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Abstract: Single phase W13O49 Sintered polycrystalline samples were successfully synthesized
via one-step rapid reactive spark plasma sintering directly from commercially purchased WO3 and
WO, powders. Thermoelectric properties of the samples sintered at 15 and 30 MPa showed
insignificant anisotropy, while a strong anisotropy was observed for the sample sintered at 50 MPa.
The in-situ reaction under a high applied pressure allowed a preferential grain growth along the
direction perpendicular to the pressure axis. The high anisotropy of the sample sintered at 50 MPa
yielded the lowest thermal conductivity of 4 Wm™1K™2, resulting in a ZT value of 0.08 at 1073 K.
This study offers the rapid and cost-effective preparation method for W1sO.9 materials, which can
also be applied for other tungsten suboxide phases, with partially controlled anisotropic properties by
the influence of applied pressure for thermoelectric performance enhancement.

Keywords: oxide thermoelectrics, lattice thermal conductivity, reactive spark plasma sintering,

pressure-induced anisotropy, transition metal oxides

1. Introduction

Global warming, fossil fuel depletion, and excessive
CO; emission have urged the development of green
alternative power sources such as wind, solar, geothermal
energy, etc’™. Another direction to tackle the energy
crisis is improving the efficiency of power usage through
waste-heat recovery. Thermoelectricity is a potential
candidate for direct waste-heat harvesting, with the
conversion efficiency mainly dependent on its
constituting materials through a dimensionless figure-of-
meritZT = S2Tp~ kit (S, Seebeck coefficient;p, elec-
trical resistivity; K., total thermal conductivity; T,
absolute temperature). For practical applications, high ZT
thermoelectric materials are required to be developed
from cost-effective and environmental-friendly elements.

Tungsten suboxide W 1O 49 has attracted much interests
for its pseudo-one-dimensional porous crystal structure
and high electrical conductivity, and can be isolated as a
stable single phase 59 The crystal structure of W1gOug
(Fig. 1 (a)) comprises corner-shared WOg octahedra with
pseudo-hexagonal void tunnels running along the
crystallographic b-axis (Fig 1. (b)) sandwiched by large
penta-columns (made of five WOs octahedra, each
sharing one edge with a WOz bipyramid) 19). The
naturally ordered empty tunnels could act as phonon
scattering centers with similar mechanism to the nano-
void embedded materials without seriously affecting the

electrical propertiesll—la). In addition, its bulky

crystallographic unit cell containing a large number of
atoms also contributes to the reduction of the lattice
thermal conductivity i due to the low group velocity of
optical phonon modes 14-16) Overall, despite its metallic
behavior, which is tunable by manipulating the carrier
concentration 17), W 15049 could be a promising new type
of thermoelectric materials. Conventionally, W15Oug
could be synthesized through solid-state processes with
long reaction time. Consolidated samples for
thermoelectric applications require additional
densification steps via sintering at high temperature,
however, with probability of decomposition into other
sub-oxide phases. Moreover, it is difficult to obtain
precise phase composition of W13O49 because there is
high possibility of forming further reduced oxide phases
due to the slow heating and cooling rates. A rapid
synthesis process with direct consolidation could
overcome those difficulties and provide better quality
samples. Hence, fast and simple synthesis technique for
W 15049 synthesis is highly desired.

Spark plasma sintering (SPS) has become one of the
critical techniques for the gast decades to synthesize
modern advanced materials'®. An ability to attain very
high heating rates with a simultaneously applied uniaxial
pressure allows SPS to perform rapid densification (less
than 1 hour) at lower sintering temperatures (hundreds of
degrees lower) compared to conventional hot-
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pressinglg'zo). Particularly, the rapid densification enables
the minimized grain growth, which is highly desired for
thermoelectric materials to preserve the enhanced grain
boundary phonon scattering effects?®22). Furthermore,
under the influence of uniaxial pressure, preferential grain
orientation is likely to occur, which could yield
extraordinary results for materials with highly anisotropic
crystal structures?>24

