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Gd-doped CaMnO3 were synthesized by two methods: a copre-
cipitation route and a conventional solid-state reaction. The ce-
ramic samples obtained by the coprecipitation method possess
nanometer-scale grains but the grain sizes by the solid-state re-
action route are several micrometers. Our results show that the
electrical conductivity is slightly decreased with a decreasing
grain size, which indicates that fine-grained ceramics can main-
tain good electrical property. However, thermal conductivity
values of the fine-grained sample are relatively low due to the
enhancement of grain boundary scattering. The highest dimen-
sionless figure of merit ZT5 0.24 has been obtained at 973 K in
the air for fine-grained Ca0.96Gd0.04MnO3, suggesting that they
can be a promising candidate of n-type material for high-tem-
perature thermoelectric application.

I. Introduction

THERMOELECTRIC materials can directly convert heat into elec-
tric energy and vice versa through the thermoelectric phe-

nomena in solids. This makes it a potential method for clean
energy generation by transforming heat into electricity.1 The
conversion efficiency can be well characterized by the dimen-
sionless figure of merit ZT5S2sT/k, where T is the absolute
temperature, S the thermoelectric power, s the electrical con-
ductivity, and k the thermal conductivity, respectively. There-
fore, a high power factor (PF) S2s, and a low thermal
conductivity k are necessary for practical applications of ther-
moelectric materials and related devices.

Oxide semiconductors, which are thermally and chemically
stable in air at high temperature, are easy to manufacture at low
cost, and thus have attracted considerable attention recently.
Since Terasaki et al.2 have found that NaCo2O4 single crystals
showed good TE performance with a high Seebeck coefficient
(100 mV/K at 300 K) and a low resistivity (200 mO � cm at 300 K),
various oxides such as Ca3Co4O9,

3–5ZnO,6 and SrTiO3,
7 were

found to exhibit intriguing thermoelectric properties. Although
the properties of oxides can be modified and optimized by
different cationic substitutions, the ZT value is too low to com-

pare with that of the state-of-the-art thermoelectric material
Bi2Te3. The poor performance is due to the high thermal con-
ductivity, and hence it is desirable to reduce the thermal con-
ductivity, thereby increasing the thermoelectric dimensionless
figure of merit ZT. One of the possible ways to lower the lattice
thermal conductivity is enhancing the grain boundary scattering
through refining the grain size. Many experimental results have
shown that the reduction of thermal conductivity by grain
boundary scattering is more significant than the enhancement
of S2s.8,9 Thus, fine-grained materials are expected to be effec-
tive to enhance the thermoelectric properties.

However, a systematic investigation of fine-grained thermo-
electric bulk oxides has yet to be carried out. Some previous
studies on the CaMnO3 perovskite system suggested that Ca
MnO3 could be a potential candidate as an n-type thermoelectric
material.10,11 For example, Bocher et al.12 used a sol–gel syn-
thesis method to obtain the sub micrometer-size grains and ob-
served that their TE performance could be improved greatly. In
the present work, we attempted to improve the thermoelectric
properties of Gd-doped CaMnO3 by fine-grained structuring.
Fine-grained (200–400 nm) and coarse (3–5 mm) ceramics were
prepared by the coprecipitation method and the solid-state re-
action, respectively. Low thermal conductivity and enhanced
ZT values have been observed in the fine-grained samples.

II. Experimental Section

Polycrystalline ceramic samples of Ca1�xGdxMnO3 (x5 0.02,
0.04, and 0.06) were synthesized via a chemical coprecipitation
method to obtain nanometer powders. Additionally, coarse
Ca0.96Gd0.04MnO3 powders were prepared by a solid-state re-
action method (SSR) for comparison.

For the coprecipitation method, a mixture of Ca(NO3)2 � 4H2O,
Mn(NO3)2, Gd(NO3)3 � 6H2O, and NH4HCO3 (all agents are of
analytical purity) were used as starting materials, and dissolved
in distilled water to make the nitrate stock solution. The pH
value was controlled in the range of 7.5–9.0 to make the metal
ions precipitate completely. The resultant suspension was sub-
jected to suction filtration. The filtration cake was washed sev-
eral times with distilled water before drying at 343 K for 2 h. The
precursor powder was calcined at 1073 K for 6 h in air. The
power compact was sintered at 1373 K for 6 h in air, and then
slowly cooled to room temperature. For the SSR method, an-
alytical purity CaCO3, Mn2O3, and Gd2O3 were used as raw
materials. These were weighed in the stoichiometric ratio of
Ca0.96Gd0.04MnO3 and mixed using a ball mill for 24 h. The
mixed powders were heated at 1373 K for 12 h and at 1423 K for
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12 h with intermediate grinding. Finally, all the ceramics sam-
ples were obtained as sintered at 1573 K for 12 h.

