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a b s t r a c t
Misﬁt-layered oxides Ca3−x Lnx Co4 O9+ı with Ln = Dy, Er, Ho, and Lu were synthesized using solid state
reactions. The resulting samples were hot-pressed (HP) at 1123 K in air for 2 h under a uniaxial pressure of 60 MPa. Thermoelectric properties of Ca3−x Lnx Co4 O9+ı were investigated up to 1200 K. Both the
Seebeck coefﬁcient and electrical resistivity increase upon Ln substitution for Ca. Among the Ln-doped
samples, the magnitude of Seebeck coefﬁcient tends to increase with decreasing ionic radius of Ln3+ . The
Ln-doped samples exhibit a lower thermal conductivity than the non-doped one due to a decrease of
their lattice thermal conductivity. The dimensionless ﬁgure of merit, ZT, reaches 0.36 at 1073 K for the
Ca2.8 Lu0.2 Co4 O9+ı sample, which is about 1.6 times larger than that for the non-doped counterpart.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
A large amount of thermal energy from many industrial processes or similar sources is available as waste heat, which is difﬁcult
to reclaim due to the dispersed nature and relatively small scale.
Thermoelectric (TE) generation can offer a very promising method
to overcome these problems by converting the waste heat directly
into electricity [1]. Good thermoelectric materials are required to
have high dimensionless ﬁgure of merit ZT = S2 T/, where S is the
Seebeck coefﬁcient,  the electrical conductivity,  the thermal
conductivity, and T the operating temperature. Besides, thermoelectric materials are required to be stable at high temperatures.
Oxides are one of the best candidate materials for this requirement. In recent years, layered cobalt oxides have gained great
attention since NaCo2 O4 single crystal was found to exhibit good
thermoelectric properties [2]. However, practical application for
power generation using waste heat is quite limited due to the Na
volatility and poor resistance to humidity for NaCo2 O4 . Another
Co-based oxide Ca3 Co4 O9+ı has been intensively investigated due
to its thermal and chemical stabilities at high-temperature in air
[3–9] along with good thermoelectric performance e.g., ZT = 0.83 at
973 K for the single crystal [3]. The composition of Ca3 Co4 O9+ı is
better expressed as [Ca2 CoO3 ][CoO2 ]b1 /b2 with the misﬁt-layered
structure featuring different periodicities along the b-axis with b1
referring to the b-axis length of NaCl-type [Ca2 CoO3 ] sublattice
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and b2 referring to the b-axis length of [CoO2 ] sublattice. The crystal structure of Ca3 Co4 O9+ı can be viewed as being comprised of
two subsystems, i.e., the distorted NaCl-type [Ca2 CoO3 ] sublattice
and the CdI2 -type [CoO2 ] sublattice alternatively stacking along
the c axis [4]. For practical fabrication of TE devices, single crystalline samples are too small and expensive. It is more feasible
to enhance the TE properties of polycrystalline materials. Many
attempts have been made to optimize the thermoelectric performance of Ca3 Co4 O9+ı by either partially substituting cations or
using appropriate fabrication methods such as hot-pressing (HP)
or spark plasma sintering (SPS) techniques. Partial replacement of
cations in Ca3 Co4 O9+ı have been carried out on either the Ca site
[10–21] or the Co sites. [22–25] It has been reported that partial
substitution for Ca by heavier ions with trivalence such as Eu3+
[10], Nd3+ [11], Bi3+ [12], Y3+ [14], Yb3+ [18] Gd3+ and Y3+ [19] is
effective in improving thermoelectric properties, e.g., ZT ≈ 0.25 for
the Bi-doped and ZT ≈ 0.3 for the Eu-doped samples at ca. 1000 K.
Addition of Ag in Ca3 Co4 O9+ı has been recently reported to enhance
the thermoelectric power factor [13,17,21]. Notably, a ZT value of
0.5 at 1000 K is obtained for Ca2.7 Ag0.3 Co4 O9 /Ag–10 wt% composite
[17].
In this paper, we report the preparation of various selected late
rare earth doped samples Ca3-x Lnx Co4 O9+ı (Ln = Er, Dy, Ho and Lu)
using hot-pressing techniques and their high-temperature thermoelectric properties. We ﬁnd that the Lu-doped sample has the
largest power factor among Ca2.9 Ln0.1 Co4 O9+ı (Ln = Er, Dy, Ho and
Lu). In order to obtain better thermoelectric properties, we focus on
investigating Ca3−x Lux Co4 O9+ı with x = 0.1, 0.2, and 0.3. As a result,
we ﬁnd that the magnitude of ZT for the Ca2.8 Lu0.2 Co4 O9+ı sam-
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Fig. 1. Powder X-ray diffraction patterns for Ca2.9 Ln0.1 Co4 O9+ı (Ln = Dy, Ho, Er and
Lu) and Ca3−x Lux Co4 O9+ı with x = 0.2, and 0.3 samples.

