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Tip2C04Sb115Teps has been prepared successfully by high pressure and high-temperature (HPHT)
method. The samples were characterized by X-ray diffraction, electron microprobe analysis, and ther-
moelectric properties measurements. The power factor and the figure of merit, ZT, of Tip2C04Sb115Teos
all increased with the increasing temperature. Comparing with the sample of unfilled Co4Sbq15Tegs, a

higher ZT value of 0.702 was obtained at the temperature of 706 K, which was related to the higher power
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factor of Tig2C04Sb115Teqs. The results indicated that Ti-filled CoSbs prepared by HPHT is an effective
method to enhance the thermoelectric properties of CoSbs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The skutterudite compounds, which have been identified as one
of the most important promising materials for the applications
of thermoelectricity in the intermediate temperature range [1,2],
have been extensively studied worldwide over the past several
years. The properties of thermoelectric (TE) materials are charac-
terized by the dimensionless figure of merit, ZT = «20T/«, where S, o,
« and T are the Seebeck coefficient, electrical conductivity, thermal
conductivity and absolute temperature respectively. To increase
ZT, improving the power factor without deteriorating the thermal
conductivity is necessary, and as a result, many researchers have
been stimulated to the investigations of materials exploration and
optimization [3,4].

Among different types of skutterudites, CoSb3 based materials
not only exhibit large electrical conductivity and Seebeck coeffi-
cient, but also have less expensive compound elements than other
types of skutterudite materials. However, as an efficient thermo-
electric material, the thermal conductivity of CoSbs is still high.
To make the thermal conductivity lower, the works of fabricating
doped CoSbs [5] and filled CoSbs [6] have been attempted.

HPHT method has been proved an effective and potential pro-
cessing route to prepare TE materials with improved thermoelectric
properties [7-11]. According to the results of Hirotsugu Takizawa
[6], high pressure could help to improve the filling fraction of CoSbs.
In our previous work, the properties of Te doped skutterudites have
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been studied [12]. The previous research shows that Co4Sbq,_xTex
compounds prepared at high pressure have higher power factor.
To further optimize thermoelectric performance of these materi-
als, two approaches are often used. One is to adjust the electrical
properties by doping on the crystal structure; the other is to fur-
ther depress the lattice thermal conductivity via introducing extra
phonon scattering. In this paper, a series of Ti-filled and Te-doped
skutterudites compounds Tig>Co4Sb115Teg s has been synthesized
by HPHT at 3.0 GPa using both of the two approaches. As a result,
the lattice thermal conductivity of Tig,Co4Sb115Tegs decreased
slightly, and the power factor increased obviously, which indicated
that the series of Tig Co4Sb11.5Teg 5 should be an attractive material
for thermoelectric applications.

2. Experimental procedure

The Tip2C04Sb115Tegs and CosSby15Tegs samples were prepared with the ele-
ment of 3N tellurium, cobalt, titanium and antimony. As sources which were
weighed according to the stoichiometric rate, and then mixed in an agate mortar.
The mixtures were shaped by press and the pole shaped samples were assembled
for HPHT synthesis. The samples were prepared in a cubic anvil high pressure appa-
ratus (SPD 6 x 1200) with a sample chamber of 23 mm, and the synthetic pressure at
3.0 GPa, temperature was around 900 K. The synthesis time was selected as 24 min
in this work. The samples were about 3 mm thick and 10 mm in diameter. The tem-
perature was estimated by the relationship of input heater power and temperature,
which was measured by the platinum-rhodium thermocouples.

X-ray diffraction (XRD) measurements with Cu-K radiation were performed on
an X-ray diffractometer(D/MAX-RA). The microstructure analysis was carried out
on a HITACIS-4800 scanning electron microscope (SEM). The Seebeck coefficient
and electrical conductivity were measured simultaneously by a ZEM-3 apparatus.
The thermal conductivity « was calculated by « = «C, p, the thermal diffusivity and
specific heat of the samples, were measured on a TC-7000 (ULVAC-RIKO Inc., Japan)
Laser Flash Thermal Constants Measuring Apparatus.
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Fig. 1. XRD patterns of Tip2C04Sb;15Tegs and CosSby15Teqs.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the samples
of TigCo4Sb115Tegs and CosSby15Tegs which were prepared at
3.0GPa. It can be seen that the XRD spectra of Co4Sb115Tegs and
TigCo4Sbq1.5Teg 5 are near single phase CoSbs. The XRD patterns of
HPHT shows sharper diffraction peaks than the solvothermal syn-
thesized powder, indicating that the grain grew up in the HPHT
process [13].

Fig. 2 gives the SEM microphotograph of the section plane inner
for Tig,Co4Sb11.5Teg 5 sample. From the pattern, we can see that the
mean grain size is about 1 wm and abundant of grain boundaries
was found, which was helpful to decrease their thermal conduc-
tivity. The microstructure of sample agrees with the advantages
of high pressure synthesis, which corresponds to the results of
pressure-quenching reported by Li et al. [14].

