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a b s t r a c t

A series of ceramics Ca3−xYbxCo4O9−ı (x = 0, 0.2, 0.3, 0.4, 0.5) were prepared by the sol–gel method
followed by pressing and sintering. The thermoelectric properties were characterized from room tem-
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perature to 870 K. Partial Yb3+ ions substituting for Ca2+ sites enter into the lattices without any impurity
phase, and form highly textured structure. Ca3−xYbxCo4O9−ı samples exhibit semiconducting behavior
and the Seebeck coefficient increase strikingly by increasing the content of Yb3+ ion. The thermal conduc-
tivity varies within narrow limits, and the figure of merit ZT of Ca2.8Yb0.2Co4O9−ı exceeds 0.16 at 870 K.
ol–gel processes
hermoelectric

. Introduction

Thermoelectric materials can interconvert thermal power and
lectric energy, thus may play significant role in the efficient
tilization of energy sources [1]. Thermoelectric oxides, as a
epresentative class of thermoelectric materials, have attracted
ncreasing attention due to their outstanding advantages such as
ighly thermal and chemical stability and low toxicity compared
o the intermetallic alloys. Recently, many kinds of thermoelec-
ric oxides with highly thermoelectric performance have been
eported, including NaCo2O4, Ca3Co4O9−ı, Ca2Co2O5, Bi2Sr2Co2Oy,
iSr2Co2Oy, SrTiO3, CaMnO3, and so on [2–6]. Among them, the
alcium cobalt oxide Ca3Co4O9−ı is regarded as one of the promis-
ng candidates for thermoelectric application. It is well known
hat Ca3Co4O9−ı is a misfit-layered compound built up from two

onoclinic sublattices, the rock-salt layer [Ca2CoO3] and CdI2-type
ayer [CoO2] subsystems, exhibiting an incommensurate periodic-
ty along the b-axis [7]. And the highly thermoelectric performance
f Ca3Co4O9−ı is due to its layered structure.

Recently, different approaches have been developed in order
o further enhance the thermoelectric performance of Ca3Co4O9−ı.
or instances, by combining special post-treatment method, such as
park plasma sintering, sinter-forging, hot pressing, magnetic field

nd thermo-forging methods, the properties of Ca3Co4O9−ı could
e improved though adjusting the dense and textured state of poly-
rystalline oxide [8–10]. In addition, because of the special lamellar
tructure of Ca3Co4O9−ı, the carrier concentration and mobility are
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important factors on electrical properties. Therefore, partial substi-
tution is also an effective way to enhance properties of Ca3Co4O9−ı

by optimizing the carrier density. Nong et al. reported that the ther-
moelectric properties of Ca3Co4O9−ı could be enhanced by partial
Ga3+ substitution for Co site [11]. And other reports revealed that by
substituting Ca site with Bi2+, Na+, Ag+, Ba2+ ions can also improve
the thermoelectric performance of Ca3Co4O9−ı [12–14].

In this paper, we chose the rare earth ion Yb3+ to doping into
Ca3Co4O9−ı, partial substituting Ca site, because the 4f energy
level of the rare earth element approaches to the Fermi level [15].
Textured thermoelectric ceramics Ca3−xYbxCo4O9−ı have been pre-
pared by the citrate sol–gel method followed by pressing and
sintering. The phase composition and microstructure have been
discussed and the effect of substitution on thermoelectric prop-
erties has been investigated. The results show that partial Yb3+

substitution for Ca2+ site can improve the thermoelectric power
effectively.

2. Experimental

The Ca3−xYbxCo4O9−ı (x = 0, 0.2, 0.3, 0.4, 0.5) ceramics were prepared by cit-
rate complexation sol–gel method followed by pressing and sintering. Yb(NO3)3

(prepared by dissolving 99.99% Yb2O3 in nitric acid and evaporating the solvent),
Ca(NO3)2·4H2O, Co(NO3)2·6H2O and C6H8O7·H2O in the appropriate stoichiometric
ratio were mixed and dissolved in distilled water. The solution was heated to 340 K
for 1 h when the constituents reacted to form the purple and transparent sol. The sol
was dried at 400 K to form the gel. The dry gel was calcined in the air at 1073 K for
3 h to obtain Ca3−xYbxCo4O9−ı powder. The powder was grinded and pressed into
square tablet 3 mm × 20 mm × 20 mm under the pressure of 30 MPa, then the tablet

was sintered in the air at 1123 K for 8 h.

