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The thermoelectric properties of the Magnéli phase WO2.90 were investigated, with special attention to how the thermoelectric 
performance can be altered by changing its microstructure. Spark plasma sintering (SPS) allowed the direct preparation of large 10 

amounts of consolidated material. Adding Ta2O5 to the reaction mixture lead to the formation of solid solutions W1-xTaxO2.90 via a 
concurrent reaction between WO3 and Ta2O5 the during SPS treatment. In addition, micro-size inclusions containing tungsten 
surrounded by a WOx embedded in a WO2.90 matrix were formed, which act as additional scattering centers. As a result, the ther-
mal conductivity of the Ta-containing samples was reduced by ≈30% over the temperature range from 300 to 1100 K while the 
electronic properties remained unaffected, which in turn enhanced the thermoelectric performance and lead to a relatively high zT 15 

value of 0.15 at 1100 K for n-type metal oxides. 
 

Introduction 

Interfacial scattering over a wide range of length scales is an 
efficient approach to enhance thermoelectric performance.1,2 In 20 

this context, many activities have focused on dense materials 
based on sintered nanoparticles,3,4 artificially structured superlat-
tices,5 or materials containing nanosegregations.6 In these sys-
tems the lattice part of the thermal conductivity is decreased 
owing to enhanced phonon scattering at particle interfaces,7,8 25 

which leads to an increased thermoelectric figure of merit, zT = 
(α²σ/κ)·T, with thermopower α, electrical conductivity σ, thermal 
conductivity κ, and absolute temperature T. State of the art chal-
cogenide-based thermoelectric materials like PbTe,2,9,10  AgPbmS-
bTem+2,

11,12 and Bi2Te3
13–15 contain scattering centers at different 30 

length scales (atomic scale, nanoscale and microscale).  Another 
way to additionally reduce the intrinsic thermal lattice conductivi-
ty is based on the formation of spatially separated regions with 
different types of chemical bonding, which was observed (in the 
2 dimensional case) for Bi2Te3

13-15 or the 3 dimensional case for 35 

Ba8Au5.3Ge40.7.
16  

The quest for new stable and sustainable thermoelectric materials 
with earth-abundant, non-toxic, and cheap component elements 
that allow tuning the thermoelectric properties over a wide range 
for large-scale applications prompted us to explore metal oxides 40 

with intrinsic nanostructures, predefined by the structural motifs 
of the respective compounds.3,17-20 In this context, the so-called 
Magnéli-type oxides have gained attention because of crystallo-
graphic shear planes,21–23 a large number of atoms in the unit cell 
and good and tuneable electrical conductivity.24 The crystallo-45 

graphic shear planes form a layer-like intergrowth structure (Fig. 

1), which is believed to be responsible for their low lattice ther-
mal conductivities of 3-4 W m-1 K-1.25 The crystallographic shear 
planes act as scattering centers for phonons without disrupting 
electron transport. Large unit cells are attractive, as it is known 50 

that a large number of atoms in the unit cell lead to low lattice 
thermal conductivities �� in oxides and intermetallic compounds 
because of the low velocity of optical phonon modes.26–31 This 
trend of a large atom number and low �� can be qualitatively 
understood within the periodic boundary conditions of a monoa-55 

tomic chain described elsewhere.30,32 

 

 

Fig. 1. Crystal structure of WO2.90 viewed along [010] (a) and [001] (b). 
The intergrowth structure is associated with crystallographic shear planes 60 

(c). The Magneli-type structure can be interpreted as a 1D stacking of the 
WO3 building blocks (light grey) separated by layers of edge-shared 
octahedral (blue).  

Most complex metal oxides are electrical insulators, such as 
Y3Al5O12,

33 La2Mo2O9,
34 and W3Nb14O44,

35 the latter being struc-65 

turally related to the Magnéli-type oxides. However, the presence 
of mixed valence states due to a partial reduction of M6+ to M5+ 
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(e.g. M = W5+, Mo5+) and the accompanying crystallographic 
shear lead to the appearance of free carriers and therefore quasi-
metallic electrical conductivity. Magnéli-type oxides show some 
promise to close the current gap of the thermoelectric perfor-
mance between n-type and p-type oxides. Today ZnO and 5 