Fig. 3 shows the temperature dependence of the electrical
resistivity for Co4Sb115Tegs and Tig,Co4Sby15Tegs. The electrical
resistivity of Tig,Co4Sby115Teg 5 increases linearly with increasing
temperature from 300K to 706K. It is noted that the elec-
trical resistivity of CosSbyq15Tegs is much higher than that of
Tig2Co4Sb11.5Tegs. We can also note that, the two compounds all
possess a minimum value of electrical resistivity at about 300K,
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Fig. 2. SEM micrograph of the fractured surface for Tig2Co4Sb115Tegs (b).
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Fig. 3. Temperature dependence of electrical resistivity for Tip2C04Sb;15Tegs and
Co4Sby15Tegs.
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Fig. 4. Relationship between the Seebeck coefficients and temperature for
Tip2C04Sb115Teos and CosSby15Tegs.
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Fig. 5. Temperature dependence of power factors for Co4Sby15Teps and CoSbs.
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Fig. 6. Temperature dependence of thermal conductivity for Tip,Co4Sb115Tegs and
Co4Sby15Teps.

0.75
070
065
060 |-
055 |-
050
0.45 |-
o040 [
035
030 F
025 [
020 [
0.15 |-
010l

115 .
—A—Ti, ,Co,Sb,, . Te, . /

/‘/
—=—Co,Sb, Te,, /
Ay
=
o

Figure of merit, ZT

e
o

—

1 1 1 i 1 1 1 1 1 1 i
250 300 350 400 450 500 550 600 650 700 750
T(K)

0.05 [

Fig. 7. Temperature dependence of figure of merit, ZT, for Tip2Co4Sb115Tegs and
Co4Sb115Teg;s.

and the minimum value (1.75 x 10~3 cm ) of TipC04Sb115Teg s
was obtained.

Fig. 4 shows that the Seebeck coefficient for Co4Sb115Teg s and
Tig2Co4Sb11.5Teg 5 as a function of temperature. The sign of the See-
beck coefficient of the sample is negative which indicates n type
semiconductor. The Seebeck coefficient of CosSbq15Tegs gradu-
ally increases with increasing temperature and shows a maximum
value at about 706 K. The absolute value of the Seebeck coef-
ficient for the sample of Tig>Co4Sb115Tegs is generally smaller
than that for Co4Sbq15Tegs, and its maximum absolute value
attains to about 233.71 wVK-1. It is noted that the Seebeck coef-
ficient of Tig»Co4Sb11 5Tegs compound is a little lower than that of
Co4Sb115Teg 5 prepared at the same pressure.

The power factor of TigCo4Sb115Teg s was calculated from the
measured Seebeck coefficient and electrical resistivity as shown
in Fig. 5. The power factor of Tig,C04Sb115Teq s increases linearly

with increasing temperature from 300K to 706 K. It is noted that
the power factor of Tig,C04Sb115Teg 5 is much higher than that of
Co4Sby15Teg s, and the maximum value of 25.3 W cm~! K—2 was
obtained at 706 K. It is related to the small electrical resistivity for
Tip2Co4Sb115Teg s compound.

The thermal conductivity for Tig»Co4Sb115Teg s measured from
300K to 706K is shown in Fig. 6. The thermal conductivity of
the sample decreases with an increase of temperature. The min-
imum value of TigyCo4Sb115Tegs synthesized at 3.0GPa was
2.53Wm~1K-1, which is a little higher than that of the with-
out filling sample of Co4Sby15Tegs (2.301Wm~! K1) which was
prepared at 3.0 GPa too. As well known, the thermal conductiv-
ity contains two parts, one is the carrier thermal conductivity ke
and the other is phonon thermal conductivity « . The carrier ther-
mal conductivity can be expressed by the Wiedemann-Franz’s law
ke=LoT. Fig. 6 shows that «, of Tig2C04Sbq15Teg s gives primary
contribution to Ko, It is noted that the «pp of Tig2C04Sb115Tegs
is lower than that of Co4Sb115Teg 5 in the range of 500-675K.

Finally, the ZT values were discussed and shown in Fig. 7. The
temperature dependence of the ZT values is quite similar for the
two samples: increasing with increasing temperature. The max-
imum value of TigCo4Sbq15Tegs (0.702) was obtained at 706 K,
which is higher than that of Co4Sbq15Tegs (0.443). It is related to
the high power factor and the low phonon thermal conductivity for
Tig2C04Sb115Teg s compound.

4. Conclusion

The single phase skutterudite compound Tig ,C04Sb115Teg 5 was
successfully synthesized by HPHT method. A maximum ZT value of
0.702 was obtained for a n-type sample at a temperature of 706 K.
We found that filling Ti in Te-doped skutterudite and higher syn-
thesized pressure could enhance the power factor and reduce the
phonon thermal conductivity.
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