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a  b  s  t  r  a  c  t

In  this  work  we  have  synthesized  In0.2+xCo4Sb12+x samples  using  a melting–annealing–hot  pressing
procedure,  with  the  In  and  Sb  contents  concomitantly  varied.  The  microstructures  and  thermoelectric
properties  have  been  subsequently  studied  and correlated.  Increasing  x value  leads  to  an  increase  of  the
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electrical  conductivity,  a decrease  of the  Seebeck  coefficient  in magnitude,  and  non-monotonic  changes
in  the power  factor  and  the lattice  thermal  conductivity.  In particular,  we have  for the  first  time  observed
the InSb/Sb  eutectic  formation  through  thermal  analysis  when  x is  well  above  0.2.  The  high  density  of
interfaces  via  the  formation  of  InSb/Sb  mixture  on  the  grain  boundaries  seems  to  decrease  the  lattice
thermal  conductivity  and  accounts  for  a dimensionless  figure  of  merit,  ZT,  of  1.0  in In0.8Co4Sb12.6 at  650  K.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

In the wake of the impending environmental and energy crisis,
hermoelectric energy conversion technique, which can directly
onvert heat to electricity and perform heat management via
efrigeration, has attracted much attention. Desirable qualities for
igh performance thermoelectric materials include a large See-
eck coefficient, ˛, a high electrical conductivity, �, but a low
hermal conductivity, �. These quantities determine the dimen-
ionless thermoelectric figure of merit, ZT = ˛2�T/�. For decades, the
oSb3-based skutterudite materials have been known as a promis-

ng class of thermoelectric materials. This family of skutterudite
ompounds crystallizes in an Im3  space group. A unit cell con-
ists of 32 atoms (Co8Sb24), in which Co atoms form 8 subcubes
ith Sb4 planar rings occupying six of them, leaving the other two

ubcubes (cages) empty. Even though the intrinsic lattice ther-
al  conductivity is somewhat high due to the strong covalent

onding in the lattice, the naturally formed voids (i.e., the empty
ubcubes or cages) can be filled with loosely bound guest ions.
hese so-called “rattlers” effectively scatter heat-carrying phonons
nd thus suppress the lattice thermal conductivity [1–3]. A number
f single-filled and multi-filled skutterudites with high ZTs  have

een reported [4–10]. However, the lattice thermal conductivity
f the filled skutterudites, especially that of n-type filled skut-
erudites, remains relatively high as compared with that of other

∗ Corresponding authors. Tel.: +86 27 87558310; fax: +86 27 87558310.
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state-of-the-art thermoelectric materials. Further reduction of the
lattice thermal conductivity is crucial for improving the thermo-
electric properties of the CoSb3-based skutterudites.

Nanocomposite technique has attracted more and more atten-
tion as another effective approach of improving thermoelectric
properties [11–15].  It was stated from this approach that the ther-
mal  conductivity could be reduced due to the enhancement of
phonon scattering and the electrical conductivity could also be
affected by the inclusions. While the detailed interactions between
heat-carrying phonons and interfaces can be complex and material-
dependent [16,17], it appears that perhaps the most important
material parameter underlying the lattice thermal conductivity
reduction is the interfacial area per unit volume (hereinafter, inter-
face density) [12].

Among the vast volume of literature on the filled skutterudites,
the Indium-filled CoSb3 has drawn much attention [8–10,18]. He
et al. reported that Indium can be filled in the empty cages with
an atomic displacement parameter substantially larger than that
of Co and Sb as evidenced by the refinement of synchrotron X-
ray diffraction data, and the solubility limit of the Indium filling
(i.e., filling fraction limit) in CoSb3 was  found to be close to 0.22
[8]. In Li et al.’s work on InxCeyCo4Sb12 [19], InSb nanoinclusions
were found on the matrix grain boundaries, and enhancement of
thermoelectric properties was observed. These results suggested
the approaches of Indium-filling and nanostructuring can be com-
bined in optimizing the thermoelectric properties of CoSb3. In this