It has been reported that the dc pulse current during SPS
is highly suitable for initiating and facilitating the
reactions of precursors, yielding nanograined product %),
This so-called reactive SPS can also synthesize materials
within much shorter reaction time compared to
conventional methods 2>727). Thus, here we report one-
step direct synthesis and simultaneous consolidation of
W 15049 from commercially purchased precursors via
reactive SPS. The precursors were chosen to be WO3 and
WO, powders for the similarities in their crystals building
blocks. Crystal structures of most of tungsten oxide and
suboxide WO3.x can be described by the different stacking
orders of the WOs octahedra. As shown in Figs. 1 (c) and
(d), the WO, crystal is formed by loosely connecting
octahedra with some octahedra sharing edges together,
while the WO3 crystal is made of ordered octahedra
sharing the corners. Theoretically, this similarity could
allow a straightforward in-situ reaction during SPS to
form W1gO49. Moreover, the highly anisotropic nature of
W 15049 is expected to be preserved and enhanced during
rapid reactive SPS, yielding anisotropic thermoelectric
properties.
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Figure 1. Crystal structure of W1sOus (a), view along [010]
and [001] with intergrowth structure showing void tunnels
running along [010] directions (b), of WO3 (c), of WO2 (d).

2. Experimental details

Commercially available materials WO3; (Kishida
Chemical, 99.9%) and WO, (Wako, 99.9%) were weighed
according to the reaction 13WO3 + 5WO;, = W1304g, and
well mixed in an agate mortar. Following the synthesis

process in Fig. 2, the mixture was loaded into graphite dies
of 10 mm in diameter and 60 mm in height, lined with
carbon paper. The die was placed in the SPS furnace
PLASMAN CSP-1-03121 (S. S. Alloy), and the furnace
chamber was evacuated to < 10 Pa. Different die pressures
(P = 15, 30 and 50 MPa) were applied for the study on
anisotropic thermoelectric properties. For the reactive
SPS, the sample was heated up to 1423 K at a heating rate
of 100 K min! under respective uniaxial pressure,
maintained at 1423 K for 15 min, and the pressure was
then released, and the cooling rate was controlled at 20 K
min~! to room temperature. The pellet was removed from
the graphite die, and its surface was polished with SiC
abrasive papers to remove all possible carbon
contamination.

For characterization, bar-shaped and disc-shaped
samples were cut along the direction parallel (/) and
perpendicular (L) to the applied pressure axis P (Fig. 2).
X-ray diffraction (XRD) data were collected using a
Rigaku MiniFlex 600 diffractometer with Cu Ka radiation,
within the range of 6° < 20 < 50°, A28 = 0.01°. Disc
shaped samples were used for XRD, with observed planes
parallel (P// plane) and perpendicular (PL plane) to P,
respectively. Surface morphologies were studied on a
JEOL JCM-6000 Plus NeoScope scanning electron
microscope (SEM) equipped with an energy-dispersive
spectroscope (EDS). The electrical resistivity p and the
Seebeck coefficient S were simultaneously measured
under Ar atmosphere by dc four-probe method and
temperature differential method, respectively, on an
Ozawa Science RZ2001li apparatus. The thermal
diffusivity « and the specific heat C, at 300 K — 1073 K
were measured simultaneously on a Kyoto electronics
LFA-502 by laser-flash method under vacuum. The
absolute values of C, were derived from a comparative
method between the measured values and standard C,
values of the molybdenum reference. The C, values of all
samples, measured from 300 K — 1073 K was 0.31 — 0.40
J gt K, being equivalent to 1269 — 1639 J mol* K,
reasonably agreed with the specific heat of 1668 J mol
K™ calculated by the Dulong-Petit law. The thermal
conductivity was calculated using the relation x= « Cp ds,
where ds is the sample density. The measurements were
performed for bar and disc samples according to their
orientations with respect to the applied pressure axis. The
reproducibility of the measured data was confirmed by
cycled measurements on heating and cooling between 300

K-1073 K.
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Figure 2. Schematic of synthesis procedure and preparation
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process for TE characterizations of W1sOa9 by direct reactive
SPS from WOs3 and WO as starting materials.

