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In this work, Te-doped and S-filled S,Co4Sb{;2Teqs (x = 0.1, 0.15, 0.2, 0.25,
0.3, 0.4) skutterudite compounds have been prepared using solid state reac-
tion and spark plasma sintering. Thermoelectric measurements of the con-
solidated samples were examined in a temperature range of 300—850 K, and
the influences of S-addition on the thermoelectric properties of
S,Co4Sbq12Teg s skutterudites are systematically investigated. The results
indicate that the addition of sulfur and tellurium is effective in reducing lat-
tice thermal conductivity due to the point-defect scattering caused by tel-
lurium substitutions and the cluster vibration brought by S-filling. The
solubility of tellurium in skutterudites is enhanced with sulfur addition via
charge compensation. The thermal conductivity decreases with increasing
sulfur content. The highest figure of merit, ZT = 1.5, was obtained at 850 K for
S0.3C048b11.2Teg s sample, because of the low lattice thermal conductivity.
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INTRODUCTION

Thermoelectrics is a promising technology for con-
verting waste heat directly into electricity and can be
used for cooling and heating in electric vehicles with
the advantages of quick operation, no greenhouse gas
emissions and high reliability.”™ The efficiency of
power generation of these thermoelectric materials is
indexed by the dimensionless figure of merit, which is
defined as ZT = o®¢T/x, where « is the Seebeck
coefficient, o is the electrical conductivity, T is the
absolute temperature, and x is the thermal conduc-
tivity composed of electronic thermal conductivity .
and the lattice thermal conductivity «r..

CoSbs-based skutterudite compounds have been
attracting substantial interest because of their
promising thermoelectric performance in the inter-
mediate temperature range due to their excellent
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electrical transport properties and large Seebeck
coefficient, but thermal conductivity of the binary
skutterudites is too large for thermoelectric appli-
cations.® Decreasing the thermal conductivity and
increasing the electric transport properties of ther-
moelectric materials are important directions of
thermoelectric material researches.®

Various approaches have been taken to reduce the
thermal conductivity and improve the thermoelectric
performance of CoSbs-based skutterudites, such as
incorporating nanoparticles into the matrix to scatter
high-frequency phonons,” substituting the anti-
mony sites or cobalt sites with dopant atoms'®7 to
perturb the vibration of Sby-ring and enhance
phonon scattering on impurities, and filling atoms
into the voids of skutterudites'®?® results in a
manifestation of the Phonon Glass Electron Crystal
(PGEC) concept, which can achieve good electrical
transport properties and low thermal conductivity at
the same time due to the presence of filler atoms in
the skutterudite voids.?> The Yb/Sr-filled and Ge/Sn-
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doped CoSbs skutterudites were synthesized, and
their thermoelectric properties have been investi-
gated.??® The obtained results have demonstrated
that doping with Ge/Sn in electropositive guest-filled
skutterudite materials can increase Yb/Sr incorpo-
ration and is an effective method of enhancing the
thermoelectric performance.?62%

Recently, the findings of electronegative filling in
CoSbs-based skutterudites provide a new perspec-
tive for guest-filling in skutterudites materi-
als.!92%2% The results of electronegative filling
indicated that introducing electronegative guests
into skutterudite hollow structures influences the
lattice dynamics and reduces lattice thermal con-
ductivity significantly. In this study, the solid state
reaction was attempted to prepare the S-filled and
Te-doped skutterudite compounds. The influences of
charge compensation between tellurium and sulfur
have been studied. The tellurium doping fractions
are successfully increased via charge compensation,
leading to an excellent thermoelectric performance.

EXPERIMENTAL PROCEDURE

Te-doped and S-filled skutterudite compounds
SxCO4Sb11.2T60.8 (JC = 01, 015, 02, 025, 03, 04)
have been prepared using solid state reaction and
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Fig. 1. XRD patterns obtained for S,Co,Sb¢12Tegg (x = 0.1, 0.15,
0.2, 0.25, 0.3, 0.4) compounds.
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spark plasma sintering (SPS). The powders of sulfur
(purity 99.999%), cobalt (purity 99.9%), antimony
(purity 99.999%), and tellurium (purity 99.999%)
were blended in stoichiometric compositions and
then loaded into the carbon crucible. The crucible
was sealed under a vacuum, heated up slowly to
903 K and held for 72 h. The obtained materials
were ground and sintered by SPS at 903 K for
7 min.

Fig. 2. FESEM images for S,Co4Sb112Tepg samples. (a) x = 0.1,
(b) x=0.3.