ple attains 0.36 at 1073 K, which seems to be the most signiﬁcant
improvement as compared to Bi-, Sr-, Na-, Nd-, Gd-, Eu-, Y-, Gd/Yand Yb-doped samples.
2. Experimental details
The polycrystalline Ca3−x Lnx Co4 O9+ı samples with Ln = Dy, Er, Ho, and Lu were
synthesized by solid state reactions from CaCO3 (99.5%), Co3 O4 (99.7%) and Ln2 O3
(99.9%) powders for x = 0, 0.1, 0.2, and 0.3. The CaCO3 and Ln2 O3 powders were ﬁrst
mixed and milled for 1 h using a rocking mill, which is a milling system vibrating with
two containers. The mixture was then taken out and milled with Co3 O4 for another
1 h. The resulting powders were ball milled with ethanol for 24 h, followed by drying and calcination in air at 1173 K for 24 h. The calcined samples were pressed into
pellets and sintered at 1223 K in ﬂowing O2 gas for 24 h to ensure the desired oxygen
nonstoichiometry of Ca3−x Lnx Co4 O9+ı . The oxygen content (9 + ı) was determined
using iodometric titration [22]. The size of ı is about 0.33 for the non-doped sample
and the difference is less than 1% among the Ln-doped samples. The pellets of the
samples were re-ground and then hot-pressed (HP) at 1123 K in air for 2 h under a
uniaxial pressure of 60 MPa. X-ray powder diffraction (XRD) analysis was carried out
on a Rigaku RINT2002PC diffractometer with Cu K␣ radiation. Thermogravimetric
(TG) and differential thermal analyses (DTA) were carried out from room temperature to 1500 K. The relative densities of all the non-doped and Ln-doped samples
were measured using Archimedes’ method. The microstructure of the HP-samples
was observed by scanning electron microscopy (SEM). The electrical resistivity and
the Seebeck coefﬁcient were measured simultaneously from room temperature to
1200 K in air using an Ozawa RZ2001i thermoelectric property measurement system. The thermal conductivity was determined from the thermal diffusivity and the
speciﬁc heat capacity measured by laser ﬂash technique from room temperature to
1073 K using LFA-502 laser ﬂash system.

3. Results and discussion
Fig. 1 presents the powder X-ray diffraction (XRD) patterns
of Ca2.9 Ln0.1 Co4 O9+ı (Ln = Dy, Er, and Ho) and Ca3−x Lu0x Co4 O9+ı
x = 0.1, 0.2 and 0.3. For the samples with x = 0.1 and x = 0.2, all XRD
peaks can be indexed as the Ca3 Co4 O9+ı phase [4]. However, the Ludoped sample with x = 0.3 exhibits an impurity peak at about 27◦ ,
which is similar to the case of Eu substitution [10]. Moreover, the
XRD peak positions of this sample are slightly shifted, e.g., the peaks
at 16◦ , 25◦ and 33.4◦ . The structure reﬁnement using a Jana2006
Rietveld program were carried out for the non-doped and selected
Ln-doped samples with Ln = Ho and Lu. We ﬁnd that the misﬁt ratio
of b1 /b2 and ˇ slightly changed (b1 /b2 = 1.6132, 1.6140 and 1.6133;
ˇ = 98.054, 98.087 and 98.1 for the non-doped, Ln = Ho and Ln = Lu
samples, respectively). The TG and DTA analyses up to about 1500 K
in air reveal that there is no signiﬁcant change of weight from 300 K
to 1200 K, indicating that the samples are thermally stable up to
1200 K. All the hot-pressed non-doped and Ln-doped samples have

Fig. 2. Temperature dependence of the electrical resistivity: (a) is for non-doped
and Ca2.9 Ln0.1 Co4 O9+ı (Ln = Dy, Ho, Er and Lu) and (b) for Ca3−x Lux Co4 O9+ı with x = 0,
0.1, 0.2, and 0.3, respectively.

