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a b s t r a c t

We report the significant enhancement of the power factor of Ca3Co4O9þd through Yb doping. The pellets

were prepared by pressing under 0.5 GPa and 2 GPa. The highest power factor of 553 mW m�1 K�2 due to the

significant increase of electrical conductivity was obtained for Ca2.9Yb0.1Co4O9þd pressed at 0.5 GPa. This is

2.3 times higher than that of Ca3Co4O9þd (246 mW m�1 K�2). Nanostructure examinations show that the

pellets pressed at 0.5 and 2 GPa have different nano-lamella structures. This work suggests that Yb is an

effective doping element for enhancing the electrical transport properties of Ca3Co4O9þd, and the optimum

doping level is related to the nanostructure of the bulk pellets.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoelectric (TE) technology is recognized as a clean and
promising energy conversion technology, which can convert
waste heat from many energy production and consumption
systems directly into electricity [1–4]. To achieve a high efficiency
in a TE power generator, particularly for high temperature
applications, identifying high performance TE materials is key.
At high temperatures, many metal oxides offer good durability in
air with low cost and minimized environmental impact. Misfit
layered calcium cobaltite is one of the best p-type TE oxides and
thus has been extensively studied [1–12]. The Ca3Co4O9þd single
crystal shows very good TE behavior with an extrapolated ZT of
0.8 at 973 K [2], and is highly stable in air up to 1199 K [10].
A challenge for developing oxide TE material is to improve
the conversion efficiency of polycrystal Ca3Co4O9þd, which is
currently low [11].

Enhancing the TE performance of Ca3Co4O9þd through doping
transition metals and/or rare-earth metals at the Co site and Ca
site could improve the TE performance of Ca3Co4O9þd [3–9]. It is
stated that, by appropriate doping of the trivalent heavy Lantha-
nide elements for Ca2þ in the Ca3Co4O9þd system, an increase of
the Seebeck coefficient could be achieved [7]. The substituting on
the Ca site by rare earth metals may modify the Co oxidation state

in two different ways: introducing trivalent elements could
decrease the cobalt valence and also the carrier concentration,
and increasing the b1/b2 ratio (distortion of lattice parameters) by
doping smaller ionic radii rare-earth elements could increase the
oxygen stoichiometry more quickly than the Co stoichiometry
thus consequently increasing the Co valency [7,13,14].

In this study, we report the effect of Yb3þ doping on the Ca2þ

site on the nanostructure and electrical properties of polycrystal
Ca3Co4O9þd. Particularly, the effect of Yb3þ doping associated
with the pressure for cold pressing applied during fabrication of
polycrystal Ca3Co4O9þd pellets is studied.

2. Experimental

The precursor powders with the nominal composition of
Ca3�xYbxCo4O9þd (x¼0, 0.1, 0.3 and 0.5) were prepared by a
sol–gel chemical solution route. The gel was ashed at 773 K in a
box furnace and the ashed product was calcined at 923 K in a tube
furnace for 4 h with oxygen flow to form the precursor powders.
The powders were then grounded and uniaxially pressed into
pellets at either 0.5 GPa or 2 GPa. The pellets were sintered at
1193 K for 24 h in a box furnace to obtain the bulk samples. The
absolute Seebeck coefficient S and electrical resistivity r were
measured in the direction parallel to the pressed plane from
273 K up to 1073 K using a Linseis LSR-1100 in a He environment.
X-ray diffraction (XRD) analysis was employed for phase identi-
fication. A JEOL JSM 7600F Scanning electron microscope (SEM),
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and a JEM-2100 transmission electron microscope (TEM)
equipped with energy dispersive X-ray spectroscopy (EDS) were
used to examine the structure and chemistry from micron to
atomic scale.

3. Results and discussion

Fig. 1(a) and (b) display the temperature dependence of the
electrical transport properties for the samples pressed at 0.5 GPa
and 2 GPa, respectively, with different doping levels. It can be
seen that the S increases along with the increase of the Yb doping
amount. One exception is the sample doped with 0.1 Yb and
pressed at 2 GPa where a lower S is observed compared with the
undoped sample. The S usually peaks at temperatures between
950 K and 1050 K. The highest S (193 mV K�1) was obtained on
the sample doped with 0.5 Yb and pressed at 0.5 GPa.

The resistivity r shows a more complex trend depending on
the Yb doping amount and the pressure applied during pellet
fabrication. Among the tested samples, the lowest r was obtained
on the sample doped with 0.1 Yb and pressed at 0.5 GPa, yielding
only about 50% of that from the baseline undoped sample
throughout the entire temperature range of testing. To our

knowledge, this is the lowest r reported in the polycrystal
Ca3Co4O9þd system so far [15,16]. On the other hand, for the set
of the samples pressed at 2 GPa, the most significant decrease in r
is observed for doping at x¼0.3 concentrations. Doping with
0.5 Yb results in the increase in r as the temperature increases. In
the temperature range studied, the Ca3�xYbxCo4O9þd samples
with xo¼0.3 display a metallic-like character, while the samples
with x¼0.5 (both 0.5 and 2 GPa) exhibit semiconducting-like
behavior.

For the sample pressed at 0.5 GPa with a doping level of 0.1,
the optimum power factor (S2/r)is 553 mWm�1 K�2 at 904 K and
is 2.3 times higher than the baseline sample (246 mW m�1 K�2).
For the samples pressed at 2 GPa, the optimum doping level is
0.3 with the power factor reaching 455 mW m�1 K�2 at 879 K and
is 1.68 times higher than the baseline sample (270 mW m�1 K�2).

The apparent densities are roughly 3.2 g cm�3 for the pellets
cold pressed at 0.5 GPa and 3.88 g cm�3 for the samples pressed
at 2 GPa. Compared with the theoretical density [1] of
4.68 g cm�3 for Ca3Co4O9þd, the packing densities are �68%
and �83% for the 0.5 GPa and 2 GPa samples, respectively.
X-ray powder diffraction results (not shown) indicate that all
the samples could be indexed as Ca3Co4O9 phase (JCPDS card, No.
23–110). No obvious impurities could be found, even in the

Fig. 1. Electrical transport properties of Ca3�xYbxCo4O9þd, x¼0, 0.1, 0.3 and 0.5. Columns a and b indicate the two sets of samples pressed at (a) 0.5 GPa and (b) 2 GPa,

respectively.
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