article, we  report the synthesis and thermoelectric properties of
the In0.2+xCo4Sb12+x composites. Different from the previous stud-
ies, we  vary not only the Indium content but also the Sb content.
It is notable that InSb/Sb eutectic formation was  observed through

dx.doi.org/10.1016/j.jallcom.2012.01.093
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. X-ray diffraction patterns of the hot pressed samples.
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hermal analysis; the increased interface density led to a signifi-
ant reduction of the lattice thermal conductivities. As a result, a
ubstantial enhancement of ZT was attained.

. Experimental procedures

Stoichiometric amounts of Co powder (99.5%), Sb shot (99.99%), In shot
99.999%) of In0.25Co4Sb12, In0.2+xCo4Sb12+x (x = 0.2, 0.4, and 0.6) were mixed and
ealed in an evacuated quartz tube. The quartz tube was heated slowly to 1323 K
nd  held for 24 h, cooled to 923 K and held for 4 days, and then allowed to cool
n  the furnace to room temperature. Finally the samples were taken out from the
ubes, pulverized, and then hot pressed using graphite dies in an Argon atmosphere.
he In0.2+xCo4Sb12+x samples were hot pressed at 823 K and 100 MPa for 2 h, and the
n0.25Co4Sb12 was  hot pressed at 873 K and 100 MPa  for 2 h.

The phase characterization was performed by X-ray powder diffraction (PAN-
lytical X’Pert PRO diffractometer with Cu K� radiation). Field-emission scanning
lectron microscopy (FEI: Sirion 200) equipped with energy-dispersive X-ray spec-
roscopy (EDS) was used to inspect the microstructure, and chemical composition
as  obtained on polished surface on SEM (FEI: Quanta 200) equipped with EDS.
ll the samples have packing densities above 95% of theoretical values from SEM
bservation. Differential thermal analysis technique (Diamond TG/DTA) was  used
o  detect phase transformation during heating process at a rate of 20 K/min under
itrogen atmosphere.

The samples were cut by diamond saw into 8 × 8 × 2 mm3 squares for laser
ash thermal diffusivity measurement and 10 × 3 × 3 mm3 bars for electrical resis-
ivity and Seebeck coefficient measurements. The Seebeck coefficient and electrical
esistivity were measured simultaneously from 300 to 700 K via temperature differ-
ntial and four-point probe methods in a custom designed apparatus under vacuum
ircumstance. The high temperature thermal conductivity � was evaluated from
easurements of the thermal diffusivity, specific heat capacity and density on a

aser-flash apparatus (Shinkuriko: TC-7000H) in a vacuum.

. Results and discussion

.1. Structural analysis

Fig. 1 shows the XRD patterns of the hot pressed samples. The
attern of In0.25Co4Sb12 shows single phase skutterudite structure,
nd that the lattice parameter calculated from 70 to 140◦ scans
s 9.0461(3) Å, larger than that of unfilled CoSb3 (9.034–9.038 Å)
20,21], which is ascribed to the Indium’s void filling. The compo-
ition determined by EDS is In0.22Co4Sb12.01. For In0.2+xCo4Sb12+x
amples, minor phases of InSb and Sb emerge beside the skut-
erudite phase, and the intensity of InSb phase increases with x.
he compositions of the skutterudite phase have been obtained by
nalyzing within large skutterudite grains, and are listed as fol-
ows: In0.29Co4Sb11.24 for In0.4Co4Sb12.2 sample, In0.28Co4Sb11.95
or In0.6Co4Sb12.4 sample, and In0.32Co4Sb12.46 for In0.8Co4Sb12.6
ample. Similar lattice parameters and compositions have been
eported before by Mallik et al. on InzCo4Sb12 (z ≤ 0.3) skutterudites
22]. It is important to note that the Indium has reached the void
lling limit of the skutterudite structure and excess Indium forms

nSb with Sb, so the In0.2+xCo4Sb12+x system can be considered as
omposite of Indium-filled skutterudite, InSb and Sb.