X-ray diffraction (XRD) with a Rigaku D/MAX-2550V
diffractometer (Rigaku, Tokyo, Japan; CuKa radiation) and
scanning electron microscopy (SEM, JSM-6460LV, JEOL,
Tokyo, Japan) were used to reveal the phase composition and
microstructure of the as-synthesized samples, respectively. The
particle morphology was observed by transmission electron mi-
croscopy (TEM, JEOL-2011). The temperature dependence of
electric conductivity was measured from room temperature to
1000 K by a four-probe method. Thermoelectric power was ob-
tained from the slope of the linear relation between DV and DT,
where DV is the thermoelectromotive force produced by a tem-
perature difference DT. The high-temperature thermal conduc-
tivity k was determined from measurements of the thermal
diffusivity (a), the heat capacity (Cp), and the density (r), using
the relationship: k5a�Cp� r. The relative bulk density was
measured by the Archimedes method, and a Netzsch LFA 457
(Selb, Germany) laser flash apparatus measured the thermal diff-
usivity. The specific heat was determined by differential scanning
calorimetry (DSC) using a Netzsch DSC 404 C Pegasus.

III. Results and Discussion

Four kinds of Gd-substituted CaMnO3 ceramic samples with
the nominal composition Ca0.98Gd0.02MnO3 (CMO-1),
Ca0.96Gd0.04MnO3 (CMO-2), Ca0.94Gd0.06MnO3 (CMO-3)
were synthesized by the chemical coprecipitation method and
Ca0.96Gd0.04MnO3 (CMO-2s) by the SSR. Figure 1 indicates
that all samples are single CaMnO3 phase with an orthorhombic
perovskite-type structure. The average crystallite sizes for sam-
ples fabricated by chemical coprecipitation, estimated from
XRD data by means of the Scherer equation, are about
50–70 nm and the size of CMO-2s is about 1–2 mm. The inset
figure shows the XRD patterns of the enlarged (112) peaks for
Ca0.96Gd0.04MnO3 powders by the two methods. It can be
observed that the peak width for the coprecipitation method
is narrower than that of the SSR one. Figure 2(a) shows the
TEM photograph of the powder synthesized by the chemical
coprecipitation method. Average particle size determined
from the TEM observation is 65 nm. Therefore, both XRD
and TEM data confirm that the size of powders prepared by the
coprecipitation method is in the range of 50–70 nm. Similar
nanoparticles were reported by Sanmathi et al.13 Generally, a
solid-state reaction for synthesizing perovskite-type CaMnO3

requires temperatures 41473 K and time longer than 12 h.
However, the coprecipitation technique can fabricate the pow-
der at a low temperature, which maybe ascribed to the high
specific surface area and high reactivity of nanometer precursor
powders.

Figures 2(b) and (c) exhibit the typical morphology of sin-
tered pellets obtained by the coprecipitation method and SSR,
respectively. The grain size of the samples prepared by SSR is
about 3–5 mm, while those fabricated by coprecipitation are
about 200–400 nm. The relative density of samples prepared
through both two methods is about 80%–85%, indicating that
compact ceramics can be obtained by a low sintering tempera-
ture by nanopowders.

The temperature dependence of electrical conductivity of
these Gd-substituted CaMnO3 samples is shown in Fig. 3. As
shown in Fig. 3, with an increasing doping concentration, s
gradually increases and reaches the largest value (113.4 S/cm) at
x5 0.06 at a high temperature. The equivalent Gd substitution
ceramics synthesized by coprecipitation is slightly smaller than
by the SSR method. This indicates that the grain size has little

Fig. 1. X-ray diffraction patterns of various CaMnO3 samples.