SrTiO3, which have been studied for more than 20 years in the 
context of thermoelectric research, are the best characterized n-
type oxides with current state of the art zT values of ~ 0.6 (Zn1-x-

yAlxGayO) and ~0.15 (nanostructured SrTiO3).
36,37 The reported 

zT values of 0.1 (for SPS processed WO2.90) and 0.13 (for con-10 

ventionally prepared WO2.90) at 1100 K25,33 indicate the potential 
of this group of compounds for thermoelectrics.  
This contribution focuses on the optimization of the thermal 
transport properties of the binary Magnéli phase WO2.90, where 
{103} crystallographic shear planes have been identified by 15 

crystal structure determination21,34 (Fig. 1). This compound is a 
heavily doped semiconductor with n-type charge carriers.24,25,35 In 
the pure compound, crystallographic shear planes and disorder on 
a length scale > 5 nm are the principal scattering centres. Alt-
hough oxygen loss and further reduction processes are known to 20 

occur at high temperatures that go along with a structural rear-
rangement in Magnéli phases, WO2.90 shows a cycling stability 
between room temperature and 1100 K.33  The thermal stability  

of WO2.90 was demonstrated up 700°C.38 We demonstrate here 
that the thermal conductivity of WO2.90 can be decreased by 25 

increasing the complexity of the microstructure through the addi-
tion of Ta2O5 as a heterocomponent, which leads to the formation 
of additional scattering centres while conserving the electronic 
properties of the parent compound. Thus, interfacial scattering on 
different length scale is used to increase the thermoelectric figure 30 

of merit in these oxides. Detailed metallographic studies were 
performed, which provide comprehensive insight into the micro-
structure-property relationship. 

Experimental  

Synthesis. Stoichiometric amounts of W, WO3 and Ta2O5 (Sigma 35 

Aldrich, particle size < 20 µm) were thoroughly ground and 
loaded into a graphite die with an inner diameter of 20 mm. Spark 
plasma sintering (SPS) was used to simultaneously prepare and 
consolidate the WO2.90 as described in detail previously.33 SPS 
treatments were performed on a SPS – HP D 5 setup (FCT, Ger-40 

many). Prior to heating, an uniaxial pressure of 50 MPa was 
applied. Subsequently, the material was heated rapidly to 1473 K 
at 100 K min-1. After a holding time of 5 min and cooling to room 
temperature, the cylindrical pellet was removed from the die and 
polished with SiC grinding paper to obtain a clean surface free 45 

from carbon foil and any potential carbides that could have 
formed.  
Measurements. For the measurement of the electronic proper-
ties, bar-shaped pieces with the approximate dimensions of 12 
mm × 2 mm × 2 mm were cut using a low-speed saw (Allied Inc.) 50 

with a diamond wafering blade. Seebeck coefficient and electrical 
resistivity in the temperature region between 300 K and 1100 K 
were measured simultaneously on those specimens using a ZEM-
3 Ulvac instrument. The current direction was perpendicular to 
the pressure axis of SPS.  55 

To carry out thermal diffusivity measurements, disks (7.5 mm in 
diameter and 2 mm in thickness) were cut by wire electrical 

discharge machining (EDM, BROTHER HS-350) and sprayed 
with a layer of carbon paint in order to minimize errors in the 
emissivity. The thermal diffusivity was measured on compacted 60 

discs along the pressure axis of the SPS with a Netzsch laser flash 
diffusivity instrument, LFA 457. The data were analyzed using a 
Cowan model with pulse correction. Specific heat measurements 
were performed on a Netzsch Pegasus differential scanning calo-
rimeter (DSC). The specimens were heated up to 1073 K under 65 

Ar atmosphere with a heating rate of 10 K min-1. The sample 
density was calculated from the measured mass-to-volume ratio, 
and the thermal conductivity was calculated as � = � ∙ � ∙ �, 
where D is the diffusivity, � the density and C the heat capacity. 
The experimental densities were determined as 96% and 98% of 70 

the theoretical density of WO2.90 (� = 7.17g cm-3). The Debye 
function was fitted numerically to the heat capacity to extract the 
Debye temperature.33 
Field-emission scanning electron microscopy was performed on a 
FEI XL40 Sirion FEG microscope with an attached Oxford Inca 75 

X-ray system for chemical analysis. After polishing, the samples 
(mounted in epoxy) were coated with silver paste in order to 
prevent the sample from charging during imaging. Secondary and 
backscattered electron images were collected with acceleration 
voltages of 5 keV and 15 or 20 keV, respectively.  80 