DTA measurement results of the hot pressed samples from
oom temperature to 950 ◦C are shown in Fig. 2. The DTA curves
f In0.25Co4Sb12 and In0.4Co4Sb12.2 reveal an endothermic peak at
bout 877 ◦C, corresponding to the melting of CoSb3 according to
he Co–Sb phase diagram. The DTA curve of In0.6Co4Sb12.4 reveals
eak endothermic peaks at about 623 ◦C, 644 ◦C, and a barely dis-

ernible endothermic peak at about 492 ◦C, beside the peak at
77 ◦C. The peak at 623 ◦C presumably corresponds to melting of
oSb3/Sb eutectic, and the peak at 644 ◦C to melting of Sb. The
TA curve of In0.8Co4Sb12.6 shows a notable endothermic peak at
bout 492 ◦C beside the main endothermic peak at 877 ◦C. Based
n In–Sb phase diagram [23] (shown in Fig. 3) the peak at 492 ◦C
orresponds to the melting of InSb/Sb eutectic. The emergence of

he peak corresponding to the melting of InSb/Sb eutectic could
e addressed from the preparation process. During the preparation
he starting materials were heated to 1323 K (1050 ◦C) and held for
4 h firstly, then cooled to 923 K (650 ◦C) and held for 4 days to

Fig. 2. The DTA curves of the hot pressed samples from room temperature to 950 ◦C.
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Fig. 3. The In–Sb phase diagram.

nsure the formation of the main skutterudite phase. As shown in
RD patterns, minor InSb and Sb phases coexist with the main skut-

erudite phase. During the long time isothermal treatment process
t temperature (650 ◦C) higher than the melting points of InSb and
b, InSb and Sb form In–Sb liquid on the grain boundaries of the
kutterudite phase, and in the subsequent slowly cooling process
he In–Sb liquid solution solidifies to form hypoeutectic, eutec-
ic or hypereutectic microstructures, depending on the local In/Sb
atio.

The fractured surfaces of these samples were inspected by FE-
EM and some results are shown in Fig. 4. Fig. 4(a)–(c) shows
he fractured surfaces of In0.25Co4Sb12, and those of In0.8Co4Sb12.6,
espectively. The matrix grain sizes of all the samples are in the
ange of 5–20 �m,  and only change a little with x. In Fig. 4(c), the
hases at grain boundaries have apparently different morphology
rom the phase in grains, with the latter showing typical skut-
erudite morphology and the former revealing mixture of laminar

orphology and nanometer-sized fine particles. With the help of
he results of XRD, EDS, and DTA measurements, the grain boundary

ixture is composed of InSb and Sb.

.2. Thermoelectric properties

Figs. 5 and 6 present the temperature dependences of the
lectrical resistivity and the Seebeck coefficient from 300 to
00 K respectively. All the samples show n-type Seebeck coeffi-
ient. Except In0.4Co4Sb12.2, the resistivities of all other samples
how semi-metal behavior, and the electrical resistivities decrease
ramatically with increasing x, which is ascribed mainly to coex-

stence of InSb and Sb. Similar results have been reported in Sb
xcess Yb0.2Co4Sb12+y [24] and (Ti, Zr, Hf)(Co, Ni)Sb/InSb nanocom-
osite materials [25]. In Yb0.2Co4Sb12+y the electrical resistivity
onotonically decreases with the increase of y [24], and in

i0.5Zr0.25Hf0.25Co0.95Ni0.05Sb–x% InSb nanocomposite materials
he fraction of a second InSb phase increases with increasing x [25],
nd the electrical resistivity systematically decreases with increas-
ng x, which has been ascribed to an increase of the effective carrier
oncentration. As shown in Fig. 6, absolute Seebeck coefficients of
he samples decrease systematically with the increase of x, which is
elieved to be due to an increase of effective carrier concentration
ith increase of InSb. As a result, the power factor (˛2�) decreases

rstly and then increases remarkably, as shown in Fig. 7.

