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a b s t r a c t

Four highly reduced molybdenum oxides LnMo8O14 (Ln = La, Ce, Nd and Sm) containing bicapped Mo8

clusters were synthesized via solid state reaction followed by spark plasma sintering. The thermoelectric
properties were investigated, and NdMo8O14 exhibits the best performance with the maximum power
factor of 177 �W/mK2 at 1000 K. The highest ZT of NdMo8O14 was determined to be around 0.1 at 1000 K.
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. Introduction

The performances of thermoelectrics can be defined by the
imensionless figure of merit ZT [1], where ZT = T × (S2�)/� (T

s the absolute temperature, S is the Seebeck coefficient, � is
he electrical conductivity and � is the total thermal conductiv-
ty). High-performance thermoelectric materials must have a large
eebeck coefficient, high electrical conductivity but low thermal
onductivity in order to achieve a high ZT value. Since the discovery
f unexpectedly good thermoelectric properties of p-type NaCo2O4
2], intensive research has been devoted to discover new oxide

aterials [3–12] due to their natural advantages, e.g. good thermal
tability, low cost, and environmental friendliness. Several thermo-
lectric modules [13–15] made with oxides have been developed,
hile the thermoelectric properties of n-type oxides still need

o be improved. Recently, dually doped Zn0.96Al0.02Ga0.02O [16]
as reported to show excellent thermoelectric performance with

T = 0.65 at 1247 K, which was the highest ZT values so far for

ulk n-type oxides. We commenced a study on n-type molyb-
enum oxides containing Mo clusters for thermoelectric heat
ecovery application because of their semiconducting behaviors
nd large thermopower [17]. Moreover, the structures of molyb-
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.03.201
denum oxides are rather complex [18–23], which could contribute
to a low thermal conductivity.

Spark Plasma Sintering (SPS) technique is a unique sintering
method combining mechanical pressure and an electric energy in
a pulse shape as the heat source for sintering [24]. Nowadays, SPS
has been developed and commonly used to prepare and densify
various materials for thermoelectric research [8,25–30]. One of the
main advantages of the SPS technique has been demonstrated to
be the rapid densification of various materials in a very short time
with respect to the conventional sintering method and hot press-
ing. In this study, we report the enhanced thermoelectric properties
of lanthanide molybdenum oxides by spark plasma sintering.

2. Experimental

Four lanthanide molybdenum oxides LaMo8O14, CeMo8O14, NdMo8O14, and
SmMo8O14 have been prepared from stoichiometric mixtures of Ln2O3 (Ln = La, Ce,
Nd, and Sm), Mo and MoO3 by conventional solid state reaction. The details can be
found elsewhere [17].

Before SPS processing, the powders were ball-milled with ethanol for 24 h in
order to achieve a smaller particle size of ca. 2 �m. The final processing was carried
out using the spark plasma sintering system (Dr. Sinter SPS 2050, Sumitomo Coal
Mining Co., Ltd., Japan). The pulsed electric current was passed through the sam-

ple under vacuum (10−3 bar,) while a uniaxial pressure of 50 MPa was applied. The
powders were loaded in cylindrical graphite dies with an inner diameter of 0.5 in.
and heated to the final sintering temperature using a heating rate of 100 K/min. In
the temperature range T < 1273 K, the temperature was measured and regulated by
a thermocouple, which was inserted into the die; while for T ≥ 1273 K, the tempera-
ture was measured and regulated by an optical pyrometer focused on the surface of

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jiax@risoe.dtu.dk
mailto:nipr@risoe.dtu.dk
dx.doi.org/10.1016/j.jallcom.2010.03.201
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he die. During the experiments, there is no significant displacement or shrinkage of
ample until the sintering temperature reaches 1573 K, where binary molybdenum
xides start to decompose also. In the final processing, a lower sintering temperature
f 1473 K and higher uniaxial pressure of 110 MPa were used in order to ensure the
ull densification while avoiding decomposing of the powder. The pellets obtained
fter the SPS processing were polished to remove the graphite foil. The densities for
ll pellets were measured using Archimedes method to be around 75% of theoretical
alues.

. Characterization

X-ray powder diffraction patterns were collected at ambient
emperature from 5◦ to 80◦ with a step of 0.02◦ on a Bruker D8
iffractometer with Cu K� radiation.

Electric transport properties of four compounds were mea-
ured on bar shaped pellets with approximate dimension of
mm × 3 mm × 8 mm using ZEM3-M10 unit from ULVAC Tech-
ologies, Inc. Japan. Electrical conductivity and Seebeck coefficient
easurements were carried out simultaneously from room tem-

erature to 1152 K under vacuum. The thermal conductivity of
dMo8O14 was determined from the density (d), thermal diffusivity

˛), and specific heat (Cp) via the equation: � = d × ˛ × Cp. The ther-
al diffusivity of the pellet (12.7 mm diameter × 3 mm thickness)
ere measured by Netzsch LFA-457 laser flash apparatus under N2
ow between room temperature and 1164 K with a heating rate
f 5 K/min. The specific heat was determined by the ratio method
omparing with the reference sample, inconel, during the thermal
iffusivity measurement.