For the microstructure analyses, emission scanning electron microscopy
(ESEM) coupled with an energy dispersive X-ray spectroscopy (EDAX) was used.
X-ray diffraction (XRD) patterns were recorded on a Rigaku D/max-rA X-ray
diffractometer with Cu K�1 radiation (� = 0.15405 nm) operated at 40 kV, 20 mV
current at room temperature. Infrared spectra (IR) were investigated using a Nicolet
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http://www.elsevier.com/locate/jallcom
mailto:jiexu0121@hotmail.com
mailto:changpingwei@yahoo.com.cn
dx.doi.org/10.1016/j.jallcom.2010.04.014


228 J. Xu et al. / Journal of Alloys and Compounds 500 (2010) 227–230

F
(

D
m
(
m
3
8
A
l

3

C
a
f
t
t
i
t
a
x
h
x
b
b
p
u

d

(
c
i
g
p
o
i
s

T
L

Table 2
EDAX results showing the cation ratio of the samples.

Samples Co Ca Yb

Ca3Co4O9−ı 4 3 0
Ca2.8Yb0.2Co4O9−ı 4 2.81 0.16
Ca2.7Yb0.3Co4O9−ı 4 2.67 0.31
Ca2.6Yb0.4Co4O9−ı 4 2.62 0.35

of CoO to Co3O4 by heating in the air, finally the reaction of inor-
ganic oxides. In addition, it should be pointed out that the sintering
ig. 1. XRD spectra of Ca3−xYbxCo4O9−ı powders (x = 0, 0.3) and ceramic bulk
x = 0.3).

XFT-IR spectrometer over a range of 400–4000 cm−1 using the KBr pressed disc
ethod. TG–DTA study was applied in flowing air at temperature range 300–1200 K

Shimadzu DTA-60). Electrical resistivity (�) and Seebeck coefficients (S) were
easured simultaneously using a ZEM-1 apparatus in the temperature range of

00–870 K. The thermal conductivity (�) in the temperature range from 300 to
70 K was calculated using the value of the density of the specimen measured by
rchimedes’ principle, and the thermal diffusivity and specific heat measured by a

aser flash method (Shinkuriko:TC-7000).

. Results and discussion

The XRD spectra of Ca3−xYbxCo4O9−ı powders (x = 0, 0.3) and
a3−xYbxCo4O9−ı ceramic bulk (x = 0.3) are shown in Fig. 1, which
re identical to the standard JCPSD card (21-0139), indicating the
ormation of single-phase compounds, and Yb3+ ions doping into
he lattices without changing the lattice structure. X-ray diffrac-
ion of Ca3−xYbxCo4O9−ı ceramic bulk (x = 0.3) reveals strong peaks
ndexed as (0 0 l), which implies that the crystal grains align along
he c-axis to form highly textured structure [16]. In addition, XRD
nalysis indicated that when the content of Yb3+ ion reached to
= 0.5, the diffraction pattern showed an impurity peak (not shown
ere), confirming that the suitable range of doping should be among
= 0–0.4. The lattice parameters of the samples were calculated
ased on the X-ray diffraction data and shown in Table 1. It can
e found that the lattice parameters b and c of Ca2.7Yb0.3Co4O9−ı

owder decrease somewhat simultaneously, and the unit-cell vol-
me decrease slightly compared with Ca3Co4O9−ı, which should be

ue to the ionic radius of Yb3+ (0.99 ´̊A) is very close to that of Ca2+

1.00 ´̊A). The reduction of the unit-cell volume of Ca2.7Yb0.3Co4O9−ı

eramic compared with Ca2.7Yb0.3Co4O9−ı powder sample can be
nterpreted that the pressure leads to the cell orientation. Table 2
ives the EDAX analysis results of Ca3−xYbxCo4O9−ı (x = 0–0.4) sam-

les. The composition of the samples can be found that the content
f Co is unvaried, and the content of Ca is slightly decrease with
ncreasing the content of Yb3+ ion, that indicating Yb3+ partial sub-
tituting Ca2+ site in the lattice.

able 1
attice parameter a, b, c, ˇ and unit-cell volume v of samples.

Sample a (nm) b (nm) c (nm) ˇ (◦) v (nm3)

Ca3Co4O9−ı powder 0.4837 0.4559 1.0843 98.17 0.2367
Ca2.7Yb0.3Co4O9−ı powder 0.4837 0.4553 1.0817 98.24 0.2358
Ca2.7Yb0.3Co4O9−ı ceramics 0.4837 0.4542 1.0795 98.25 0.2348
Fig. 2. IR spectra of (a) gel and (b) Ca2.7Yb0.3Co4O9−ı powder.

