Journal of Alloys and Compounds 489 (2010) 353-356

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

Journal of

ALLOYS
AND COMPOUNDS

Thermoelectric properties of molybdenum oxides LnMogO14

(Ln=La, Ce, Pr, Nd and Sm)

Jianxiao Xu?®*, Monica Sonne?, Nini Pryds?, Holger KleinkeP-*

3 Fuel Cells and Solid State Chemistry Division, Rise National Laboratory for Sustainable Energy, Technical University of Denmark, 4000 Roskilde, Denmark

b Department of Chemistry, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1

ARTICLE INFO ABSTRACT

Article history:

Received 17 August 2009

Received in revised form 31 August 2009
Accepted 31 August 2009

Available online 30 September 2009

Keywords:
Thermoelectrics
Semiconductors
Molybdenum oxides
Clusters

Electronic structures

The series LnMogO14 (Ln=La, Ce, Pr, Nd and Sm) containing bicapped Mog 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 wV/K at room temperature, which is promising for the thermoelectric
application. The highest power factor of 71 wW/mK? was obtained for SmMogO14 at 1152 K.
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1. Introduction

Thermoelectric (TE) energy conversion can be used to generate
electricity from temperature gradients. Hence power can be har-
vested from waste heat using TE materials, e.g. from the exhaust
in automotives [1]. Because of the increasing demand and limited
availability of energy sources, there is strong and renewed interest
in advancing thermoelectric materials. Past research shows that the
best TE materials are narrow band gap semiconductors composed
of heavy elements [2-5], exhibiting a large Seebeck coefficient, S,
combined with high electrical conductivity, o, and low total ther-
mal conductivity, k, in order to achieve a high figure of merit,
ZT=S520T/k (T is the absolute temperature).

Because of their good thermal stability at high temperatures
in air, oxides are promising candidates for recovering waste heat.
However, oxides had not been considered as suitable materials
for thermoelectrics until 1997, when Terasaki et al. [6] discovered
that a single crystal of cobalt oxide NaCo,04 exhibited excel-
lent thermoelectric performances. After that, p-type layered cobalt
oxides were of great interest, and several new candidate materi-
als, including Ca3Co40g9 [7,8] were developed through extensive
studies. In recent years, some n-type thermoelectric oxides with
the perovskite-type structure were studied, e.g. SrTiO3 [9-13] and
CaMnOs [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 LaMogO14 [16,17], LaMo50g
[18,19], Y4M040]] [20], PF4M090]8 [21] and La5M032054 [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 (LnMogO14, Ln=La, Ce, Pr, Nd and Sm) containing Mog
clusters showing promising thermoelectric properties.

2. Experimental

Five phase-pure LnMogO14 (Ln=La, Ce, Pr, Nd and Sm) were prepared from stoi-
chiometric mixtures of Ln, O3 (except PrgO; for PrMogO14), Mo and MoQs, 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 1673K
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-
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Fig. 1. Two different bicapped Mog clusters: cis (left) and trans (right). Mo: black; O: white.

tulates that the total energy is a unique function of the electron
density and has its minimum at the ground state density. The LMTO
method uses the atomic spheres approximation (ASA) [26], and
the local density approximation (LDA) [27] for the exchange and
correlation energies in the DFT. Sufficient independent k points of
the first Brillouin zone were chosen via an improved tetrahedron
method [28].

4. Physical property measurements

At first, Spark Plasma Sintering (SPS) method was attempted to
obtain high dense pellets for measurements. The powdered mate-
rials were loaded into a graphite die with the diameter of 12.7 mm,
and sintering was carried out by placing the materials under a uni-
axial pressure of 110 MPa, then heating under vacuum to 1573 K.
However, these molybdenum oxides start to decompose before
they can be densified during this process. Finally we pressed the
ground phase-pure sample of these oxides into pellets by a uniax-
ial press followed by a cold-isostatic press. The pellets were then
densified by sintering in a high temperature furnace at 1473 K for
5 h under argon for physical property measurements. The densities
for all pellets were calculated to be around 65% of the theoretical
values after measuring volume and weight.

Thermoelectric properties such as electrical conductivity (o)
and Seebeck coefficient (S) of the five compounds were measured
from room temperature to 1152 Kunder vacuum on bar shaped pel-
lets with approximate dimensions of 3 mm x 3 mm x 8 mm using
the ZEM3-M10 unit from ULVAC Technologies, Inc. Japan.

5. Results and discussion
5.1. Crystal structure

Molybdenum oxides with the formula LnMogO14 (Ln=La, Ce, Pr,
Nd and Sm) [16,17,29-32] were reported to contain Mog clusters.
LaMogO14 and CeMogOq4 crystallize in the orthorhombic crystal
system with the space group Pbcn as determined by the single
crystal X-ray diffraction, although there is another different mod-
ification obtained from fused-salt electrolysis for LaMogO14 [16].
The crystal structure contains two different bicapped Mog clus-
ters with a 1:1 ratio. According to the different face capping, the
Mog clusters were defined differently as cis and trans as shown
in Fig. 1. Each Mo atom is connected to 5 O atoms, and the two
symmetry-independent La3* or Ce3* cations are surrounded by 12
0 atoms forming a distorted cuboctahedron. The Pr compound con-
tains two different types of Mog clusters with the ratio of 2:1 for
cis and trans, therefore resulting in a different space group, namely
Pbca. On the other hand, the Nd and Sm compounds crystallize in

