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Abstract: Filled skutterudite is one of the most promising thermoelectric materials for power generation applications.
We report the high-temperature thermoelectric properties including electrical conductivity, Seebeck coefficient, and
thermal conductivity in single-phased polycrystalline dual-element-filled skutterudites Ba,Eu,Co4Sb;,(0<x<0.2,
0<y<0.3). The double-filled skutterudites are synthesized by the melting-quenching-annealing method and the bulk
pellects are sintered by spark plasma sintering (SPS). High total filling fractions (x+y>40%) with very large power
factor of Ba,Eu,Co,Sb;, over 60 uW/(cm*K?) at high temperature is obtained. The combination of Ba and Eu fillers
inside the voids of the skutterudite structure provides a broad range of resonant phonon scattering and consequently a
strong suppression in the lattice thermal conductivity is observed. The lattice thermal conductivity values for
Ba,Eu,Co,Sby, system are dramatically decreased and the lowest value is about 1.7 W/(m*K) at room temperature.

Consequently, enhanced thermoelectric figure of merits (Z7) for Ba and Eu dual-element-filled CoSb; skutterudites are

obtained at elevated temperatures, in particular Z7=1.3 at 850 K for Bay ;9Eug,3C04Sby,.
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As one of advanced energy conversion technologies,
the application of thermoelectric (TE) power generation
has been investigated for several decades!'!. The perform-
ance of thermoelectric materials is generally characterized
by a dimensionless figure of merit, ZT=S’cT/x, where T is
the absolute temperature, S is the Seebeck coefficient, ois
the electrical conductivity, and « is the thermal conductiv-
ity, which is generally a sum of electronic (x;) and lattice
contributions (i), k&= +xi. Thermoelectric performance
therefore depends on a balance of the transport properties,
which requires high S, high o, and low « to achieve high
TE performance.

Filled skutterudites have been continuously pursued in
the past decade for advanced thermoelectric (TE) applica-
tions due to their excellent electrical properties'*. Vari-
ous elements from alkaline-earths (Ba, Sr, Ca)®”,
rare-carths (La, Ce, YD, Eu, Nd)[g'“], alkaline metals (K,
Na)!"*") and a few other atoms (TI, Sn, Ge)!"*'®! have
been used as filler atoms to fill into the Sb-icosaedron
voids in CoSb; framework, which have been much inves-
tigated to effectively reduce xj. The lattice thermal con-
ductivity of the filled skutterudites, however, is still higher
than those of many state-of-the-art TE materials, such as

Bi,Te;!' " It has been found that different filler atoms have
different vibration frequencies in the void of the CoSb;
skutterudites!'™. It has also been demonstrated that filling
the voids using more than one type of filler atom could
lead to an additional suppression in xj in filled-CoSb;!"*2",
The combination of two different filler atoms, such as one
alkaline-earth element and one rare-earth element (AE-RE),
has been proved to be the most appreciate choice for dou-
ble-filled CoSbs. The reported ZT values have reached 1.26
(850 K) for Ba,Ce,Co4Sb,, 1.32 (850 K) for Sr,Yb,Co4Sb,
and 1.36 (800 K) for Ba,Yb,Co,Sb;,'****. The combi-
nation of Eu with Ba is thereby expected to be able to
depress the lattice thermal conductivity effectively due
to the similar rattling frequency between Eu and Yb in
CoSb;. However, there is no report of high-temperature
thermoelectric properties on Ba,Eu,Co4Sb,, compounds
yet.

In this paper, a series of polycrystalline dual-element-
filled Ba,Eu,Co4Sb;, and Ba,Yb,CosSby, samples were
synthesized and their high-temperature thermoelectric
properties were investigated. The difference on the elec-
trical and thermal transport properties between Ba-Yb and
Ba-Eu were also discussed.
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1 Experimental procedure

1.1 Materials

High-purity Ba (99%, shot), Eu (99%, piece), Yb (99%,
piece), Co (99.99%, powder) and Sb (99.9999%, shot)
metals were used as starting materials.
1.2 Preparation

The stoichiometric constituent elements were mixed
according to the nominal composition Ba,Eu,Co4Sbi,
(x=0.2-0.3, »=0.2-0.4) and Ba,Yb,Co4Sb;»(x=0-0.3,
y=0-0.2), loaded into carbon crucibles and then sealed in
quartz ampoules under vacuum (1x10° Pa). The quartz
ampoules were heated slowly up to 1333-1353 K, soaked
for about 4 h and followed by quenching in a water bath.
The resulting ingots were annealed at 1030-1050 K for
1-2 w, and then ground into fine powder. The obtained
powder was loaded into graphite dies and consolidated by
a spark plasma sintering process at 863—-883 K for 10 min
under a pressure of 50 MPa.
1.3 Characterization

X-ray diffraction (XRD) and electron microprobe
analyses (EPMA) show that all the samples are single
phased materials having the skutterudite structure with
trace amount of oxides. The exact compositions of all
samples were determined by EPMA. The electrical con-
ductivity (o) and Seebeck coefficient (S) were measured
by the standard four-probe method (ULVAC-RIKO
ZEM-3) in He atmosphere between 300 K and 850 K. The
measurements of thermal diffusivity (1) and specific heat
(C,) were carried out in a flowing Ar atmosphere (Netzsch
LFA-427 and DSC 404 C Pegasus, respectively) between
300 K and 850 K. The thermal conductivity (x) was cal-
culated from the relationship x=DAC,,, where D is the mass
density. The measured densities of all samples are in the
range of 95%—-99% of the theoretical values.

