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a b s t r a c t

Highly densified Ca3Co4−xGaxO9+ı (0 ≤ x ≤ 0.2) misfit-layered thermoelectric oxides are prepared by solid
state reaction methods followed by hot-pressing. Thermoelectric properties of the samples are measured
from room temperature to 1200 K. The results show that partial Ga substitution leads to a simultaneous
ccepted 2 November 2009
vailable online 12 November 2009

eywords:
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increase of the electrical conductivity and thermopower. The Ga-doped samples have lower thermal con-
ductivity than that of the non-doped sample in the high temperature region (>600 K). The x = 0.05 sample
shows a higher figure of merit (Z = 3.37 × 10−4 K−1) than that of the non-doped sample (Z = 1.98 × 10−4 K−1)
at 1073 K, indicating significant improvement of the thermoelectric performance of Ca3Co4O9+ı by partial
Ga substitution for Co.
igure of merit
ot press

. Introduction

Thermoelectric materials can be used to generate electricity via
eebeck effect and thus can be considered as one of the energy
aterials. Good thermoelectric materials require a large ther-
opower (S) for generating a large thermal voltage, a low electrical

esistivity (�) for minimizing the Joule heating, and a low thermal
onductivity (�) for retaining the heat at the junctions in order to
btain a high figure of merit Z = S2/��. Misfit-layered Ca3Co4O9+ı

xide has recently attracted considerable attention since its single
rystal shows a large figure of merit (ZT reaches ∼0.87 at 973 K)
nd it has high thermal stability and lacks of toxicity [1]. Therefore,
t can be considered as a potential candidate for power generation
t high temperatures. However, single crystal is too small to be
sed in fabrication of the TE devices. More feasible method is to
se the polycrystalline materials and enhance their TE properties
y optimizing their compositions and preparing process.

Many studies have been carried out to improve the TE proper-
ies of Ca3Co4O9+ı [2–14]. Some of these studies adopt the spark
lasma sintering (SPS) and hot-pressing (HP) methods to improve
he microstructure [6–8]. Chemical substitution is also found to be

n effective way to enhance the ZT value. Previous studies showed
hat the substitutions of Na, Bi, Ag, and Eu for the Ca site and Fe
or the Co site are effective in improving the thermoelectric prop-
rties [9–14]. Besides the improvement on the microstructure and

∗ Corresponding author. Tel.: +886 4 7280698.
E-mail address: liucj@cc.ncue.edu.tw (C.-J. Liu).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.11.009
© 2009 Elsevier B.V. All rights reserved.

preparation using spark plasma sintering (SPS) and hot-pressing
(HP) methods, chemical substitution is also an effective method to
enhance the ZT value. Previous researches showed that the sub-
stitutions of Na, Bi, Ag, and Eu for the Ca site and Fe for the Co
site are effective in improving thermoelectric properties [9–14].
The X-ray absorption spectroscopy shows that there is a mixed
valence of Co3+/Co4+ in Ca3Co4−xFexO9+ı [15]. Moreover, partial
substitution of heavier ions with trivalence or tetravalence in the
Co site might reduce the thermal conductivity since a heavier mass
of the material is expected to reduce the lattice thermal conduc-
tivity. Therefore, the Ga ion with trivalence seems to be one of
the candidates for serving the purpose of enhancing the figure of
merit. In this paper, hot-pressed Ga-substituted Ca3Co4O9+ı oxides
were prepared to investigate their TE properties from room tem-
perature to 1200 K. We find that the x = 0.05 sample has a higher
figure of merit value (Z = 3.37 × 10−4 K−1) than that of non-doped
sample (Z = 1.98 × 10−4 K−1) at 1073 K, which shows a significant
improvement of the thermoelectric performance of Ca3Co4O9+ı by
the partial Ga substitution for Co.

2. Experimental

Polycrystalline samples of Ca3Co4−xGaxO9+ı with x = 0, 0.05, 0.1, and 0.2 were
synthesized by the solid state reaction from CaCO3, Co3O4 and Ga2O3 powders. They
were thoroughly mixed first by rocking mill for 2 h and then by ball milling with

ethanol for 24 h. The mixtures were dried and calcined in air at 1173 K for 24 h. The
calcined samples were ground into powders, pressed into pellets and sintered at
1223 K in the flow of O2 gas for 24 h. The pellets of the samples were re-ground then
hot-pressed at 1123 K in air for 2 h under a pressure of 60 MPa. The hot-pressed
samples were then annealed at 1223 K in O2 gas for 12 h. X-ray powder diffraction
(XRD) analysis was carried out on a diffractometer equipped with Cu K� radiation.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:liucj@cc.ncue.edu.tw
dx.doi.org/10.1016/j.jallcom.2009.11.009
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he relative densities of all the samples were measured using Archimedes’ method.
he microstructure of the hot-pressed samples was observed by scanning electron
icroscopy (SEM). Thermogravimetric and differential thermal analyses (TGA and
TA) were carried out from room temperature to 1300 K for the powder samples.
he electrical resistivity and thermoelectric power were measured simultaneously
rom room temperature to 1200 K in air on an Ozawa RZ2001i thermoelectric prop-
rty measurement system. The standard four-probe and steady techniques were
dopted for the resistivity and thermoelectric power measurements, respectively.
he thermal conductivity was determined from the thermal diffusivity and the spe-
ific heat capacity measured from room temperature to 1073 K on a LFA-502 laser
ash measurement system.