3. Results and discussion

Sample sintered at 15 MPa applied pressure showed
96% relative density, while the others showed the relative
density of approximately 100% of the theoretical density
of W1gO49. XRD patterns for the synthesized W1gOao
samples are shown in Fig. 3 (a). The data were acquired
from the P// and P_L planes. All the samples showed peak
positions well agreeing with the simulated pattern of
W 18Oy crystal. It suggested that single phase W1gO49 can
be straightforwardly synthesized by reaction of WO3 and
WO during the reactive SPS. This is remarkable, since
other reports regarding the synthesis of monolithic
ceramic W15049 would involve multiple complicated
steps 9.28,
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Figure 3. X-ray diffraction patterns for planes of SPS
sintered W1sO49 samples with different applied pressure 15, 30
and 50 MPa. The planes are parallel (//) and perpendicular (L)

to the applied pressure axis P during SPS (a), expanded 26
scale from 22° to 27° (b), and from 46° to 50° (c). The arrows
denote the suppression of (010) and (020) peaks.

In order to elucidate the anisotropic orientations, XRD
patterns are shown in expanded 28 sections, from 22° to
27° (Fig. 3 (b)), and 46° to 50° (Fig. 3 (c)). The arrows in
the figures annotated the peaks with suppressed intensity,
corresponding to the less favored directions of the crystal.
Samples sintered under applied pressure of 15 MPa and
30 MPa showed insignificant anisotropy. However, the
sample sintered under 50 MPa showed very strong
anisotropic patterns, similar to those reported patterns of
W15040 1D structures >3%). A remarkable enhancement of
the (010) peak was observed for the P// plane, while both
(010) and (020) peaks were strongly suppressed for the P_L
plane. As shown in Table 1, the relative peak intensity of
(010)/(304) was enhanced from 3.47 to 8.69 for the P/
plane, while for the PL plane the (010)/(304) ratio was
suppressed from 1.54 to 0.28 as the SPS pressure

increased from 30 MPa to 50 MPa. Other peak ratios did
not show strong pressure dependence as seen in the
(304)/(203) ratio in Table 1. This implies that during the
reaction under high pressure of 50 MPa, the crystal grains
favored the b-axis grain growth along the direction
perpendicular to P. This was contrasting from the
conventional methods using SPS for densification purpose
only, in which no significant anisotropy was detected. It is
possible that the pre-synthesized polycrystalline W1O4g
powder is not easily re-oriented during the densification.
Nevertheless, during reactive SPS and under high
influence of uniaxial pressure, the growth of the W15QOag
lattice under the formation reaction between the
precursors would follow the minimum formation energy
route, thus bringing about the highly preferential grain
growth perpendicular to the applied pressure P.

Table 1. Pressures dependence of the relative peak intensity
ratios for (010)/(304) and (304)/(203)

SPS (010)/(304) ratio (304)/(203) ratio
pressure
Pllplane  PLplane [P//plane P_Lplane
15 MPa | 3.31 1.72 1.24 1.19
30 MPa | 3.47 1.54 1.26 1.21
50 MPa | 8.69 0.28 1.28 1.26
P P

Figure 4. Scanning electron microscope images of W1sOa49
sample synthesized by direct SPS. Views of P I fracture
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surfaces (a, b, ), and P // fracture surfaces (e, d, f) of samples
synthesized under different applied pressure of 15, 30 and 50
MPa, respectively.

Fig. 4 shows the SEM images of the W 13049 Samples
synthesized by direct SPS with views of fracture surfaces
on the P_L plane (a, b, c), and those on the P// plane (e, d,
f), respectively, under different applied pressure of 15, 30
and 50 MPa. The sample synthesized under 15 MPa was
dense without visible crystallite or preferential grain
orientation along either directions. Small needle-like
crystallites were observed in the SEM images of sample
synthesized under 30 MPa, implying a possibility of
anisotropic thermoelectric properties due to the shape of
the grains. However, no significant anisotropy of the grain
orientation was observed in the images along either
directions, and hence the anisotropy in the thermoelectric
properties would be weak.
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Figure 5. (a) pand S were measured from bar-shaped
samples through an applied current | and a temperature
difference AT. The measurement directions, parallel // and
perpendicular L to the applied pressure axis P, were denoted by
the respective arrows. Temperature dependence of (b) the
resistivity p, (c) the Seebeck coefficient S, (d) the power factor
S%pt for samples with different SPS applied pressures (15, 30,
50 MPa). Data measured for P L and // directions are
designated by closed and open symbols, respectively.

