, Hansung Systems, Korea) at a tempera-
ure of 75 ◦C and at a speed of 600 mm/min with a blade opening
f 250 �m. The pieces were then stacked and laminated by press-
ng at 50 MPa and 75 ◦C for 10 min. The resulting compacts were
eated at 1200 ◦C for 20 h in air and then furnace cooled.

The crystal structure of the as-sintered CuAl1−xMgxO2
0 ≤ x ≤ 0.2) samples was analyzed with an X-ray diffractometer
XRD; Rigaku DMAX-2500) using Cu K� radiation at 40 kV
nd 100 mA. The microstructure of the as-sintered samples was
nvestigated by a scanning electron microscope (SEM; Hitachi
4700). In order to measure the thermoelectric properties as a
unction of temperature, the electrical conductivity σ and the
eebeck coefficient α were simultaneously measured over a

emperature range of 450–800 ◦C. The samples for the measure-
ents of thermoelectric properties were cut out of the sintered

odies in the form of rectangular bars of 2 mm × 2 mm × 15 mm
ith a diamond saw and polished with SiC emery papers. After

our grooves were put on the rectangular bars, Pt wires were
ound along the grooves. Further details on thermoelectric prop-

rty measurements may be found elsewhere.11

. Results and discussion

Fig. 1(a)–(c) show the XRD patterns of the as-sintered
uAlO2, CuAl0.88Mg0.12O2, and CuAl0.8Mg0.2O2 samples,

espectively. The crystal structure of the sintered CuAlO2 bodies

s rhombohedral, R3̄m, with a lattice constant of a = 2.8567 Å
nd c = 16.943 Å,12 in conformity with that previously reported
or this material.11,13 For the Mg substituted CuAl1−xMgxO2, in
ddition to the CuAlO2, second phases MgAl2O4 and Cu2MgO3

ig. 1. XRD patterns of the as-sintered (a) CuAlO2, (b) CuAl0.88Mg0.12O2, and
c) CuAl0.8Mg0.2O2 samples.
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ig. 2. SEM images from the surface of the as-sintered (a) CuAlO2 and (b)
uAl0.88Mg0.12O2 samples.

ere detected. MgAl2O4 belongs to the space group Fd3m (227)
nd has the spinel cubic structure (a = 8.083 Å).15 Also, the crys-
al structure of Cu2MgO3 is monoclinic with a lattice constant
f a = 40.534 Å, b = 3.995 Å, and c = 3.183 Å.16 The intensity of
econd phases MgAl2O4 and Cu2MgO3 becomes stronger with
n increase in Mg content.

Fig. 2(a) and (b) show the SEM images from the surface of
he as-sintered CuAlO2 and CuAl0.88Mg0.12O2 samples, respec-
ively. The grain size and density were found to be gradually
reater by increasing the MgO content. This could be due to
he fact that the substituted Mg acts as a sintering additive and
he Mg substitution leads to a rise in the activity of CuAlO2 as

consequence of the distortion of the CuAlO2 lattice, which
s beneficial to grain growth in Mg-substituted CuAl1−xMgxO2
amples.17 In addition, most pores exist at the grain boundaries,
nd some also remain within individual grains.

The temperature dependence of the electrical conductivity
for the CuAl1−xMgxO2 (0 ≤ x ≤ 0.2) samples is shown in
ig. 3. The electrical conductivity increased with temperature
ver the measured temperature range, indicating a semiconduct-
ng behavior. It is apparent that the incorporation of MgO to
uAlO2 up to x = 0.12 yields higher electrical conductivity. This
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Fig. 4. Seebeck coefficient of the CuAl1−xMgxO2 (0 ≤ x ≤ 0.2) samples as a
function of temperature.
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ig. 3. Temperature dependence of the electrical conductivity for the
uAl1−xMgxO2 (0 ≤ x ≤ 0.2) samples.