Fig. 2. Typical transmission electron microscopic and scanning electron microscopic micrograph of the Ca0.96Gd0.04MnO3 sample, (a) calcined powder
by the coprecipitation route, (b) the surface of sintered pellets synthesized with the coprecipitation method, (c) the surface of sintered pellets synthesized
by the solid-state reaction method method.
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effect on the electrical conductivity. The temperature depen-
dence of the conductivity is generally described using the small
polaron model given by Mott as the following equation14:

s ¼ CT�1 exp
�Ea

kBT

� �
(1)

where C, Ea, kB, and T are the preexponential terms related to
the scattering mechanism, the activation energy, Boltzmann
constant, and the absolute temperature, respectively. The inset
in Fig. 3 shows the activation energy increasing with an increas-
ing concentration of Gd (x). This indicates that the increasing of
Mn31 concentration is favorable for the formation of polarons
in this temperature interval. The activation energy of 0.053 eV
for Ca0.96Gd0.04MnO3 by the SSR method increases to 0.057 eV
obtained by the coprecipitation method. Because of the slight
difference in activation energies, we can conclude that the fine-
grained sample exhibits good interface connection between the
grains, and grain boundaries in fine-grained have a weak influ-
ence on the electrical conductivity.

The temperature dependence of thermoelectric power S for
the Gd-doped CaMnO3 samples are shown in Fig. 3. The ther-
moelectric power S values are all negative, indicating an n-type
conduction. The absolute value of thermoelectric power for all
specimens increases with a rising temperature ranging from
room temperature to 973 K. Samples containing equal amounts
of Gd also share the same thermopower, regardless of the fab-

rication method. In addition, because the thermopower depends
on the electronic structure of the material, we can conclude that
we have obtained high-quality compounds.

Figure 4 displays the total thermal conductivity and the elec-
tronic contribution (300 KoTo1000 K) for all of the studied
compounds. The total thermal conductivity k can be expressed
by the formula k5kL1ke, where kL is the lattice component
and ke is the electronic component. Because ke (ke 5LoTs,
where Lo5 2.45� 10�8 W � (O �K2))�1 is the Lorenz number
and s is the electrical conductivity) does not exceed 20% of the
total thermal conductivity, heat conduction is predominantly
represented by the lattice component kL. The k of the samples
prepared by the coprecipitation method have lower values (1.3–
1.5 W � (m �K)�1, 973 K) than the samples prepared by the solid-
state reaction (2.0–2.4 W (m �K)�1, 973 K).10,11 The reduction in
thermal conductivity maybe related to the enhancement of grain
boundary scattering.15 Strong phonon scattering at the inter-
faces of fine-grained samples yields a significant reduction in the
thermal conductivity compared with raw samples. The nano-
pores in the fine-grained (as seen in Fig. 2(b)) samples may play
an important role in reducing the thermal conductivity. Al-
though the samples synthesized by the two methods have almost
a similar porosity, the fine ceramics have much more nanopores.
These can greatly enhance the phonon scattering in the interface
between the pores and ceramics medium.

The ZT of the studied compounds are shown in the inset of
Fig. 4. The maximum ZT achieved for the Ca0.96Gd0.04MnO3

sample prepared by coprecipitation at 973 K is ZT5 0.24, while
the ZT value of the Ca0.96Gd0.04MnO3 sample prepared by SSR
is only 0.15. This implies that the grain boundaries can act as
scattering centers effective for phonons but ineffective for charge
carriers. Further in-depth physical analysis on the correlation
between grain size and thermal or electrical conductivity are
required.

IV. Conclusion

We investigated the effect of two synthesis methods on the mi-
crostructure and thermoelectric properties of Ca1�xGdxMnO3

(0rxr0.06) compounds. The 50–70 nm nanopowders were
prepared by a coprecipitation method and the bulk samples
have a fine grain size (200–400 nm) due to the low sintering
temperature. The different grain sizes influenced the electrical
and thermal transport properties. The electrical conductivity of
the Ca0.96Gd0.04MnO3 ceramics synthesized by coprecipitation
is slightly smaller than by the SSR method, while the thermal
conductivity of the samples prepared by the coprecipitation
method have much lower values (1.3–1.5 W � (m K)�1) than
the samples prepared by the solid-state reaction (2.0–2.4 W
(m �K)�1). The enhanced scattering of phonons in fine-grained
samples is due to the numerous interfaces. The highest dimen-
sionless ZT of 0.24 has been obtained at 973 K in the air for
Ca0.96Gd0.04MnO3 by the coprecipitation method and it is 1.5
times larger than that by the SSR method. Accordingly, it
should be necessary to improve the thermoelectric properties
not only by different doping elements or doping concentration
but also by fabricating fine-grained nanostructures.
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