Nevertheless, for the sample synthesized under 50 MPa,
many rod- and column-shaped crystallites lying on the
fracture surface could be identified (Fig. 4 (c)). Those
crystallites are of similar shapes to those of W1gOug
nanowires and nano-rods >%, which is elongated along
the b-axis. While the crystallites are also visible in the
fracture surface on the P// plane, there are distinct
differences between the two directions regarding the
elongation and orientation of the crystallites. The sample
exhibited a strong anisotropic nature with the preferential
grain growth along the PL plane. We attempted to
estimate the average diffraction domain dimensions by
using the Scherrer equation 32) The calculated crystallite

sizes for (100) were 31.4 nm and 29.2 nm, for (010) were
72.7 nmand 71.9 nm, for (001) were 45.2 nm and 48.4 nm,
with respect to the observed PL and P// planes,
respectively. Thus, the sizes of the crystallites observed in
the SEM images are much larger than that of the
diffraction domains, indicating their polycrystalline
characters.
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Figure 6. (a) «was measured from disc-shaped samples
through a heat transfer Q from laser pulses. The measurement
directions, parallel // and perpendicular L to the applied
pressure P axis, were denoted by the respective arrows.
Temperature dependence of (b) the total thermal conductivity
Ktot, (C) the electron thermal conductivity xer, and (d) the lattice
thermal conductivity xia: for the samples with different SPS
applied pressures (15, 30, 50 MPa). Data measured for P L and
/I directions are designated by closed and open symbols,
respectively.

The temperature dependence of the electrical resistivity
p, the Seebeck coefficient S, and the thermal conductivity
Kot are presented in Figs. 5 (b), (c), and Fig. 6 (b). To study
the anisotropy in the transport  properties,
characterizations of the thermoelectric parameters were
conducted in the corresponding directions, where I, AT,
and the thermal flux Q are applied along the designated
directions of PL and P//,respectively, as shown in the
illustration in Fig. 5 (a) and Fig. 6 (a). Weakly anisotropic
p Wwas observed in the sample synthesized under applied
pressure of 15 and 30 MPa, with slightly larger p values
along the P// direction and somewhat smaller p values
along the P_L direction. The p values of the samples are
quite similar to the reported values of conventionally
synthesized bulk WisO4, which showed metallic
behavior with electrons as the dominant charge carriers 1
Nevertheless, a large anisotropy was observed for the
sample synthesized under 50 MPa uniaxial pressure, with
a significant reduction in the p value down to 0.06
mQ cm™ along the P_L direction, and an increase to 0.17
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mQ cm along the P// direction at 330 K, showing about
3 times difference. The preferential grain growth would
enhance the electron mobility along the P_L direction,
while suppressing the electron transport in the P/
direction. Accordingly, the S values of the samples
sintered under 15 and 30 MPa are very near and
comparable to the reported values of conventionally
prepared W1sO.49, and hence so is the power factor S?p7".
As the same as the p values, a distinct anisotropy was
found in the S values of the sample sintered under 50 MPa,
where [S] is larger along the P// direction but smaller along
the P_L direction than the values shown by other samples.
Consequently, the sample sintered under 50 MPa attained
the highest S?p™" value of 0.5 mW K=2m™ and the lowest
value of 0.28 mwW K-?2m~ along the P_L and P// directions,
respectively.