Line scans have been performed on an electron microprobe 
CAMECA SX 100 (W-cathode) and on a SEM XL30 (FEI, LaB6 
cathode). The intensities of the X-ray lines W Lα, Ta Lα, and O 
K were recorded on the microprobe by a wavelength spectrometer 
with LiF and Ni/C multilayer monochromator crystals, respec-85 

tively. Acceleration voltages of 25 kV or 10 kV were used for the 
analyses of the transition metal or oxygen concentrations, respec-
tively. An acceleration voltage of 7 kV was used for the meas-
urements with the EDXS system (Bruker, SDD XFlash 6/30, 
Quantax Software). The background-subtracted net-intensities of 90 

the X-ray lines W M, Ta M and O K lines were recorded. 
High resolution transmission microscopy (HR-TEM) was per-
formed on a FEI Tecnai F30 S-TWIN transmission electron 
microscope equipped with a field emission gun. Samples were cut 
with a diamond knife in a Leica ultra-cut UCT and transferred 95 

onto lacey TEM grids. 
Powder X-ray diffraction (PXRD) was performed with the X-ray 
Guinier diffraction technique (Huber G670 camera, CrKα1 radia-
tion, λ = 2.2897 Å, graphite monochromator, 5° ≤ 2θ ≤ 100°, ∆2θ 
= 0.005°). The positions of the reflection were determined by 100 

profile fitting; the unit cell parameters were calculated from a 
least-square refinement as LaB6 internal standard.39 

Results and Discussion 

Four powder mixtures of WO3 and W with respective ratio (equa-
tion 1) were prepared without and with adding Ta2O5 powder (3–105 

5 mass %). The primary reaction observed during the SPS proce-
dure is  

2.9 WO3 + 0.1 W = 3 WO2.90    (1) 

Besides the target phase WO2.90 another Magnéli phase WO2.96
40 

was obtained under these conditions (Fig.2). 110 

Transmission electron micrographs of the sample WO2.9 + 0% 
Ta2O5 (Fig. 3) clearly reveal the intergrowth character of the 
crystal structure. The main spacing between crystallographic 
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shear planes (dark in Fig. 3) is ~2.36 nm in agreement with the 
crystal structure of WO2.9 (Fig. 1). Non-uniform spacings of the 
shear planes indicate the incipient formation of WO2.96. 
The addition of Ta2O5 to the starting mixture may lead to the 
formation of solid solutions (e.g. W1-xTaxO2.90) and/or the for-5 

mation of new ternary W-Ta-O Magnéli phases.  Careful analysis 
of the powder XRD patterns did not reveal any additional reflec-
tions besides those belonging to binary Magnéli phases WO2.90 
and WO2.96. Therefore, the tantalum seems to substitute tungsten 
in the Magnéli phase according to  10 

1.6 WO3 + 0.2 Ta2O5 = 2 W0.8Ta0.2O2.90   (2) 

 
Fig. 2. Powder XRD pattern (CrKα1 radiation) of the products of the SPS-
treated mixture 2.9WO3 + 0.1W. The reflections of the LaB6 standard are 
marked by asterisks. 15 

 

Fig. 3. Transmission electron micrographs of the reference sample WO2.90 
(0% Ta2O5) showing the intergrowth structure and the corresponding 
Fourier transform (FFT). 

Because of the similar ionic radii of the W and Ta cations, the 20 

lattice parameters of WO2.90 and the ternary samples are equal 
within 2-3 e.s.d. (binary: a = 12.060(3) Å, b = 3.7819(7) Å, c = 
23.674(4) Å, β = 94.79(2)°; ternary (5 wt % of Ta2O5: a = 
12.051(5) Å, b = 3.7796(7) Å, c = 23.648 (7) Å, β = 94.80(3)°).  
Ta is not distributed homogeneously in the ternary phase. De-25 

tailed microstructure analysis of the pellets revealed increasing 
amounts of inclusions with increasing amounts of Ta2O5 (Fig. 4).  
The areas were identified as elemental tungsten, presumably 
originating from non-reacted starting material (zone III in Fig. 5 
c, d) as a support for reaction (2) to occur. These inclusions are 30 

surrounded by a shell with varying W:O ratio (zone II in Fig. 5c, 
d). Zone II presents the intermediate products of the diffusion-
controlled SPS-reaction between W and WO3 similar as reported 

previously for SPS-prepared Ti2O3. Both zones II+III are embed-
ded in a WO2.90 matrix (zone I), which presents the targeted prod-35 

uct. In samples containing Ta2O5 in the starting mixture an addi-
tional minority phase was present (Fig. 5a, b). Elemental mapping 
of these regions (Fig. 5b) clearly revealed W-rich (red) and Ta-
rich (green) grains. The Ta containing areas are distributed inho-
mogeneously in the material, and they are too small to allow a 40 

quantitative analysis. The absence of Ta in zones I-III also under-
lines inhomogeneous distribution of Ta and competing character 
of reactions (1) and (2). 