Table I. The nominal composition, actual composition (EPMA), lattice parameter « (A) and density d (g cm™%)

for SxCO4Sb11'2Teo‘s

Nominal composition EPMA « (A) d (g cm™®)
So‘1C04Sb11,2Te0.8 So.12004Sb11~26Te0.59 9.0506 7.54
S0A15CO4Sb11_2Teo_8 SO.17CO4Sb11.22T60.66 9.0508 7.59
50,2004Sb11_2Te0,8 80,22004Sb11,19Te0,70 9.0513 7.60
SOA25CO4Sb1142T60_8 So.24CO4Sb11.16T60.73 9.0518 7.61
So'3CO4Sb11‘2Teo_8 So_26004Sb11~19Te0~77 9.0520 7.55
SOA4CO4Sb11_2Teo_3 So,27Co4Sb11,12Te0.75 9.0518 7.54
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1.5808 24.8795 68.9216 4.6181
3 1.5837 248147 68.9616 4.6399
4 1.6240 24.7404 68.9333 4.7022
S 1.8067 24.8074 68.6068 4.77%
6 1.6147 245199 69.0602 4.8052
7 15511 24.5647 68.8603 5.0239
8 1.5658 24.7676 68.9792 4.6874
9 1.5951 24,6550 69.1408 4.6092
10 1.6263 24.4619 69.1019 4.8099

Fig. 3. The BSI (a), elemental mapping distribution (b—e) and point-compositions (f) of Sg3C04Sb112Teg s sample.
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Fig. 4. The nominal S-filling fraction versus Te-doping efficiency and
S-filling efficiency.

The skutterudite phase of the samples was ver-
ified by powder x-ray diffractometry (XRD, Bruker:
D8 Advance, Cu Ko). The micro-structures of sam-
ples were characterized by using field emitting
scanning electron microscopy (FESEM; Zeiss Ultra
Plus). The back-scattered electron image (BSI) and
the chemical composition of the polished surfaces
were obtained with an electron probe micro-ana-
lyzer (EPMA; JXA-8230, Japan) equipped with
wavelength dispersive x-ray spectroscope (WDS).
The measurements of Seebeck coefficient and elec-
trical conductivity were accomplished by standard
four-probe method (ZEM-3; Sinku-riko) syn-
chronously. Thermal diffusivity (1) were measured
using a laser-flash technique (Netzsch: LFA-457),

and the heat capacity (Cp,) was measured by the
differential scanning calorimeter (TA: DSC Q20).
The thermal conductivity was calculated by the
formula x = C,Ad, where d was density of the
materials.

RESULTS AND DISCUSSION

Figure 1 displays the XRD patterns of
SxCo4Sb11‘2Te0_8 (x = 01, 015, 02, 025, 03, 04)
samples. As shown in Fig. 1, besides the main CoSb;
phase, very small amounts of second phases, such as
CoTe, and CoSby, were detected in S, CosSbq12Teq s
(x = 0.1, 0.15, 0.2) samples. As the doping fraction is
equal or exceeding 0.25, the peaks of the impurity
phases disappear. The right part of Fig. 1 shows
local enlargement of the high-angle diffraction
patterns for S,Co4Sby; 2Teq s. The high-angle peaks
of S,Co4Sb112Teq g (x < 0.3) shift to lower angle with
increasing filling fraction of sulfur, indicating lat-
tice expansion due to the increased doping fraction
of tellurium as shown in Table I (will be discussed
later).

The samples’ microstructures were analyzed by
FESEM on the fractured surface of representative
samples of S,Co4Sb112Tegs (x = 0.1, 0.3), as shown
in Fig. 2. The matrix is densely compacted, which is
in agreement with the high density values as shown
in Table I. The grains of these samples are smaller
and uniform than single Te-doped skutterudite.'”
For Sy 1Co4Sb11 2Teg s, the sizes of most particles are
within the range of 1-5 um, as shown in Fig. 2a.
Figure 2b shows the microstructure of sample
So.3C048b119Teg s, and there is a certain increase
in the amount of particles that are larger than 5 ym,
compared to Sy 1Co4Sby12Teqs. The grain growth of
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Fig. 5. Temperature dependence of electrical conductivity (a) and
Seebeck coefficient (b) for all samples.

S0.3C045Sb11 2Teg s sample is caused by the increas-
ing tellurium content (as shown in Table I) com-
pared to Sp1Co4Sbq1Teqs sample. Similar results
can also be found in the Te-doped skutterudites.'”?°

Figure 3a shows the BSI of the polished surface of
the sample Sy 3C04Sbq12Tegs. It is apparent that
the obtained chemical compositions are basically
homogeneous. With the elemental distribution
maps (Fig. 3b, ¢, d, and e), it can be found that the
elements (Co, Sb, S and Te) were evenly distributed.
The atomic percentages of these elements in differ-
ent areas of Sy3C04Sbi12Teps sample are deter-
mined, which are listed in Fig. 3f.

