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a b s t r a c t

The series LnMo8O14 (Ln = La, Ce, Pr, Nd and Sm) containing bicapped Mo8 clusters was synthesized
via solid state reaction at 1673 K. Oxides of this type were reported to be narrow gap semiconductors.
Our Seebeck coefficient measurements show that some of these reduced molybdenum oxides exhibit
a thermopower of above −100 �V/K at room temperature, which is promising for the thermoelectric
vailable online 30 September 2009
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application. The highest power factor of 71 �W/mK2 was obtained for SmMo8O14 at 1152 K.
© 2009 Elsevier B.V. All rights reserved.
lusters
lectronic structures

. Introduction

Thermoelectric (TE) energy conversion can be used to generate
lectricity from temperature gradients. Hence power can be har-
ested from waste heat using TE materials, e.g. from the exhaust
n automotives [1]. Because of the increasing demand and limited
vailability of energy sources, there is strong and renewed interest
n advancing thermoelectric materials. Past research shows that the
est TE materials are narrow band gap semiconductors composed
f heavy elements [2–5], exhibiting a large Seebeck coefficient, S,
ombined with high electrical conductivity, �, and low total ther-
al conductivity, �, in order to achieve a high figure of merit,

T = S2�T/� (T is the absolute temperature).
Because of their good thermal stability at high temperatures

n air, oxides are promising candidates for recovering waste heat.
owever, oxides had not been considered as suitable materials

or thermoelectrics until 1997, when Terasaki et al. [6] discovered
hat a single crystal of cobalt oxide NaCo2O4 exhibited excel-
ent thermoelectric performances. After that, p-type layered cobalt
xides were of great interest, and several new candidate materi-

ls, including Ca3Co4O9 [7,8] were developed through extensive
tudies. In recent years, some n-type thermoelectric oxides with
he perovskite-type structure were studied, e.g. SrTiO3 [9–13] and
aMnO3 [14,15]. However, compared with p-type cobalt oxides,
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n-type thermoelectric oxides are still much less efficient. For the
fabrication of thermoelectric modules, both high-performance p-
type and n-type thermoelectric oxides are required, so it is crucial
to find new n-type thermoelectric oxides with higher ZT values.

Molybdenum oxides, such as LaMo8O14 [16,17], LaMo5O8
[18,19], Y4Mo4O11 [20], Pr4Mo9O18 [21] and La5Mo32O54 [22]
containing different Mo clusters with strong metal–metal bonds
between the Mo atoms, are usually semiconductors with narrow
band gaps, which could be potential materials for thermoelectric
applications. In this work, we will introduce a series of new n-
type oxides (LnMo8O14, Ln = La, Ce, Pr, Nd and Sm) containing Mo8
clusters showing promising thermoelectric properties.

2. Experimental

Five phase-pure LnMo8O14 (Ln = La, Ce, Pr, Nd and Sm) were prepared from stoi-
chiometric mixtures of Ln2O3 (except Pr6O11 for PrMo8O14), Mo and MoO3, by solid
state reaction. The purity of all starting materials was above 99%. The starting mate-
rials were thoroughly mixed, and cold-pressed into pellets by a uniaxial pressing
tool. After that, the pellets were loaded into a furnace and heated up to 1673 K
for 24 h under an argon flow. All final products turned out to be black powders
and were examined by powder X-ray diffraction (Bruker D8) at room temperature.
No secondary phases were detected in the X-ray powder patterns, indicating pure
phases.
3. Electronic structure calculation

The LMTO method (LMTO = linear muffin tin orbitals) [23] was
utilized for the electronic structure calculations. This method is
based on the density functional theory (DFT) [24,25], which pos-

http://www.sciencedirect.com/science/journal/09258388
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transport properties. The densities of states (DOS) for this com-
pound have been described elsewhere [34], so only the band
structure results will be discussed here. Since all atomic sites in
the structure of LaMo8O14 are fully occupied, the model of this
Fig. 1. Two different bicapped Mo8 cluster

ulates that the total energy is a unique function of the electron
ensity and has its minimum at the ground state density. The LMTO
ethod uses the atomic spheres approximation (ASA) [26], and

he local density approximation (LDA) [27] for the exchange and
orrelation energies in the DFT. Sufficient independent k points of
he first Brillouin zone were chosen via an improved tetrahedron

ethod [28].