Fig. 2 shows the IR spectra of the dry gel and powder of
Ca2.7Yb0.3Co4O9−ı sample. During the formation of the gel, citric
acid (H3Cit) dissociates to the citric acid radical Cit3−, which com-
plexes with the metal nitrates to give citrates. The characteristic
absorption peaks of the gel are shown in Table 3. The spectrum
of Ca2.7Yb0.3Co4O9−ı powder shows without absorption peaks for
any organic groups. The bands centered at 727 and 570 cm−1 can be
assigned to the Ca–O bond (or Yb–O) and the Co–O bond, respec-
tively, indicating that the organic matters have been completely
decomposed, giving a pure compound Ca2.7Yb0.3Co4O9−ı.

The TG–DTA curves of the dry gel of Ca2.7Yb0.3Co4O9−ı sample
(Fig. 3) show an exothermic peak at 440 K, which is accompanied
by a weight loss that was assigned to the evaporation of adsorbing
water and the decomposition of nitric acid. The strong exother-
mic peak observed between 560 and 730 K accompanied by drastic
weight loss due to the vigorous combustion of nitrates and citrates.
The exothermic peak at 750 K was assigned to the decomposition of
the residual citric acid. Above 780 K, the weight loss was assigned to
the oxidation reaction and crystal formation. Because all the reac-
tions were overlapping, the TG curve shows a continuous weight
loss process [17]. According to the DTA analysis, the formation pro-
cess of Ca3−xYbxCo4O9−ı can be described as the removal of organic
phase by calcination to give CaO, Yb2O3 and CoO, then the oxidation
temperature of the Ca3−xYbxCo4O9−ı ceramics should be con-
trolled among the temperature range 1023–1123 K. Above 1193 K,

Table 3
IR absorption bands of the gel.

Absorption band (cm−1) Assignation

3421 �OH stretching vibration
1620, 1720 C O stretching vibration
1380 �CO + ıOH (in plane)
1080, 1235 C–O stretching vibration
895 ıOH (out plane)
609 C–O–M stretching vibration



J. Xu et al. / Journal of Alloys and Compounds 500 (2010) 227–230 229

C
t

t
t
(
c
o
f
Z

t
r
t
C
s
o
b
i
T
m
[
l
b

Fig. 3. TG–DTA curves of the gel of Ca2.7Yb0.3Co4O9−ı .

a3−xYbx Co4O9−ı will decompose to Ca3−xYbxCo2O6, whose elec-
rical resistivity is much higher than that of Ca3−xYbxCo4O9−ı.

The thermoelectric properties of materials are usually charac-
erized by the dimensionless figure of merit (ZT = S2T/��). Good
hermoelectric material should have large thermoelectric power
Seebeck coefficient S), and small electrical resistivity � and thermal
onductivity �. However, these three parameters are all functions
f the carrier concentration and dependent on each other. There-
ore, we should optimize the carrier concentration to enhance the
T value.

Fig. 4 shows the temperature dependence of electrical resis-
ivity of Ca3−xYbxCo4O9−ı samples. It can be found that the
esistivity of Ca3Co4O9−ı increases with increasing tempera-
ure, showing metallic-like behavior, while the resistivity of
a3−xYbxCo4O9−ı samples decrease with increasing temperature,
howing semiconductor-like behavior; and the trend becomes
bviously with increasing the Yb3+ content. This phenomenon can
e interpreted by the fact that ionized impurity scattering predom-

nate the major carriers, resulting in increasing carrier mobility.
he electrical resistivity depends on the carrier concentration and

obility, which relate to the impurity content and temperature

18]. We can see from Fig. 4 that the resistivity of Ca3Co4O9−ı is
ower than that of the doped samples, which seems to be caused
y the doping decreases the carrier concentration. However, with

Fig. 4. Temperature dependence of the electrical resistivity.
Fig. 5. Temperature dependence of the thermoelectric power.

increasing temperature, the difference of resistivity between the
doped and undoped samples decreases, and when the temperature
exceeds 773 K, the resistivity of Ca2.8Yb0.2Co4O9−ı is lower than
that of the undoped Ca3Co4O9−ı. This result can be interpreted that
when the Yb3+ ions enter the forbidden region of Ca3Co4O9−ı to
form an impurity donor level. At low temperature, there may be
a transition of the electrons from the donor level to the valence
band, followed by recombination with positive holes, inducing the
decrease of the carrier density and the increase of resistivity. As
the temperature rise, the electrons in the donor level obtain the
enough energy to make transition to the conduction band, reducing
the probability of transition to the valence band and resulting in the
increase of the holes concentration. As the temperature increases
further, it is also possible for electrons in the valence band obtain
the enough energy to make a transition to the conduction band, so
the carrier concentration increases further. In this way, the resistiv-
ity of Ca2.8Yb0.2Co4O9−ı gradually approaches that of the undoped
sample.