The thermal conductivities, �, and the estimated lattice thermal
onductivities, �L, of all the samples from 300 to 700 K are shown
n Fig. 8. The �L is obtained by subtracting the carrier thermal
Fig. 4. The fractured surface images of In0.25Co4Sb12 (a) and In0.8Co4Sb12.6 (b, low
magnification; c, high magnification).

conductivity, �e, from the �. The �e is given by the
Weidemann–Franz relation �e = L0T/�, where � is the elec-
trical resistivity and the Lorentz constant is given by
L0 = 2.45 × 10−8 V2/K2. Unlike in (Ti, Zr, Hf)(Co, Ni)Sb/InSb
nanocomposite materials [25], where the lattice thermal con-
ductivities first reduce and then increase with increased amount
of InSb, here the �L increases first and then decreases dramatically
with increasing x. Especially in In0.8Co4Sb12.6, a substantial sup-
pression of the lattice thermal conductivity was  observed, which
reaches the lowest �L ∼0.94 W/m  K at 650 K. The decrease of the �L
with increasing x is presumably due to increased interface density
by the formation of InSb/Sb mixture on the grain boundaries. On
the other hand, the �L of InSb and Sb is reported to be much higher
than that of filled skutterudite materials [25,26],  and, if without
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Fig. 5. The electrical resistivities of the studied samples.

Fig. 6. The Seebeck coefficients of the studied samples.

Fig. 7. The power factors of the studied samples.

Fig. 8. The thermal conductivities of the studied series; the estimated lattice thermal
conductivities are shown in the inset.

Fig. 9. The dimensionless figure of merit ZT of the samples over the temperature
range studied.
taking in account the phonon scattering on the interfaces, the
presence of InSb and Sb phases may  lead to an increase of the �L of
the composite as a multi-phase composite system according to the
Bergman–Fel model [25,27]. We  expect to see these two opposite
mechanisms compete as the x increases. As we  know, much of
the recent progress in advanced nanocomposite thermoelectric
materials has been due to the beneficial effects of interfaces, and
it appears that perhaps the most important factor in reducing
lattice thermal conductivity is simply the interfacial area per unit
volume [12,16]. As shown in Fig. 4, comparing the microstructure
of In0.25Co4Sb12 with that of In0.8Co4Sb12.6, apparently the mixture
of InSb/Sb on the grain boundaries dramatically increases the
interface density, resulting in considerable reduction of the �L.

Fig. 9 presents the dimensionless figure of merit, ZT,  of the sam-
ples over the temperature range studied. With increasing x, ZT
reduces first and then increases, a maximum ZT of 1.0 has been
obtained in In0.8Co4Sb12.6 at 650 K.
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. Conclusions

In0.2+xCo4Sb12+x composite thermoelectric materials have been
repared via melting–annealing–hot pressing method. XRD anal-
sis reveals that a fraction of Indium fills into the skutterudite
tructure void, and Indium exceeding the solubility limit forms
nSb with Sb. The content of InSb increases with increasing x. Ther-

oelectric property measurements show that with increasing x
he electrical resistivities decrease dramatically and the absolute
eebeck coefficients decrease as well, likely due to the increased
arrier concentration. As a result, the power factors decrease first
nd then enhance considerably with increasing x. The lattice ther-
al  conductivities increase initially and then decrease remarkably
ith increasing x, which can be ascribed to considerably enhanced

nterface density via the formation of InSb/Sb mixture on the grain
oundaries. Finally, ZT values decrease first and then increase con-
iderably with x increase, and In0.8Co4Sb12.6 reaches its maximum
T value of 1.0 at 650 K.
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