an be explained by considering the following various compet-
ng factors on the electrical conductivity. (1) The substitution
f Mg2+ for Al3+ may increase the hole concentration of the
ystem to compensate for the electric charge balance, result-
ng in an increase in the electrical conductivity. (2) The amount
f MgAl2O4 and Cu2MgO3 phases with a low electrical con-
uctivity becomes more prominent with Mg content, thereby
owering the electrical conductivity. (3) The porosity and grain
oundary areas, which are responsible for the decrease in the
ime between scattering events of charge carriers, decreased with
ncreasing Mg content, thereby enhancing the electrical conduc-
ivity. From the above competing factors, it can be considered
hat the increased electrical conductivity as a consequence of

gO addition up to x = 0.12 is mainly due to an enhanced hole
oncentration, density, and grain size of the system. We believe
hat MgO addition is fairly effective in achieving high conduc-
ivity. In addition, the electrical conductivity of CuAl1−xMgxO
amples with a high Mg content (x ≥ 0.16) was lowered with an
ncrease in Mg content. This mainly originates from an increase
n the amount of MgAl2O4 and Cu2MgO3 phases with a high
lectrical resistivity.

Fig. 4 shows the Seebeck coefficient α of the CuAl1−xMgxO2
0 ≤ x ≤ 0.2) samples as a function of temperature. The sign
f the Seebeck coefficient is positive for all the measured
emperature ranges, indicating that the major conductivity car-
iers are holes. The values of the Seebeck coefficient for the
uAl1−xMgxO2 samples are lowered with increasing tempera-

ure and then become greater. In addition, Mg substitution up to
= 0.12 lowers the Seebeck coefficient with Mg content, sug-
esting that the carrier density increased by means of the Mg
ubstitution. In general, the value of the Seebeck coefficient
ecomes smaller with increasing carrier density in common
emiconductors.1 The Seebeck coefficient of the CuAl1−xMgxO

amples with high Mg content (x ≥ 0.16) was enhanced at the
igher Mg content mainly because the amount of MgAl2O4 and
u2MgO3 phases having a high Seebeck coefficient became
ore pronounced.

f
C
t

ig. 5. Power factor of the CuAl1−xMgxO2 (0 ≤ x ≤ 0.2) samples as a function
f temperature.

The power factor σα2 calculated from the data in Figs. 3 and 4
s plotted in Fig. 5. The power factor of the CuAl1−xMgxO2
0 ≤ x ≤ 0.2) samples becomes greater with an increase in tem-
erature. Mg substitution up to x = 0.12 at high temperatures
≥700 ◦C) yields a higher power factor because it signifi-
antly enhances the electrical conductivity. The highest value
f the power factor (3.47 × 10−5 W m−1 K−2) was attained for
uAl0.88Mg0.12O2 at 800 ◦C. In addition to high power factors,

he Mg-substituted CuAl1−xMgxO2 ceramics have advantages
or use in thermoelectric devices, i.e., thermal and chemical sta-
ility under air or oxidizing atmospheres at high temperatures.

. Conclusions
Polycrystalline CuAl1−xMgxO2 (0 ≤ x ≤ 0.2) samples were
abricated by the tape casting method. The sintered
uAl1−xMgxO2 bodies contained a CuAl1−xMgxO2 solid solu-

ion with a rhombohedral structure, R3̄m, along with MgAl2O4
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nd Cu2MgO3 phases. The density and grain size became
reater with MgO content. Mg substitution up to x = 0.12 in
he CuAl1−xMgxO2 yielded a higher electrical conductivity and
ower Seebeck coefficient mainly because of an enhanced hole
oncentration of the system. The power factor up to x = 0.12
t high temperatures (≥700 ◦C) was substantially increased
y means of Mg substitution because the electrical conduc-
ivity became greater. The highest value of the power factor
3.41 × 10−5 W m−1 K−2) was attained for CuAl0.88Mg0.12O2
t 800 ◦C. In conclusion, the partial substitution of Mg for Al
n CuAlO2 was highly effective for improving high-temperature
hermoelectric properties.
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