The doping efficiency of tellurium and filling
efficiency of sulfur are shown in Fig. 4, which
calculated the ratio of the actual content to the
nominal content of tellurium and sulfur in all
samples. Compared to single Te-doping skutteru-
dite,!”?° S-filling can enhance the doping efficiency
of tellurium significantly. The main reason is that
the sulfur exists in an electronegative ionic state in
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Fig. 6. Temperature dependence of thermal conductivity (a), and
lattice thermal conductivity (b) for all samples.

skutterudite, and it can promote the doping effi-
ciency of tellurium under the effect of charge
compensation. Similar principle and results can
also be found in the electropositive guests (such as
Yb and Sr) filled and group IVA atoms (such as Sn
and Ge) doped skutterudites,?*2® and also the Ge/
Sn-Te co-doped skutterudites.!*%1? In addition, it
should be noted that charge compensation such as
substituting a small amount of Te at the Sb site is a
necessary condition for sulfur filled CoSbs,?° which
can also enhance the filling fraction of the sulfur.
The doping efficiency of tellurium is enhanced with
incremental sulfur content, which makes the actual
composition of samples closer to the nominal com-
position. The impurity phases decrease accordingly.
This phenomenon is consistent with the XRD test
results. Tellurium has the much larger radius than
those of antimony, so increasing the tellurium
content will lead to larger lattice parameters,®® as
shown in Table I. When the filling fraction of sulfur
reaches x = 0.4, the content of tellurium is reduced
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Fig. 7. Dimensionless figure of merit ZT for all samples.

compared with x = 0.3, indicating that the doping of
tellurium reaches the solubility limit at x = 0.3 in
this work, and further increasing sulfur content
leads to the lattice shrinkage of Sg4Co4Sby19Teqs
sample (The electronegative filler sulfur attracts the
nelghborm§ antimony atoms, which leads to lattice
shrinkage®®)

Figure 5 1ndlcates the electrical transport prop-
erties of S,Co04Sb112Teq g samples with temperature
and filling content. As shown in Fig. 5a, the electri-
cal conductivity of S,CosSbi;12Teps compounds
decreases with the increasing filling fraction of
sulfur. This is mainly because that the electroneg-
ative guest sulfur attracts two electrons, reducing
the carrler concentration of n-type skutterudlte
materials.?’ For that reason, the electrical conduc-
tivities of all the S Co4Sb11 2Tegs samples are
decreased in comparlson with those of the single
Te-dopin, ng skutterudite'” and Ge-Te co-doping skut-
terudite.”” The negative Seebeck coefficient as
shown in Fig. 5b indicates that electrons are the
major carriers in the obtained samples. The abso-
lute values of the Seebeck coefficient of all samples
increase with increasing S-filling fraction between
300 K and 850 K. And the Seebeck coefficient of
S0.4C04Sb119Teg 5 compound attains a maximum
value of — 222 yVK ! at 850 K.

The temperature-dependent thermal conductivity
and lattice thermal conductivity of all the samples
are shown in Fig. 6a and b respectively. As shown in
Fig. 6a, the thermal conductivity of all samples first
decreased (300-700 K) then increased in the high-
temperature range (700-850 K), this is mamly
attributed to the bipolar diffusion effect.®’ For
comparison, the thermal conductwlty of single Te-
doped!” and Ge-Te co-doped®® samples are also
plotted. The thermal conductivity for
S,Co04Sby1sTeps ranges from 3.1 Wm 'K!
(x =0.1) to 2.2 Wm-K™* (x = 0.4) at 300 K, and from

2.7 Wm 'K™! (x =0.1) to 2.1 Wm 'K ' (x = 0.4) at
800 K. All these values are much lower than those
of Te single-doped and Ge Te co-doped samples at
the same temperatures.'”?® As shown in Fig. 6b,
the lattice thermal conduct1v1ty of Sp 3C04Sb119Teg 5
at 300 K is 1.52 Wm 'K !, 54% lower than that of
single Te-doped samples. 17 The lattice thermal
conduct1v1ty of Sg3C04Sbq;. 2Te08 sample attains a
minimum value of 0.81 Wm 'K ™! at 775 K. It is
believed that the low lattice thermal conductivity in
this study mainly originates from high doping
efficiency of tellurium and filling efficiency of sulfur.
On the basis of Seebeck coefficient, electrical
conductivity and thermal conductivity measure-
ments, the figures of the merit ZT are calculated,
as shown in Fig. 7. The highest value of ZT = 1.5 is
obtained for Sy 3Co04Sby12Teqg sample at 850 K 1n
contrast with ~ 0.93 for CosSb11 4Teo ¢ sample
800 K and ~ 1.1 for CosSby;Gep2Teqs sample®®
800 K. Te-doping and S-filling can 51gn1ﬁcant1y
enhance the thermoelectric properties of skutteru-
dite via reducing the thermal conductivity.

CONCLUSIONS

In this study, n-type S,CoSb;12Tey s samples are
synthesized with the solid state reaction and spark
plasma sintering. The filling effects on the thermo-
electric properties are investigated systematically.
The obtained results demonstrate that the thermal
conductivity of S,Co4Sbi12Teqs skutterudite is
reduced by optimizing the sulfur filling fraction.
S-filling can enhance the doping efficiency of tel-
lurium significantly, which is attributed to the
charge compensation between electronegative guest
sulfur and dopant tellurium. The thermoelectric
properties of S,Co4Sbi;.Teqgs skutterudite have
been significantly enhanced because of low thermal
conductivity. Moreover, the x = 0.3 sample has the
lowest lattice thermal conductivity and the highest
ZT (1.5, 850 K) over the entire temperature range.
Better performance of the electronegative-guest
filled skutterudites can be expected by continuing
effort to optimize its doping and filling fractions.
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