a high bulk density and the relative density is larger than 95% of the
theoretical X-ray density 4.68 g/cm3 [4]. The density of all doped
samples for x ≥ 0.2 are about 1% higher than the non-doped one
except for the x = 0.3 samples.
Fig. 2a and b show the electrical resistivity () as a function
of temperature for Ca2.9 Ln0.1 Co4 O9+ı (Ln = Dy, Ho, Er and Lu) and
Ca3−x Lux Co4 O9+ı with x = 0, 0.1, 0.2, and 0.3 samples, respectively.
A broad hump can be readily seen in the –T curve of these
cobaltite samples, resembling the temperature dependence of the
in-plane resistivity for a single crystal in the corresponding temperature regime. The hump maximum occurs around 450 K for the
non-doped sample, that is, the –T curve shows metal-like behavior below 450 K (d/dT < 0), whereas it shows semiconductor-like
behavior above 450 K (d/dT > 0), which can also be described as a
metal–nonmetal transition. The hump maximum seems to shift to
a lower temperature as the Lu content increases (Fig. 2b). An incoherent metal with the quasiparticle resonance becoming strongly
temperature dependent is used to explain the resistivity behavior
in the temperature range between 142 K and 510 K for the nondoped sample. The metal-nonmetal transition could arise from the
pseudogap due to the disappearance of quasiparticle resonance [7].
Partial substitution of Ln3+ for Ca2+ causes an increase of  and the
effect is more substantial at T < 600 K. This might be ascribed to a
decrease of Co4+ based on charge neutrality with the assumption
of O2− . The Co4+ ion is commonly considered as the hole carrier
being responsible for the charge transport in both Nax CoO2 and
Ca3 Co4 O9+ı [26–28]. It should be noted that the temperature coefﬁcient of resistivity becomes smaller at higher temperatures. Among
the Ln-doped samples at a given temperature, the magnitude of
resistivity tends to increase roughly with decreasing ionic radius of
Ln3+ except the case of Ln = Er.
Fig. 3 shows SEM images from fractured surfaces of the nondoped sample, Ca2.9 Er0.1 Co4 O9+ı , and Ca3−x Lux Co4 O9+ı with x = 0.1
and 0.2. It can be seen from Fig. 3 that the plate-like grains are
more pronounced for the non-doped sample, while they become
thinner and smaller after partial substitution of Er or Lu. Among
the investigated Ln-doped samples, microstructure of the Er-doped
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Fig. 3. SEM images from fractured surfaces of the samples for non-doped, Ca2.9 Ln0.1 Co4 O9+ı (Ln = Er and Lu) and Ca3−x Lux Co4 O9+ı with x = 0.2.

sample is somewhat deteriorated, which might be associated with
the most increase of the electrical resistivity.
Fig. 4 shows the temperature dependence of the Seebeck coefﬁcient (S) for Ca2.9 Ln0.1 Co4 O9+ı (Ln = Dy, Er, Ho, and Lu) and
Ca3−x Lux Co4 O9+ı with x = 0.2, and 0.3 samples. For all the investigated samples, S shows positive values in the whole measured
temperature region, indicating the p-type conduction; S increases
with increasing temperature and levels off at 1050 K. It can be
clearly seen that partial substitution of Ln for Ca results in an
increase of S and its size increases with increasing Ln concentration. A possible scenario for these results is described as follows.

Fig. 4. Temperature dependence of the Seebeck coefﬁcient for Ca2.9 Ln0.1 Co4 O9+ı
(Ln = Dy, Ho, Er and Lu) and Ca3−x Lux Co4 O9+ı with x = 0.2, and 0.3 samples.

