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Abstract: The Magnéli phase W18049 exhibits promising thermoelectric properties owing to its high electrical
conductivity and low thermal conductivity, despite its low Seebeck coefficient. In this study, (W1-xCox)18049 (0 <x <
0.05) was synthesized via a solid-state reaction, followed by spark plasma sintering, to investigate the effect of cobalt
dopants on the thermoelectric properties of W18049. The XRD analysis indicated the formation of W18049-based phase
and the secondary phase CoWO4. The cobalt substitution decreased both the electrical and thermal conductivities while
slightly increased the Seebeck coefficient. These reduction in the thermal conductivity led to enhanced thermoelectric
performance. The dimensionless figure of merit (ZT) reached to 0.022 at 1073 K for x = 0.05.
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1. INTRODUCTION

Growing sense of urgency about global climate change
has driven the exploration of novel energy sources
alternative to fossil fuels. Thermoelectric (TE) energy
conversion has attracted attention due to its ability to
directly convert waste heat into electricity (without
emitting greenhouse gasses), making it a promising
option for enhancing energy conversion efficiency and
reducing reliance on fossil fuels [1]. The thermal-to-
electrical energy conversion is based on the Seebeck
effect: an electromotive force (voltage) appears when a
solid (TE material) is subjected to a temperature gradient.
The magnitude of the voltage, AV, induced between both
ends of the solid per unit temperature difference is
referred to as the Seebeck coefficient, S = —AV/AT,
where AT is the temperature difference. For efficient
energy conversion, TE materials should have large S as
well as high electrical conductivity, o, and low thermal
conductivity, x. The latter two characteristics are required
for decreasing internal resistance of a generator and for
maintaining a sufficient AT between the hot side and cold
side of a TE material, respectively [2]. The performance
of a TE material can be determined by combining these
parameters (S, o, k) as ZT = S%Tx ', where Z is referred
to as the figure of meritand T is the absolute temperature.
In addition to the high ZT, TE materials should have low-
cost and environmentally-benign characteristics of the
constituent elements and good stability at high
temperatures. [3] The best example is oxides, e.g., ZnO
[4], CasC0409 [5], CaMnOs [6], SrTiO; [7], AxCoO; (A
= Na, Ca, Sr, Ba) [8], BasBO (B = Si, Ge) [9].
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Wi1g049, a sub-stoichiometric tungsten oxide, has
garnered interest because of its potential TE properties.
This compound is characterized by the unique crystal
structure and n-type metallic properties. The crystal
structure of Wis0a9 is composed of distorted WOg
octahedra, which are linked by sharing corners. The W
ion is expected to be in the W*® and W*® valence states
[10, 11]. One strategy for boosting the TE performance
is to decrease the electron carrier concentration to
increase the absolute value of S and decrease the
electronic thermal conductivity, xee. An example is the
substitution of Ti** for W>/W®*, i.e., (W1—xTix)18040,
which lead to the enhancement of ZT from 0.05 for x =0
to 0.50 for x = 0.2 at 1073 K [12]. Although other
transition metals, e.g., Fe, Co, Ni, Mo, Ir, have been also
selected as doping/substitution elements (for exploring
nano-structured functional materials [13-16]), the TE
properties of (W1-xTx)180s9 have been scarcely
investigated so far. In this study, our efforts have been
devoted to synthesizing the Co-doped bulk samples and
to examine effects of the doping on the TE properties of
W1g0O0ss.

2. EXPERIMENTAL DETAILS

Samples of (W1-xCo0x)18049 (x = 0, 0.03, 0.05) were
synthesized via the direct reaction of metal oxides. WO3
(Kishida Chemical, 99.9%), WO, (FUJIFILM Wako
Chemicals, 99.9%) and CoO (FUJIFILM Wako
Chemicals, 99.9%) were weighed according to the target
metal/oxygen compositions and mixed in a zirconia vial
using a planetary ball mill (pulverisette 6, Fritsch) at a
disc rotation speed of 300 rpm for 1 h. The mixture was
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then molded into pellet by applying a uniaxial pressure
of 100 MPa, sealed in an evacuated quartz ampoule, and
heated to 1073 K. The pellet was maintained at this
temperature for 24 h, and then cooled to room
temperature. The heating/cooling rate was set at
approximately 373 K h™*. After the initial heating cycle,
the sample was thoroughly ground, pelletized again
under a uniaxial pressure of 100 MPa, and then annealed
at 1073 K for 24 h in an evacuated quartz ampoule to
improve homogeneity. Subsequently, the pellet was
reground, and the obtained powders were loaded into a
graphite die with an inner diameter of 10 mm. Graphite
foils were placed between the die/punch and powder. The
die was placed in a spark plasma sintering (SPS) furnace
(PLASMAN CSP-1-03121, S. S. Alloy). The furnace
chamber was evacuated to a pressure of < 10 Pa, and the
sample was heated to 1423 K at a rate of 100 K min—1
and kept at this temperature for 15 min under a uniaxial
pressure of 50 MPa. After released from the pressure, the
sample was cooled to room temperature at 20 K min™*.
The pellet was taken out from the die, the carbon foil
adhering to the sample surface was peeled off, and the
surface was polished using an SiC abrasive paper to
remove any possible carbon contamination.