. Physical property measurements

At first, Spark Plasma Sintering (SPS) method was attempted to
btain high dense pellets for measurements. The powdered mate-
ials were loaded into a graphite die with the diameter of 12.7 mm,
nd sintering was carried out by placing the materials under a uni-
xial pressure of 110 MPa, then heating under vacuum to 1573 K.
owever, these molybdenum oxides start to decompose before

hey can be densified during this process. Finally we pressed the
round phase-pure sample of these oxides into pellets by a uniax-
al press followed by a cold-isostatic press. The pellets were then
ensified by sintering in a high temperature furnace at 1473 K for
h under argon for physical property measurements. The densities

or all pellets were calculated to be around 65% of the theoretical
alues after measuring volume and weight.

Thermoelectric properties such as electrical conductivity (�)
nd Seebeck coefficient (S) of the five compounds were measured
rom room temperature to 1152 K under vacuum on bar shaped pel-
ets with approximate dimensions of 3 mm × 3 mm × 8 mm using
he ZEM3-M10 unit from ULVAC Technologies, Inc. Japan.

. Results and discussion

.1. Crystal structure

Molybdenum oxides with the formula LnMo8O14 (Ln = La, Ce, Pr,
d and Sm) [16,17,29–32] were reported to contain Mo8 clusters.
aMo8O14 and CeMo8O14 crystallize in the orthorhombic crystal
ystem with the space group Pbcn as determined by the single
rystal X-ray diffraction, although there is another different mod-
fication obtained from fused-salt electrolysis for LaMo8O14 [16].
he crystal structure contains two different bicapped Mo8 clus-
ers with a 1:1 ratio. According to the different face capping, the

o8 clusters were defined differently as cis and trans as shown
n Fig. 1. Each Mo atom is connected to 5 O atoms, and the two

ymmetry-independent La3+ or Ce3+ cations are surrounded by 12
atoms forming a distorted cuboctahedron. The Pr compound con-

ains two different types of Mo8 clusters with the ratio of 2:1 for
is and trans, therefore resulting in a different space group, namely
bca. On the other hand, the Nd and Sm compounds crystallize in
left) and trans (right). Mo: black; O: white.

the space group of Aba2 composed exclusively of cis-bicapped Mo8
clusters.

According to Mahan [33], ZT increases with an increasing B
parameter, which increases with the increase of the number of
degenerate bands (Nv), mobility (�), and effective mass (m*), while
it is inversely proportional to the lattice thermal conductivity:

B ∝ Nv�(m∗)3/2

�ph

In order to achieve high ZT values, high mobility, thus covalent
bonds within the structure, and low lattice thermal conductivity,
thus heavy elements in the compound, are favorable. The reason
why oxides were not considered as suitable for thermoelectric
application for a long time was due to their low mobility and molec-
ular masses. Strong Mo–Mo bonds with an average distance of 2.7 Å
within the Mo8 clusters for the present studied oxides are benefi-
cial for high mobility. Moreover, the presence of heavy lanthanide
elements and molybdenum in these oxides is advantageous for
achieving low lattice thermal conductivity.

5.2. Electronic structure

The electronic structure of LaMo8O14 was calculated as an exam-
ple, in order to extract information for predicting and explaining
Fig. 2. Electronic band structure of LaMo8O14.
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800 K). On the other hand, the power factor of the NdMo8O14 and
SmMo8O14 compounds was found to increase continuously with
the increase of temperature. The maximum value of the power
factor is 71 �W/mK2 at 1152 K for SmMo8O14, which is much
lower than that of the state-of-art high temperature thermoelec-
Fig. 3. Electrical conductivity measurements of LnMo8O14.

ompound chosen for the calculation was taken directly from the
ingle crystal structure determination [17] with the Pbcn sym-
etry. The calculated electronic band structures of LaMo8O14

re shown in Fig. 2. The bands in the vicinity of the Fermi
evel, EF, arbitrarily placed at 0 eV, are rather flat, indicative of

high effective mass (m*), which will lead to a high Seebeck
oefficient.

Our band structure calculation indicates that LaMo8O14 is a
emiconductor with a direct band gap of 0.05 eV at the � point,
hich is quite comparable to the result of Gautier et al. [34]. Later,

emiconducting behavior was confirmed by the electrical conduc-
ivity measurement.