 

Fig. 4. Microstructure of the SPS sintered samples: (a) WO2.90; (b) WO2.90 45 

+ 3 mass % of Ta2O5; (c) WO2.90 + 4 mass % of Ta2O5; (d) WO2.90 + 5 
mass % of Ta2O5. The black-formed inclusions contain tungsten and 
products of its reaction with WO3, the reddish colored particles are 
formed by reaction of Ta2O5 with WO3. 

 50 

Fig. 5. Microstructure of the sample WO2.90 + 5% Ta2O5: (a) background 
electron image revealing spatial distribution of the majority and minority 
phases; (b) element mapping of the region showed in (a); (c) magnified 
region around the tungsten-only nucleus; (d) line scans of the element 
content along the red line in (c). 55 

Higher complexity of the microstructure of tantalum-containing 
specimens in comparison to tantalum-free samples is confirmed 
by TEM studies. In addition to the µm sized inclusions (Fig. 4, 
Fig. 5) the TEM images of the sample WO2.90 + 5% Ta2O5 exhibit 
multiple inclusions with sizes between 5 nm and 50 nm (Fig. 6) 60 

In total, the microstructure of the SPS-manufactured samples 
WO2.90 – x% Ta2O5 can be seen as a three-dimensionally orga-
nized system of (i) a not completely reacted starting component 
W and (ii) a ternary W1-xTaxO2.90 phase in a matrix of the target 
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phase WO2.90. The non-reacted tungsten particles are spatially 
separated and surrounded by intermediates of the diffusion-
controlled reaction (1). With the increasing amount of Ta2O5 in 
the starting mixture the number of tungsten inclusions increases 
due to reaction (2), i.e. the formation of a Ta-substituted Magnéli 5 

phase is preferred. The inclusions of both types of inclusions 
affect the thermal conductivity of the tantalum-containing sam-
ples (cf. below). 

 

Fig. 6. TEM images of the sample WO2.90 5% of Ta2O5. Single crystal-10 

line areas are highlighted in (c) and (d). 

 
Fig. 7. (a) Temperature dependence of the thermopower α, (b) electrical 
resistivity ρ, and (c) power factor of WO2.90 + x% Ta2O5 samples. Both, 
thermopower and electrical resistivity, are insensitive towards the Ta2O5 15 

content, as typical for a heavily doped semiconductor.  

The temperature dependences of the thermopower α and the 
electrical resistivity ρ (Fig. 7a,b), measured between room tem-
perature and 1100 K, show the typical behavior of a heavily 

doped semiconductor. The resulting power-factors (Fig. 7c) are 20 

about one magnitude lower than current n-type oxide state of the 
art materials,36 but the electronic transport properties are insensi-
tive to the Ta2O5 content. The maximum of α is not yet reached at 
1100 K, in harmony with a report on WO2.90.

25 

 25 

Fig. 8. Temperature dependence of the thermal conductivity κ (a); the 
lattice thermal conductivity ��	
, (b) calculated according to the 
Wiedemann-Franz law and of the calculated figure of merit zT (c). The 
thermal conductivity above 900 K was extrapolated up to 1100 K.  

The effect of the microstructure on thermal transport can qualita-30 

tively be understood within the Debye model of a phonon-gas.42 
In the absence of bipolar contributions, the absolute thermal 
conductivity contains in a first approximation an electronic and a 
lattice contribution.  