High-temperature thermoelectric power can be estimated by using
the modiﬁed Heikes formula [26].
S=−

kB
ln
e

g

x
g4 1 − x
3


(1)

where g3 , and g4 are the number of conﬁguration of the Co3+ and
Co4+ ions, respectively; x is the fraction of the Co4+ on the Co sites.
According to the X-ray absorption study of the Ca3 Co4 O9+ı , both
6 ) and Co4+ (t 5 ) are found to be in the low spin state
Co3+ (t2g
2g
[5,10,14,23,29], yielding g3 = 1 and g4 = 6, respectively. From Eq. (1),
one would expect that the magnitude of S increases with decreasing x. This means that lower concentration of Co4+ would lead to
higher S. This is consistent with our ﬁndings: (1) trivalent Ln3+ substitution for divalent Ca2+ leads to an increase of S, which could
be attributed to a decrease of Co4+ concentration; (2) Higher Lu3+
content (x) leads to a decrease of Co4+ concentration and thus an
increase of S. Interestingly, it appears that the smallest ionic radius
of Lu3+ in this series of Ln3+ has the smallest  and largest S.
Fig. 5 shows the calculated power factor (S2 /) of
Ca2.9 Ln0.1 Co4 O9+ı (Ln = Dy, Er, Ho, and Lu) and Ca3−x Lux Co4 O9+ı
with x = 0.2, and 0.3 samples. The power factor is enhanced by
partial substitution of Ho3+ and Lu3+ for Ca2+ . In particular, the
Lu-doped sample with x = 0.2 has the most improvement. Although
the Lu-doped sample with x = 0.3 shows the highest S, the power
factor is not much improved due to a large decrease of the electrical
conductivity. The magnitude of the power factor is 0.336, 0.362,
0.379, and 0.398 mW m−1 K−2 for the samples of non-doped, Ho-,
Lu-doped with x = 0.1 and Lu-doped with x = 0.2, respectively.
The size of the Ln3+ on the electronic transport properties seems
to arise from the internal chemical pressure imposing on the
structure. The internal chemical pressure arises from substitution
of different size of ions in the parent lattice. The internal chemical
pressure could induce a change of the bandwidth. The bandwidth
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the decrease of electrical conductivity leads to a decrease of e ,
which is caused by partial substitution of Ln3+ for Ca2+ , the decease
of total can be mainly attributed to the reduction of lattice contribution arising from incorporation of heavier Ln3+ ions in the
structure as compared to Ca2+ ions. Fig. 6(b) illustrates the temperature dependence of dimensionless ﬁgure of merit ZT for the
samples of non-doped, Ho-doped with x = 0.1 and Lu-doped with
x = 0.1 and 0.2. The size of ZT of all samples tends to increase with
increasing temperature and is signiﬁcantly improved by the Ho and
Lu substitution. The highest magnitude of ZT is about 0.36 at 1073 K
for the Lu-doped with x = 0.2 sample.
4. Conclusions

Fig. 5. Power factor as a function of temperature for Ca2.9 Ln0.1 Co4 O9+ı (Ln = Dy, Ho,
Er and Lu) and Ca3−x Lux Co4 O9+ı with x = 0.2, and 0.3 samples.

depends on the bond length and bond angle, which are responsible
for the charge transport [30]. However, it would need further
studies.
Fig. 6(a) shows the thermal conductivity () as a function of
temperature for the samples of non-doped, Ho-doped with x = 0.1
and Lu-doped with x = 0.1 and 0.2. Partial substitution of Ln3+ for
Ca2+ causes a decrease of , which decreases with increasing lanthanide concentration. Total thermal conductivity (total ) can be
expressed as total = ph + e , where ph and e are the lattice and
electronic contribution, respectively. For Ca3 Co4 O9+ı , the contribution of e to total is small (i.e., less than 0.1 W/m K2 ) according to
the Wiedemann–Franz law, which can be expressed as
e = LT

In summary, we have investigated high-temperature TE properties of a series of misﬁt-layered oxides Ca2.9 Ln0.1 Co4 O9+ı (Ln = Dy,
Ho, and Er) and Ca3−x Lux Co4 O9+ı with x = 0, 0.1, 0.2 and 0.3. These
misﬁt-layered oxides are synthesized by conventional solid state
reactions followed by hot-pressing. The results indicate that TE
properties of Ca3 Co4 O9+ı is effectively improved by late rare earths
with smaller ionic radius, particularly that for the Lu-doped samples. The magnitude of ZT for the Ca2.8 Lu0.2 Co4 O9+ı sample attains
0.36 at 1073 K, which seems to be the most signiﬁcant improvement as compared to that for the Bi-, Sr-, Na-, Nd-, Gd-, Eu-, Y-,
Gd/Y- and Yb-doped samples.
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(2)

where the proportionality constant L is the Lorenz number and 
is the electrical conductivity. The small e indicates that the major
contribution to total arises from the phonon term ph . Even though
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