.3. Physical properties

The electrical and magnetic properties of LnMo8O14 (Ln = La,
e, Pr, Nd and Sm) single crystals have been previously measured
elow room temperature [34,35]. In this article, thermoelectric
roperties of these molybdenum oxides obtained from bulk mate-
ials will be discussed. Typical for semiconductors, the electrical
onductivity increases with the increasing temperature. The elec-
rical conductivity measurements shown in Fig. 3 indicate that the
ve compounds are semiconductors from room temperature up
o 1152 K in accord with the prediction from the electronic struc-
ure calculation. The electrical conductivity at room temperature
as determined to be 1.0 �−1 cm−1 for LaMo8O14, 9.6 �−1 cm−1

or CeMo8O14, 21.7 �−1 cm−1 for PrMo8O14, 29.2 �−1 cm−1 for
dMo8O14, and 49.5 �−1 cm−1 for SmMo8O14. These values are sig-
ificantly lower than the reported ones measured on single crystals,
.g. 25 �−1 cm−1 for LaMo8O14, and 200 �−1 cm−1 for PrMo8O14.
his is probably due to the large number of boundaries between
rains compared to single crystals, i.e. the lower density of the mea-
ured samples leads to a lower conductivity [36]. With the increase
f temperature, the conductivity of NdMo8O14 and SmMo8O14
ncreases slower than for LaMo8O14, CeMo8O14, and PrMo8O14. In
act, the former two reach a plateau around 500 K, while the other’s
onductivity increases throughout the whole temperature range
Fig. 3).

Seebeck coefficient measurements (Fig. 4) show that the domi-
ant charge carriers in all five oxides are n-type. LaMo O exhibits
8 14
he highest Seebeck coefficient of −137 �V/K at room temperature,
hich is comparable with other outstanding thermoelectric oxides

ike NaCo2O4 [6], SrTi1−xTaxO3 [13], and CaMn1−xNbxO3 [15]. As
or LaMo8O14, CeMo8O14, and PrMo8O14, the absolute value of the
Fig. 4. Seebeck coefficient measurements of LnMo8O14.

Seebeck coefficient decreases with increasing temperature, which
is not favorable for thermoelectric applications at high tempera-
tures. The maximum is expected to occur below room temperature,
in accord with the calculated small band gap [33]. NdMo8O14 and
SmMo8O14, on the other hand, exhibit lower Seebeck coefficient
values of −26 and −28 �V/K at room temperature, respectively.
With the increase of temperature, NdMo8O14 and SmMo8O14 show
a different trend than the other three compounds, which is probably
a consequence of the different structure of the Nd and Sm com-
pounds, possibly due to the absence of trans-Mo8 clusters. Since
the absolute values of the Seebeck coefficient of these two oxides
increase with increasing temperature, the change in carrier con-
centration is less pronounced, which agrees with the plateau in the
conductivity curves.

Using the electrical conductivity and Seebeck coefficient data,
the power factor (S2�) values of these five compounds were
evaluated as shown in Fig. 5. The power factor of LaMo8O14,
CeMo8O14, and PrMo8O14 increases with increasing temperature,
and reaches a maximum at an intermediate temperature (ca.
Fig. 5. The power factor of LnMo8O14.
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ric materials [37], such as skutterudites [38], Yb14MnSb11 [39], and
ixMo3Sb5.4Te1.6 [40].

. Conclusion

Five molybdenum oxides, LaMo8O14, CeMo8O14, PrMo8O14,
dMo8O14, and SmMo8O14 were synthesized via high tempera-

ure solid state reactions. The electronic structure of LaMo8O14 was
nvestigated. The electrical conductivity and Seebeck coefficients
f all these five oxides were measured from room temperature
o 1152 K, and all five oxides are dominated by n-type charge
arriers. NdMo8O14 and SmMo8O14, composed of different arrange-
ents of Mo8 clusters, possess different transport properties.

aMo8O14 shows a high Seebeck coefficient at room tempera-
ure and SmMo8O14 exhibits the highest power factor among
hese five compounds, which is still too low for thermoelectric
pplications. Further optimization, e.g. material densification and
roper doping, will be attempted to improve the thermoelectric
roperties.
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