The crystal structure of sample was analyzed by powder
X-ray diffraction (PXRD). The data were collected in the
26 range of 5°-90° with a step size of 0.01° using an X-
ray diffractometer (MiniFlex600, Rigaku) with a CuKa
radiation source operating at 40 kV and 15 mA.
Morphology of the bulk sample and elemental
compositions were investigated by scanning electron

microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS), respectively, using a microscope
(JCM-6000Plus NeoScope, JEOL). The ¢ and S values
were measured on a rectangular bar-shaped sample in a
TE properties measurement system (RZ2001i, Ozawa
Science) at temperatures between 344 K and 1046 K
under the Ar atmosphere. The thermal diffusivity, «, and
the specific heat Cp, were measured using a laser flash
measurement system (LFA-502, Kyoto Electronics
Manufacturing) at temperatures between 300 K and 1073
K under dynamic vacuum. The data were used to
calculate ¥ = aCyp, Where p is the bulk density of the
sample estimated using its mass and dimension.

3. RESULTS AND DISCUSSION

The PXRD patterns for (W1-xCox)18049 (x = 0, 0.03,
0.05) are shown in Fig. 1. For the sample of x = 0, all
peaks were indexed to the crystal structure of W1049 and
their relative intensities are in good agreement with those
of a calculated pattern of W15049 (ICSD card: 202488).
The lattice parameters and angle obtained from the
Rietveld analysis were a = 18.326 A, b =3.783 A, ¢ =
14.037 A, and g = 115.204° (« = y = 90°), respectively,
which were consistent with the parameters previously
reported [10]. The PXRD patterns for the samples of x =
0.03 and x = 0.05 showed small peaks at 26 =19.0°, 24.6°,
31.4°, 41.3°, and 44.3°, which could be indexed to the
structure of CoWQ, (ICSD card: 15851). For the Co-
substituted samples, the lattice parameters slightly
increased to a = 18.336 A, b =3.785 A, ¢ = 14.042 A for
x =0.05.
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Fig. 1: Powder X-ray diffraction patterns for the samples of (W1-xC0y)18049 (x = 0, 0.03, 0.05).

The SEM images for fracture surfaces of the samples
showed closely packed grains, as depicted in Fig. 2.
Indeed, the relative density of the sample of x = 0

calculated by dividing p by crystal density was as high as
93.8%. With increasing the Co content, the value of p
increased, which can be attributed to the formation of the
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secondary phase, COWOs. The grain size of 1-5 pm was two phases with bright and dark contrast. The ratio of Co
comparable among the samples of x = 0, 0.03, and 0.05. to W obtained from EDS in the main phase was ~1-2%,
which was smaller than the ratio (3-5%) in the nominal
compositions. The low substitution level should come
from the formation of CoWQ,. Indeed, the “Co-rich”
secondary phase was observed in the elemental mapping
images (Fig. 3). The amount of the secondary phase
increased from x = 0.03 to x = 0.05.

Fig. 3 shows backscattered electron images for polished
surfaces. For the sample of x = 0, the region with bright
contrast occupied most of the area, which corresponds to
Wi15049 according to the PXRD result. The elemental
mapping proved the homogeneous distribution of
elements. The Co-substituted samples were composed of

Fig. 2: Scanning electron microprobe images for fractured surfaces of the samples of (W-.Coy)18049 (x = 0, 0.03,

0.05).
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Fig. 3: Backscattered electron images and elemental mapping results for the samples of (W;-,Cox)15049 (x =0, 0.03,
0.05).
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The temperature dependence of o, S, and the power
factor, .52, are shown in Fig. 4 (a-c). The o values for the
undoped sample decreased with increasing temperature
from 6.41x10° S cm™ at 300 K to 1.83x10° S cm™ at
1073 K (Fig. 4(a)), which is consistent with the metallic
behavior reported earlier [17]. When the Co
concentration increased to x = 0.03 and 0.05, the ¢ values
decreased slightly in the whole temperature range (Fig.
4(a)). At 300 K, ¢ for x = 0.03 and 0.05 were 6.12x103
and 5.15x103 S cm ™, respectively. The dominant charge
carriers in (W1-xCox)18049 are electrons as proven by the
negative sign of S (Fig. 4(b)). With increasing Co content
X, the absolute value of S at 300 K increased from 16
VK ™! (x = 0) to 20 pVK ™ (x = 0.05), and this tendency
was kept up to 1073K. The decrease in ¢ and the increase
of the absolute value of S can be attributed to a decrease
in the carrier concentration. The presence of CoWO,,
which exhibits semiconducting properties (¢ = 1078 to
107% ©7'em™! at 750 K) [18, 19], may contribute the
variations of electronic properties. As a result of the Co
substitution, the value of ¢S5 was remained unchanged
below 700 K, while decreased from 0.25 mW K ~*m™* (x
=0)t00.17 mW K™*m™* (x = 0.03, 0.05) at 1073 K (Fig.
4(c)).