. Results and discussion

The XRD patterns for the first sintered powders of
a3Co4−xGaxO9+ı with x = 0, 0.05, 0.1, and 0.2 samples are shown

n Fig. 1. It can be seen from Fig. 1 that all the XRD peaks of each
ample can be indexed as Ca3Co4O9+ı phase. As shown in Fig. 2,
he TGA and DTA data measured in air from room temperature
o 1300 K reveal that there is no significant change up to 1200 K.
his result indicates that Ca3Co4−xGaxO9+ı is thermally stable in
ir, which is an important property when used for thermoelectric

pplications within this temperature range. The samples are found
o decompose at around 1230 K, which corresponds to a sharp
ndothermic peak. All the hot-pressed samples have a high bulk
ensity with a relative value larger than 95% of the theoretical

ig. 1. The X-ray diffraction patterns of Ca3Co4−xGaxCo9+ı with x = 0, 0.05, 0.1, and
.2 samples.

ig. 2. The thermogravimetric and differential thermal analysis data for
a3Co4−xGaxCo9+ı with x = 0.05 and 0.1 samples.
Fig. 3. SEM photograph of the fractured surfaces of the x = 0.05 sample.

X-ray density [2]. Because the difference of the bulk density
between each sample is less than 1%, the observed difference in the
thermoelectric properties for all the samples in this study would
not be associated with the bulk density.

Fig. 3 illustrates the SEM images of fractured surfaces for a typi-
cal x = 0.05 sample. The plate-like grains can be clearly observed due
to the layered crystal structure of Ca3Co4O9+ı. The SEM photograph
also shows the local textured microstructure of the samples.

Fig. 4 shows the electrical resistivity (�) as a function of temper-
ature for Ca3Co4−xGaxCo9+ı with x = 0, 0.05, 0.1, and 0.2 samples.
For all the samples, the �–T curve shows a metal-like behavior
below 450 K (d�/dT < 0) while nonmetallic behavior above 450 K
(d�/dT > 0). The metal–nonmetal transition observed in the high
temperature regime in the in-plane resistivity of a single crystal of
Ca3Co4Co9+ı has been ascribed to a pseudogap caused by the dis-
appearance of quasiparticle resonance suggested by Limelette et al.
[16].

The Ga substitution for Co results in a decrease of electrical
resistivity over the measured temperature range. Among the Ga-
doped samples, the resistivity tends to increase with increasing

Ga concentration for x > 0.05. Hall measurements reveal that with
partial substitution of Ga for Co, the hole carrier concentration
(n) increases from 1.907 × 1020 cm−3 (x = 0) to 2.339 × 1020 cm−3

(x = 0.05). However, n slightly decreases with increasing Ga doping
level for x > 0.05.

Fig. 4. Temperature dependence of the electrical resistivity for Ca3Co4−xGaxCo9+ı

with x = 0, 0.05, 0.1, and 0.2 samples.
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with increasing temperature, the thermal conductivity at 1200 K
would not exceeded 1.5 Wm−1 K−1. In that case, the figure of merit
Z is 3.8 × 10−4 K−1 and the dimensionless figure of merit value, ZT
should exceed 0.45 at 1200 K.
ig. 5. Temperature dependence of the thermoelectric power for Ca3Co4−xGaxCo9+ı

ith x = 0, 0.05, 0.1, and 0.2 samples.

The temperature dependence of the Seebeck coefficient (S) of
he samples is shown in Fig. 5. The thermopower of all the sam-
les shows a positive value over the measured temperature range,

ndicating the p-type conduction; the magnitude of thermopower
ncreases with increasing temperature. It can be clearly seen from
ig. 5 that partial substitution of Ga results in an increase in the
agnitude of the thermopower and the effect is more significant in

he high temperature region (>600 K). However, the magnitude of
hermopower tends to decrease with increasing Ga concentration
t high temperatures (>800 K).

For a single and non-degenerate band, the diffusion ther-
opower can be expressed as [17]

= kB

e�

∫
�(E)

(E − EF )
kBT

∂f

∂E
dE, (1)

here f, �, EF and kB are the Fermi distribution function, electrical
onductivity, Fermi energy, and Boltzmann constant, respectively.
or a system with one type of carrier, the electrical conductivity �
n Eq. (1) is proportional to the product of carrier concentration and

obility and can be expressed as

= ne� (2)

here n and � are the carrier concentration and mobility, respec-
ively. In general, increasing the carrier concentration of materials
ould decrease the electrical resistivity and also decrease the ther-
opower for materials with one type of carrier. For example, the

bsolute magnitude of thermopower of many oxides decreases
ith increasing carrier concentration, which can be tuned by con-

rolling the oxygen content, provided that mobility would not
hange significantly [18–20]; the magnitude of thermopower for
-type (Bi,Sb)2Te3 thermoelectric materials in the extrinsic con-
uction region can be expressed as [21].