The anisotropy of xit values (Fig. 6 (b)) was
noteworthy; it was always higher along the P// direction,
and lower along the PL direction, compared to
conventionally synthesized samples 9. The increases and
decreases became more significant with the applied
pressure P. The highest and lowest it values were both
observed for the sample sintered under 50 MPa. Assuming
the Wiedemann-Franz law for the electron thermal
conductivity xe = LT o2, the lattice thermal conductivity
Kl Was estimated from the relation x = xijax + xel. First,
we attempted to use the constant Lorenz number L = 2.44
x 1078 W Q K2, according to the metallic behavior of the
materials. However, at high temperature reaching 1073 K,
ke became larger than the total x, suggesting that the
approximation was unreliable. Hence, a modified
equation L(T) = 1.5 + exp(-|S|/116) [10® W Q K] was
used instead, in consideration of the correlation between S
and L 3. The temperature dependence of xe and xia are
presented in Fig. 6 (c), (d). It was revealed that the major
component of the high x values of the samples are mostly
its electronic part i, and that actually xi.: of the oxide is
impressively low. Very interestingly, the xi values of all
the samples are closely matched each other regardless of
the directions, except for that along the P// direction in the
sample sintered under 50 MPa. The significantly lower
kiat Values along the P// direction could be attributed to the
phonon scattering effect by closely packed needle- or rod-
like grains lying in the P_L plane (Fig. 4 (c)), offering much
larger scattering probability for the phonons traveling
along the P// direction, where the phonons must run across
the needle-like grains in the radial direction, not in the
longitudinal direction.

The weak anisotropic properties of the sample sintered
under 15 and 30 MPa resulted in quite similar
dimensionless figure-of-merit ZT (presented in Fig. 7),
with comparable behavior and magnitude to those
reported for conventionally synthesized samples.
Nonetheless, because of the largely anisotropic x values
of the sample sintered under 50 MPa, the ZT value of the
sample was smallest along the P_L direction, despite the
largest power factor values in this direction. On the other

hand, being compensated by the considerably low x
values, the ZT value along the P// direction was enhanced
to approximately 0.08 at 1073 K. Since the synthesis
conditions and the microstructures were not optimized yet,
and ZT can be further boosted with higher anisotropy. The
temperature dependence of ZT is still uplifting at 1073 K,
suggesting the better performance at higher temperatures.
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Figure 7. Temperature dependence of the dimensionless
figure of merit for samples with different SPS applied pressures
(P = 15, 30, 50 MPa). Data measured for P // and L directions
are designated by closed and open symbols, respectively.

The thermoelectric properties of W1gQO49 are different
from other conventional oxide materials such as ZnO-
based and SnO,-based oxides. While showing the n-type
thermoelectric properties, pure WisOag9 possesses very
distinct metallic characters with the high electrical
conductivity and small Seebeck coefficient strongly
opposite to other oxides such as ZnO and SnO». The high
carrier concentration diminishes the power factor of
Wis049 and significantly increases its thermal
conductivity, resulting in very small and unappealing ZT
values in comparison with other well-known oxide
candidates. Nevertheless, the unique crystal structure of
W 13049 largely contributes to its small lattice thermal
conductivity, which is also opposite to many other
conventional oxide materials. Consequently, improving
thermoelectric performance of WigO4 requires a
decrease in its carrier concentration, being in contrast to
an increase for other oxide materials.

4. Conclusions

We have successfully synthesized single phase W1gOag
directly from the starting materials of WO3; and WO, via
rapid reactive SPS, where the whole synthesis takes less
than 2 h in total. This process is a significant improvement
from conventional methods often involving complicated
heating and cooling cycles in evacuated environments. In
addition, the reaction between WO3 and WO, to form
tungsten suboxide WOz, (0 < x < 1) could be more
suitable than the reaction between WOz and metal W
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powder, due to the similarities in the coordination
environment of their WOs octahedral building blocks.

Furthermore, anisotropic thermoelectric properties and
influence of the applied pressure were revealed for the
W 15049 samples synthesized by reactive SPS. The
preferential orientation of the highly anisotropic grains
under the high applied pressure resulted in an intrinsically
low thermal conductivity samples despite its metallic
nature. ZT was enhanced to 0.08 at 1073 K for the sample
sintered under a pressure of 50 MPa in comparison with
the ZT of 0.06 for the less oriented samples. Since the
electronic properties of W13O49 is tunable to show
semiconducting  behavior, by  combining  the
manipulatable xand anisotropy, this compound promises
a new potential cost-effective n-type thermoelectric
materials.
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