 � = 	��� 
 ��	
          (3) 35 

As the electronic transport properties relevant for ��� were unaf-
fected by the addition of Ta2O5, the difference in � can only be 
attributed to differences in ��	
 arising from the microstructure. 
The insensitivity of the electronic transport properties towards the 
Ta2O5 content is surprising as grain boundaries are effective 40 

scattering centres for charge carriers as well. This can be related 
to the fact that both types of inclusions in the WO2.90 matrix are 
not interconnected in the microstructure. 
The lattice part of the thermal conductivity was calculated from 
the Wiedemann-Franz law according to  45 

 ��� = ���       (4) 

assuming a Lorentz number of L = 2.00·10-8 W Ω K-2. The result-
ing temperature dependence of ��	
 is presented in Figure 8b. 
Following the Debye’s theory of a phonon-gas, ��	
	 can be ex-
pressed as  50 

 ��	
 =
�

�
��� =

�

�
����     (5), 

neglecting the frequency dependence of the different parameters; 
C is the heat capacity of the compound, � the phonon velocity, � 
the mean free path and � relaxation time of the phonons. The 
phonon relaxation time is related to � through the phonon veloci-55 
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ty, � = �� and can be written as the sum of all single scattering 
relaxation times, ��� of the different scattering processes i (Mat-
thiessen’s rule):  

 ��� = ∑��
��        (6) 

In the context of this work, contributions of Umklapp scattering 5 

��
��, grain boundary scattering ���

�� and point defect scattering 
���
��

 must be considered.42,43 In general, Umklapp scattering be-
comes significant above the Debye temperature, but due to the 
high Debye temperature of WO2.90 +x % Ta2O5 samples (TD = 600 
K), a clear T-1 behaviour of ��	
 cannot be determined in the 10 

temperature range examined here. However, for every sample 
shown in Fig. 8b, ��	
 decreases with increasing temperature. We 
attribute the decrease of ��	
. with increasing Ta2O5 content to 
enhanced phonon scattering at grain-boundaries of inclusion 
defects of a large size scale (Fig. 3-6), introducing scattering as a 15 

special feature for these materials.2 Increased grain boundary 
scattering ���

�� directly influences the mean free path of the pho-
nons reducing thereby	��	
. As point defect scattering is usually 
less dominant (or nearly non-existent at higher temperatures34) 
and because the differences of ��	
	are constant (Fig. 8b), addi-20 

tional contributions of point defect scattering can be neglected. 
Consequently, increasing amounts of Ta2O5 lead to a decrease of 
the thermal conductivity and, in turn, an increase of the figure of 
merit. Within this study WO2.90 +5 % Ta2O5 shows the largest 
figure of merit zT = 0.15 at 1100 K (Fig 8c).  25 

Conclusions 

Spark plasma sintering (SPS) -assisted preparation and densifica-
tion is a useful tool for large scale-preparation of the Magnéli 
phases. Achieving single-phase Magnéli oxides through conven-
tional solid-state preparation implies long reaction times and 30 

powders require consolidation for measuring their physical prop-
erties. By starting the preparation from commercially available 
metal and metal oxide precursors, this work emphasizes the role 
of SPS for chemical tuning and optimized sintering to prepare 
superior thermoelectric materials. Crystallographic shear planes 35 

and defects on the sub-nanoscale were identified by HRTEM. In 
addition, the thermal conductivity of the Magnéli–type phase 
WO2.90 was tuned via the underlying microstructure. By “alloy-
ing” Ta2O5 into the WO3/W reaction mixture a concurrent reac-
tion between WO3 and Ta2O5 occurred during the SPS treatment, 40 

which lead to different types of inclusions: elemental tungsten 
from non-reacted starting material surrounded by a shell with 
variable W:O ratio, which represents the intermediate product of 
a diffusion-controlled SPS-reaction between the W and WO3 
precursors. These inclusions serve as micro-size scattering centers 45 

embedded in a WO2.90 matrix. As a result, the thermal conductivi-
ty of the Ta-containing samples was reduced by approx. 30% 
over the measured temperature range through phonon scattering 
by shear planes and micro-size inclusions. As the electronic 
properties remained unaffected by the substitution the thermoe-50 

lectric performance was enhanced with a maximum figure of 
merit of 0.15 at 1100 K. The electrical conductivity combined 
with a low lattice thermal conductivity - caused by the crystal 
structure at the nano- and inclusions at the microscale - makes 
Magnéli phases an interesting class of materials for thermoelec-55 

tric research. This report - together with ref. 3 - describes a first 

approach to systematically control their thermal (and electronic) 
transport properties. This knowledge is not only relevant for 
tungsten-based Magnéli-type oxides but also for an optimization 
of other metal oxides for thermoelectric applications. 60 
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