Fig. 5 shows the temperature dependence of Seebeck coefficient
of Ca3−xYbxCo4O9−ı samples. All the samples show positive-type
Seebeck coefficient over the entire temperature range, indicating
p-type semiconductors and positive holes conduction dominating
the transport properties. The thermoelectric conversion procedure
can be interpreted as follows. When the temperature is different
between two sides of the material, the carrier concentration adja-
cent to the low temperature side is lower than that adjacent to the
high temperature side. Therefore, the carriers (positive holes) dif-
fuse from the hot side to the cold side and accumulate at the cold
side, forming an electric field oriented from the cold side to the
hot side. In the electric field, positive holes drift along the direction
of the electric field. When the diffusion and drift of the positive
holes reach an equilibrium state, the electric potential difference
establishes between the two sides of the material. In this way,
the carriers convert thermal power into electric energy. From the
figure, the Seebeck coefficient increases with increasing Yb3+ con-
tent, with the maximum value of 184 �V/K at 870 K for Ca2.7Yb0.3
Co4O9−ı. As already reported, the electronic configuration of the Yb
atom is 4f146 s2, and the electronic configuration of Yb3+ ion is 4f13.
According to the formula, as the 4f energy level of Yb3+ is close to

3+
the Fermi level, Yb -doping increases the density of state Nv, at
the same time the hole concentration p is reduced (as explained
above), therefore, the Seebeck coefficient of the doped samples
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Table 4
Power factors for Ca3−xYbxCo4O9−ı at 770 K and 870 K.

Doping content P (�W/mK2)770 K P (�W/mK2)870 K

x = 0 198 217
x = 0.2 201 222
x = 0.3 190 209
x = 0.4 174 200
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ig. 6. Temperature dependence of the thermal conductivity and ZT for
a2.8Yb0.2Co4O9−ı .

ncreases [19].

= kB

e

(
3
2

− ln
p

Nv

)

In the formula, p is the hole concentration, Nv is the density of
tates of the valence band, kB is the Boltzmann constant, T is the
emperature in Kelvin and e is the electronic charge.

The power factors (P = S2/�) for Ca3−xYbxCo4O9−ı samples at 770
nd 870 K are listed in Table 4. By comparison, the maximum value
s 222 �W/mK2 for Ca2.8Yb0.2Co4O9−ı at 870 K, due to its lowest
esistivity and relatively higher Seebeck coefficient.

For Ca2.8Yb0.2Co4O9−ı, the thermal conductivity � was calcu-
ated, and the temperature dependences of ZT values are shown
n Fig. 6. The thermal conductivity � can be represented by the
um of carrier component (�C) and phonon component (�P) as
= �C + �P. The carrier component �C can be calculated using the
iedemann–Franz law �C = LT/�, where L = 2.4 × 10−8 V2/K2 is the

orenz number, � the electrical resistivity and T is Kelvin tempera-
ure. The phonon component �P was calculated from the equation

3
= D × Cp × d, where d = 3.6 g/cm is the density of the specimen of
a2.8Yb0.2Co4O9−ı, D is the thermal diffusivity, and Cp is the specific
eat. The calculations indicated that � varied within narrow limits
round 1.0 W/mK from room temperature to 870 K, which sug-
ested that doping influenced little on the thermal conductivity,

[

[

[

pounds 500 (2010) 227–230

and that the phonon component �P was the dominant factor in the
total thermal conductivity, exceeding 90%. The figure of merit ZT
value increases with increasing temperature significantly, and ZT
value reaches 0.16 at 870 K for Ca2.8Yb0.2Co4O9−ı.

4. Conclusions

In summary, highly textured Ca3−xYbxCo4O9−ı (x = 0, 0.2, 0.3,
0.4) ceramics have been synthesized. Partial Yb3+substituting for
Ca2+ site leads to significant increase of the Seebeck coefficient.
The difference of resistivity between the doped and undoped
samples decreases with the temperature increasing. The thermal
conductivity varies within narrow limits around 1.0 W/mK from
room temperature to 870 K, and the ZT value is 0.16 at 870 K
for Ca2.8Yb0.2Co4O9−ı. These results suggest that Ca3−xYbxCo4O9−ı

ceramics may be potential thermoelectric material for practical
application.
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