The temperature dependence of o and S exhibited a good
reproducibility over heating and cooling process for the
samples of x = 0, 0.03. On the other hand, the sample of
x = 0.05 showed a hysteresis in ¢ and S. Specifically, the
o value decreased and the absolute value of S increased
after the heating. The color of the sample surface was
changed from black (before heating) to silver (after
cooling, Fig. 5a) during the measurement. The XRD data
for the silver surface demonstrated that the surface region

was mainly composed of CoWO4, WOz and CosW (Fig.
5¢). After scraping off the surface using a SiC abrasive
paper, a black surface appeared (Fig. 5b). The XRD data
for this surface shown in Fig. 5b agreed with that for the
PXRD data described above (Fig. 1). Therefore, we can
conclude that the decomposition of the sample occurred
near the surface.

The temperature dependence of « is shown in Fig. 6a. For
the sample of x = 0, the « value was 13.5 W K™ m™* at
300 K and decreased to 9.8 W K™ m™! at 1073 K. The
sample of x = 0.03 exhibited x comparable to that of the
non-substituted system, whereas a slight decrease was
seen in « for the sample of x = 0.05. The lowest x value
of 7.9 W K™* m™! was observed for the sample of x =
0.05 at 1073 K. The lattice thermal conductivity, i, was
estimated by subtracting xee from x. Here, xele Was
calculated according to the Wiedemann-Franz law xele =
LTo, where L is the Lorenz number for degenerated
electron system 2.44 x 1078 W Q K™2[21, 22]. The value
of xele Was 3.9-5.1 W K™! m™! and nearly constant over
the whole temperature range for all the samples (Fig. 6b).
Therefore, the reduction in x with increasing temperature
(Fig. 6a) can be attributed to the Umklapp scattering of
phonons. Indeed, the ki, value for the sample of X = 0 was
857 W K™t m™ at 300 K and decreased to 5.2 W K™*
m~! at 1047 K (Fig. 6¢). The x values were comparable
to that of xele at temperatures above 600 K The . value
was slightly increased for x = 0.03, while decreased for x
= 0.05 at temperatures above 700 K. Thus, the reduction
in x for the samples of x = 0.05 was due to the decreases
in both kele and xi... It was difficult to extract the effects
of the substitution of Co for W and the existence of
secondary phase, COWOQ4, on x from the obtained data.
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Fig. 4: (a) The electrical conductivity /; (b) the Seebeck coefficient S, and (c) the power factor :S? for the samples

of (W1-+Cox)15049 (x = 0, 0.03, 0.05).
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Fig. 5: Photographs of the sample of x = 0.05 after (a) the electrical properties measurement and (b) subsequent
polishing; (c) X-ray diffraction patterns measured for the sample surface after the measurement and the polishing.
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Fig. 6: (a) The thermal conductivity x, (b) the electronic thermal conductivity e, (c) the lattice thermal

conductivity xix for the samples of (W;-xCox)18049 (x = 0, 0.03, 0.05).

The value of ZT for x = 0 was 0.006 at 300 K and large distortion in the crystal structure to scatter the
increased to 0.016 at 1073 K (Fig. 7). With increasing x, phonons are required to be discovered.

ZT at 1073 K was enhanced to 0.018 and 0.022 for x =
0.03 and x = 0.05, respectively. The enhancement of ZT
was due to the decreases in xele and xia.. FOr boosting ZT,
kele @nd xia Should be further decreased. In order to do this,
more effective dopants for decreasing the electron carrier
concentration to decrease xele as well as for introducing a
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Fig. 7: Dimensionless figure of merit, ZT, for the
samples of (W1—xCox)18049 (x =0, 0.03, 0.05).

4. CONCLUSION

We have investigated the effects of the substitution of Co
for W on the TE properties for WigOs The
(W;1-xC0x)18049 (0 < X < 0.05) samples were synthesized
through the direct reaction of metal oxides, followed by
SPS. The actual composition of Co was probably smaller
than the nominal composition due to the formation of the
secondary phase, CoWO.. The small substitution level
less than 2% resulted in the limited variations in the TE
properties. For the sample for x = 0.05, although &S?
decreased compared to the non-substituted sample, the
decreases in xele and ki gave rise to an enhancement of
ZT.
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