. Results and discussion

Fig. 1 presents the XRD patterns of all samples prepared by
onventional solid state reaction. The sintering procedure was opti-
ized and all samples were examined to be pure phases according

o the International Crystal Structure Database (ICSD).
The temperature dependence of the electrical conductivity for

nMo8O14 (Ln = La, Ce, Nd, Sm) densified by spark plasma sinter-
ng are shown in Fig. 2. With increasing temperature, the electrical
onductivity of all the samples increases, indicating semiconduct-

ng behavior. The electrical conductivity at room temperature was

easured to be 120 �−1 cm−1 for LaMo8O14, 532 �−1 cm−1 for
eMo8O14, 303 �−1 cm−1 for NdMo8O14, and 340 �−1 cm−1 for
mMo8O14, which are significantly higher than the samples by den-

ig. 1. XRD patterns of LaMo8O14, CeMo8O14, NdMo8O14 and SmMo8O14 prepared
y conventional solid state reactions.
Fig. 2. Electrical conductivity of LaMo8O14, CeMo8O14, NdMo8O14 and SmMo8O14

pellets consolidated by spark plasma sintering.

sified conventional sintering method [17] as expected. This could
be due to higher density of the pellets made from SPS, occurring
with smaller amount of boundaries between grains, and/or the
generation of oxygen deficiencies.

The dependence of the Seebeck coefficient on the tempera-
ture is shown in Fig. 3. The Seebeck coefficient of every sample
is negative over the whole temperature range, showing that the
majority of charge carriers are electrons. The Seebeck coefficient
at room temperature is −37 �V/K for LaMo8O14, −49 �V/K for
CeMo8O14, −18 �V/K for NdMo8O14, and −12 �V/K for SmMo8O14,
which are too low for thermoelectric applications. With increasing
temperature, the Seebeck coefficient values of both NdMo8O14 and
SmMo8O14 increase until a maximum of −62 �V/K for NdMo8O14
at 1000 K and −34 �V/K for SmMo8O14 at 760 K. These values are
lower than the previous reports [17] of conventional sintering
method possibly due to the oxygen deficiency after the SPS pro-
cess.

Fig. 4 shows the temperature dependence of power factor,

S2�. Because of the trend of the decreasing Seebeck coefficient
with increasing temperature for LaMo8O14 and CeMo8O14, the
power factors decrease with increasing temperature for these
two compounds. On the other hand, the power factors of the Nd

Fig. 3. Seebeck coefficient of LaMo8O14, CeMo8O14, NdMo8O14 and SmMo8O14 pel-
lets consolidated by spark plasma sintering.
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ig. 4. Power factors of LaMo8O14, CeMo8O14, NdMo8O14 and SmMo8O14 pellets
onsolidated by spark plasma sintering.

nd Sm compounds increase with the increasing of the temper-
ture, reaching maximum values of 177 �W/mK2 at 1000 K and
8 �W/mK2 at 760 K, respectively. The maximum power factor
alue for NdMo8O14 obtained from SPS is three times larger than
hat obtained from the conventional sintering method [17], and
ompares well with some state of arts n-type thermoelectric oxides
ike CaMn0.98Nb0.02O3 [11], while it is still lower than in some p-
ype oxides such as Ca3Co3.95Ga0.05O9 [31].

In order to calculate the dimensionless figure of merit of ZT
or NdMo8O14, thermal conductivity, �, of NdMo8O14 was evalu-
ted as shown in Fig. 5. The Cp we obtained from the ratio method
t 323.15 K is about 0.7 J/g/K, comparable with the one estimated
rom the Dulong–Petit law [32], i.e., 0.5 J/g/K. The total thermal
onductivity of NdMo8O14 was determined to be 3.19 W/mK at
22 K, which is comparable with some classic thermoelectric oxides
11,12,25]. The thermal conductivity value decreases with increas-
ng temperature until 2.0 W/mK at 1164 K, which is favorable for
he high temperature thermoelectric application. According to our

nowledge, this constitutes the first report on thermal conductiv-
ty of a reduced molybdenum oxide with Mo clusters. The relatively
ow thermal conductivity is likely a consequence of the heavy lan-
hanide elements and the complex structure of LnMo8O14 [33–37].

ig. 5. The thermal conductivity of a NdMo8O14 pellet consolidated by spark plasma
intering.
Fig. 6. The dimensionless figure of merit of a NdMo8O14 pellet consolidated by spark
plasma sintering.

The total thermal conductivity � consists of the electronic con-
tribution �e and the phonon contribution �ph, i.e. � = �e + �ph. The
electronic component can be estimated from the electrical con-
ductivity by using the Wiedemann–Franz law, �e = L0�T, where
L0 = 2.45 × 10−8 W�/K2 is the Lorenz number and T is the absolute
temperature. The calculated �e and �ph are summarized in Fig. 5
as well. The main contribution to the total thermal conductivity is
the phonon part around room temperature, and the electronic part
is almost negligible. The electronic part starts to play an impor-
tant role at high temperature because of the increasing number of
charge carriers.

Using the measured electrical conductivity and Seebeck coeffi-
cient, and fitted thermal conductivity data, the dimensionless figure
of merit, ZT, of NdMo8O14 was evaluated as shown in Fig. 6. The
ZT value increases with the increasing of temperature, and the
maximum values reach 0.1 at 1000 K, which is promising for ther-
moelectric application as a new n-type oxide system still needs to
be optimized.

5. Conclusion

Thermoelectric properties of four molybdenum oxides,
LaMo8O14, CeMo8O14, NdMo8O14 and SmMo8O14 made by
SPS were examined. Comparing with the conventional sintering
method, the thermoelectric performances of these oxides were
improved by SPS. Among them, NdMo8O14 has the highest power
factor at high temperature. NdMo8O14 also exhibits a low thermal
conductivity from around room temperature up to 1164 K. The
maximum ZT of 0.1 was obtained for this compound at 1000 K,
which is within the same order of magnitude like that of current
state-of-the art n-type thermoelectric oxides.
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