2 Result and discussion

Figure 1 and Figure 2 show the temperature-dependent
electrical conductivity (o) and Seebeck coefficient (S) for
all samples, respectively. The electrical conductivity (o)
decreases, and the absolute value of Seebeck coefficient (S)
increases with increasing temperature. Since Eu, Yb and
Ba offer the same free electron to CoSbs, ¢ increases with
increasing the total filling fraction (x+y), while S decreases
in the whole temperature range. All these show a typical
behavior of heavily doped semiconductors.

Figure 3 shows the temperature-dependent power factor
(%) for all samples. With increasing temperature, the
power factors in Ba,Eu,Co4Sb,; are much greater as com-
pared with those of the single-element-filled skutterudite
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Fig. 1 Measured temperature dependence of the electrical con-
ductivity (o) in double-filled skutterudites
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Fig. 2 Measured temperature dependence of the Seebeck coef-
ficient (S) in double-filled skutterudites

and Ba,Yb,Co4Sb;,. The maximum power factor for
Bay 19Eu23C04Sby, reaches 60 uW/(cm'Kz) at 850 K.
Figure 4 and Figure 5 shows the temperature depend-
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Fig. 3 Measured temperature dependence of the Seebeck coef-
ficient (S°0) in double-filled skutterudites
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Fig. 5 Measured temperature dependence of lattice thermal
conductivity (xr) in double-filled skutterudites

ence of total thermal conductivity (x) and the estimated
lattice thermal conductivity (k.=x—x.) for all samples. The
electronic contribution to heat conduction «, is calculated
using the Wiedemann—Franz law with the Lorenz number
equal to 2.45 x 10 V¥/K?. k_ is obtained by subtracting
from x. This assessment of x; is only an approximation
because one does not precisely know the Lorenz number,
nor its temperature dependence for this degenerate semi-
conducting system. Nevertheless, this approach has the
virtue of allowing cross-comparisons of existing x values
of skutterudites, as it is a common practice to use the
Sommerfeld value for the Lorenz number. As compared
with Ba or Yb single-element-filled compounds, the i in
Ba—Yb and Ba-Eu dual-element-filled CoSb; compounds
is decreased in the whole temperature range. The lattice
thermal conductivity of the dual-element-filled CoSb;
decreases with the increase of total filling fraction (x+y).
Because the samples have trace amount of oxides, the
influence on the lattice thermal conductivity from the

less than the limit value in metals. In this case, the lattice
thermal conductivity could be larger than the data shown
in Fig. 5.

Figure 6 shows the calculated dimensionless thermoe-
lectric figure of merit as a function of temperature.
Ba,Eu,Co,Sb;, and Ba,Yb,Co4Sb;, shows enhanced ZT
values as compared to Ba or Yb single-filled CoSb; above
750 K, and their ZTs reach 1.27 at 850 K. In comparison
with Bag 14Eug13C04Sb;,, Bag 19Eu,3C04Sb;, has similar
electrical properties but a slightly higher x,, which leads to
higher thermal conductivity and lower ZT value in the
entire temperature range. This indicates that further en-
hancement in ZT values for Ba,Eu,Co4Sb;, compounds
could be expected by optimizing the total filling fractions
and the ratio of Ba and Eu fillers.
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Fig. 6 Measured temperature dependence of dimensionless
figure of merit (Z7) in double-filled skutterudites

3 Conclusions

Single-phased polycrystalline dual-element-filled skut-
terudites Ba,Eu,CosSb;, and Ba,Yb,Co4Sb;, have been
successfully synthesized. Compared to single-filled skut-
terudites, Ba,Eu,Co4Sb;, and Ba,Yb,Co4Sb,, double-filled
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skutterudites exhibit similar trend in the electrical trans-
port properties as a function of total filling fraction (x+y),
suggesting that two-element-double-filling in CoSb; does
not significantly change the characteristics in electrical
transports in comparison to the single-element filling.
Similar to Ba,Yb,Co4Sb;, compounds, Ba-Eu co-filling
also leads to an additional reduction in lattice thermal
conductivity (xp) compared to Ba or Yb single-element
filling. The enhanced thermoelectric performance is re-
alized in the double-filled CoSb; systems. The Z7T value
reaches 1.27 (850 K) for Bag4Eug;3C04Sby,
Bag24Ybg 12C04Sbys, but Bag9Eug,3C04Sby, possesses a
low ZT value because of the high electrical conductivity
and thereby high «,. Further compositional optimization
is expected to get even higher ZT in Ba—Eu co-filled
CoSb;.

and
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