= kB

e
(ı + C − ln n) (3)

here n is the hole concentration; ı is associated with the scatter-
ng parameter; and C is a constant. The magnitude of thermopower
pparently would decrease with increasing carrier concentra-
ion provided that the scattering parameter remains unchanged.
n addition, the activated type conduction in resistivity is not

econciled with the metal-like temperature dependence of ther-
opower. Therefore, the facts of simultaneous decrease of the

esistivity and increase of the thermopower suggest that the
obaltites Ca3Co4−xGaxO9+ı most likely have more than one type of
ndependent carrier. A possible scenario is as follows. For materials
Compounds 491 (2010) 53–56 55

with more than one type of independent charge carriers, ther-
mopower can be expressed by

S =
∑

i

�i

�
Si (4)

where �i and Si are the partial electrical conductivity and par-
tial thermopower, respectively. Since Ca3Co4O9+ı consists of CoO2
and Ca2CoO3 sublattices, the first-principles calculation also sug-
gest that both the CoO2 and Ca2CoO3 sublattices contribute to the
transport [22]. The former is of activated type, while the latter is
of metal-like type. Provided that there are no interactions between
the two sublattices, the thermopower for Ca3Co4−xGaxO9+ı can be
rewritten as

S = �Ca2CoO3

�Ca2CoO3 + �CoO2

SCa2CoO3 + �CoO2

�Ca2CoO3 + �CoO2

SCoO2 (5)

Suppose Ga substitutes for the Co site in the CoO2 sublattice, the
carrier concentration is expected to increase due to a decrease
of the activation energy. It is evidenced by the Hall measure-
ments that carrier concentration increases from 1.97 × 1020 cm−3

for the undoped sample to 2.34 × 1020 cm−3 for the x = 0.05 sample.
Since the increase of electrical conductivity, which is proportional
to e−Ea/kBT for the activated type conduction, is faster than the
decrease of thermopower, which is proportional to Ea/kBT , the sit-
uation of simultaneous increase of conductivity and thermopower
could happen in this scenario.

Due to the simultaneous decrease of resistivity and increase
of thermopower, the power factor is significantly improved for
the Ga-doped samples, as shown in Fig. 6. The power factor is
5.7 × 10−4 Wm−1 K−2 at ca. 1200 K for the x = 0.05 sample, which
is about 1.7 times larger than that of the non-doped sample.

The thermal conductivity (�) and figure of merit (Z) as a func-
tion of temperature for the x = 0 and 0.05 samples are shown in
Fig. 7. For all the samples, � decreases with increasing temperature
and the value is lower for the Ga-doped sample than that for non-
doped in high temperature region (>600 K). The � values at 1078 K
are 1.69 and 1.5 Wm−1 K−1 for the x = 0 and 0.05 samples, respec-
tively. The Z values at 1073 K are 1.98 × 10−4 and 3.37 × 10−4 K−1

for the x = 0 and 0.05 samples, respectively. If the thermal con-
ductivity of the x = 0.05 sample still keeps the decreasing trend
Fig. 6. The power factor versus temperature for Ca3Co4−xGaxCo9+ı with x = 0, 0.05,
0.1, and 0.2 samples.
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ig. 7. Temperature dependence of the thermal conductivity and figure of merit for
a3Co4−xGaxCo9+ı with x = 0, and 0.05 samples.

. Conclusions

In summary, we have investigated high temperature thermo-
lectric properties of misfit-layered Ca3Co4−xGaxCo9+ı (0 ≤ x ≤ 0.2)
xides prepared by conventional solid state reaction methods fol-
owed by hot-pressing. According to the TGA and DTA data, the
a3Co4−xGaxCo9+ı is found to be thermally stable up to 1200 K in air,
hich is essential for high temperature applications of thermoelec-

ric devices. Our results indicate that partial substitution of Ga for

he Co site effectively improves the thermoelectric performance of
a3Co4O9+ı by simultaneously lowering the electrical conductivity,
aising the thermopower, and reducing the thermal conductivity,
hich all favor for enhancing the figure of merit. The x = 0.05 sam-
le exhibits a higher figure of merit of Z = 3.37 × 10−4 K−1 than that

[
[
[
[
[

Compounds 491 (2010) 53–56

of the non-doped sample with Z = 1.98 × 10−4 K−1 at 1073 K. More-
over, the ZT value of the x = 0.05 sample could possibly reach 0.45 at
1200 K if the thermal conductivity keeps the decreasing trend with
increasing temperature. This suggests that it is a promising oxide
material for power generation at high temperatures.
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