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

According to Mahan [33], ZT increases with an increasing B
parameter, which increases with the increase of the number of
degenerate bands (N ), mobility (1), and effective mass (m"), while
it is inversely proportional to the lattice thermal conductivity:

Nypu(m)*/2
o YT

Kph

B

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 A
within the Mog 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 LaMogO14 was calculated as an exam-
ple, in order to extract information for predicting and explaining
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 LaMogO14 are fully occupied, the model of this

Fig. 2. Electronic band structure of LaMogO14.
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Fig. 3. Electrical conductivity measurements of LnMogO14.

compound chosen for the calculation was taken directly from the
single crystal structure determination [17] with the Pbcn sym-
metry. The calculated electronic band structures of LaMogO14
are shown in Fig. 2. The bands in the vicinity of the Fermi
level, Eg, arbitrarily placed at OeV, are rather flat, indicative of
a high effective mass (m"), which will lead to a high Seebeck
coefficient.

Our band structure calculation indicates that LaMogQO4 is a
semiconductor with a direct band gap of 0.05eV at the I" point,
which is quite comparable to the result of Gautier et al. [34]. Later,
semiconducting behavior was confirmed by the electrical conduc-
tivity measurement.

5.3. Physical properties

The electrical and magnetic properties of LnMogO14 (Ln=La,
Ce, Pr, Nd and Sm) single crystals have been previously measured
below room temperature [34,35]. In this article, thermoelectric
properties of these molybdenum oxides obtained from bulk mate-
rials will be discussed. Typical for semiconductors, the electrical
conductivity increases with the increasing temperature. The elec-
trical conductivity measurements shown in Fig. 3 indicate that the
five compounds are semiconductors from room temperature up
to 1152 K in accord with the prediction from the electronic struc-
ture calculation. The electrical conductivity at room temperature
was determined to be 1.0Q2~1cm~! for LaMogO14, 9.6 2~ cm™!
for CeMogO14, 21.7 Q2 Tcm~! for PrMogO4, 29.2Q Tcm~! for
NdMogO14,and 49.5 2! cm~! for SmMogO14. These values are sig-
nificantly lower than the reported ones measured on single crystals,
e.g. 25Q 1cm~! for LaMogO14, and 200 2! cm~! for PrMogO14.
This is probably due to the large number of boundaries between
grains compared to single crystals, i.e. the lower density of the mea-
sured samples leads to a lower conductivity [36]. With the increase
of temperature, the conductivity of NdMogO14 and SmMogO14
increases slower than for LaMogOq4, CeMo0g0O14, and PrMog0O14. In
fact, the former two reach a plateau around 500 K, while the other’s
conductivity increases throughout the whole temperature range
(Fig. 3).

Seebeck coefficient measurements (Fig. 4) show that the domi-
nant charge carriers in all five oxides are n-type. LaMogO14 exhibits
the highest Seebeck coefficient of —137 wV/K at room temperature,
which is comparable with other outstanding thermoelectric oxides
like NaCo,04 [6], SrTi;_xTaxO3 [13], and CaMn;_,4NbxO3 [15]. As
for LaMogO14, CeMogO14, and PrMogO14, the absolute value of the
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Fig. 4. Seebeck coefficient measurements of LnMogO14.

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]. NdMogO14 and
SmMogO14, on the other hand, exhibit lower Seebeck coefficient
values of —26 and —28 wV/K at room temperature, respectively.
With the increase of temperature, NdMogO14 and SmMogO4 show
adifferent 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-Mog 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 (S20) values of these five compounds were
evaluated as shown in Fig. 5. The power factor of LaMogO1g4,
CeMog0O14, and PrMogOq4 increases with increasing temperature,
and reaches a maximum at an intermediate temperature (ca.
800K). On the other hand, the power factor of the NdMogO14 and
SmMogO14 compounds was found to increase continuously with
the increase of temperature. The maximum value of the power
factor is 71 pW/mK? at 1152K for SmMogOq4, which is much
lower than that of the state-of-art high temperature thermoelec-
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Fig. 5. The power factor of LnMogO14.
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tric materials [37], such as skutterudites [38], Yb;4MnSbq1 [39],and
NixM03 Sb5_4TE]_5 [40].

6. Conclusion

Five molybdenum oxides, LaMog0O14, CeMogO14, PrMogO14,
NdMogO14, and SmMogO14 were synthesized via high tempera-
ture solid state reactions. The electronic structure of LaMogO14 was
investigated. The electrical conductivity and Seebeck coefficients
of all these five oxides were measured from room temperature
to 1152K, and all five oxides are dominated by n-type charge
carriers. NdMogO14 and SmMogO14, composed of different arrange-
ments of Mog clusters, possess different transport properties.
LaMogO14 shows a high Seebeck coefficient at room tempera-
ture and SmMogOq4 exhibits the highest power factor among
these five compounds, which is still too low for thermoelectric
applications. Further optimization, e.g. material densification and
proper doping, will be attempted to improve the thermoelectric
properties.
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