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ABSTRACT: We report a systematic investigation of the microstructure and thermoelectric properties of refractory element-filled
nanostructured Co4Sb12 skutterudites. The refractory tantalum (Ta) metal-filled Co4Sb12 samples (TaxCo4Sb12 (x = 0, 0.4, 0.6, and
0.8)) are synthesized using a solid-state synthesis route. All the samples are composed of a single skutterudite phase. Meanwhile,
nanometer-sized equiaxed grains are present in the Ta0.2Co4Sb12 and Ta0.4Co4Sb12 samples, and bimodal distributions of equiaxed
grains and elongated grains are observed in Ta0.6Co4Sb12 and Ta0.8Co4Sb12 samples. The dominant carrier type changes from
electrons (n-type) to holes (p-type) with an increase in Ta concentration in the samples. The power factor of the Ta0.6Co4Sb12
sample is increased to 2.12 mW/mK2 at 623 K due to the 10-fold reduction in electrical resistivity. The lowest lattice thermal
conductivity observed for Ta0.6Co4Sb12 indicates the rattling action of Ta atoms and grain boundary scattering. Rietveld refinement
of XRD data and the analysis of lattice thermal conductivity data using the Debye model confirm that Ta occupies at the voids as
well as the Co site. The figure of merit (ZT) of ∼0.4 is obtained in the Ta0.6Co4Sb12 sample, which is comparable to single metal-
filled p-type skutterudites reported to date. The thermoelectric properties of the refractory Ta metal-filled skutterudites might be
useful to achieve both n-type and p-type thermoelectric legs using a single filler atom and could be one of replacements of the rare
earth-filled skutterudites with improved thermoelectric properties.

1. INTRODUCTION

Thermoelectric (TE) devices are useful for solid-state energy
conversion technology and offer a direct conversion of heat to
electricity. These devices have great potential to generate
useful energy by recycling waste heat.1,2 Many alloy systems
like half-Heuslers,1−4 skutterudites,5−8 silicides,9,10 tellur-
ides,11−14 selenides,15 clathrates,16 and Zintl phases17 are
being widely explored as potential materials for TE devices.
The dimensionless figure of merit, ZT = S2T/ρκtotal, is a unique
parameter that measures the performance of a TE material,
where S, ρ, and κtotal are the Seebeck coefficient, electrical
resistivity, and thermal conductivity, respectively, at absolute
temperature T. The thermal conductivity κtotal arises due to the
contributions from electronic thermal conductivity (κe) and
lattice thermal conductivity (κl).

2 The ZT of a TE material
system can be enhanced by simultaneously increasing the
power factor (PF = S2/ρ) and by reducing the thermal
conductivity (κtotal). The intricate interdependence of electrical
and thermal properties is a major obstacle to enhance ZT.16

The lattice thermal conductivity, which depends mostly on the

phonon vibrations, can be reduced via smart alloying,17

nanostructure engineering,18−20 superlattice/nanoinclusions,21

and intrinsic manipulation of a large anharmonic lattice.22 The
power factor can be optimized by tailoring the electrical
properties of the TE materials by bandgap engineering or
carrier transport phenomena.11−20 Therefore, to get the best
out of a TE material system, a detailed investigation of the
microstructure, electronic properties, and lattice thermal
conductivity of the TE materials is required in detail.
Among the potential TE materials, Co4Sb12-based skutter-

udites are highly solicited for intermediate temperature range
applications due to their high power factor compared to other
TE materials. But the thermal conductivity of the skutterudites
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is also quite high (∼9 W/mK at 300 K), which can be readily
reduced by following Slack’s concept of phonon-glass-electron-
crystal (PGEC).23 According to Slack’s concept, the scattering
of heat-carrying phonons in cage-like compounds (e.g.,
clathrates, Zintl phases, and skutterudites) can be enhanced
by the rattling of trapped heavy atoms.17−19 The Co4Sb12
skutterudites consist of a cubic structure (space group Im3̅),
with planar four-membered Sb4 rectangle rings located at the
six body-centered (bcc) positions, and two large Sb icosahedral
voids are present at the remaining two bcc positions. The voids
can be occupied by filler atom X (X can be an alkaline metal,
alkaline-earth metal, rare-earth metal, transition metal (Ag, Au,
Tl, Cd, Pb, and In), and chalcogenide (Se, Te, etc.)) to form a
filled skutterudite XmCo4Sb12 (m is the atomic fraction of X
atom).6−18 The positions of X, Co, and Sb atoms are at the 2a
site (0, 0, 0), 8c site (1/4, 1/4, 1/4), and 24g site (0, y, z),
respectively. The fillers’ vibrations lead to strong scattering of
phonons, resulting in a significant reduction in lattice thermal
conductivity.18,19 Single, double, and multiple atom filling
approaches are being adopted in skutterudites to reduce the
lattice thermal conductivity (κl). But there are practical issues
in using the multiple fillers in terms of stability, reproducibility,
ease of handling, and cost. The highly reactive nature of the
alkali and alkaline-earth metals are not suitable to be filled in
the skutterudite cages. Also, the low melting point of chalcogen
metals are not suitable fillers for skutterudites as they show
sublimation at elevated temperatures in a long thermal run.
Herein, our approach is to replace the traditional rare-earth

filler atoms with cost-effective new filler atoms that will easily
be processed and can be stable during repeated thermal cycles.
We have adopted tantalum (Ta) as a refractory filler candidate
for skutterudites and, to the authors’ best knowledge, no work
on Ta-filled skutterudites is reported so far in the literature.
Due to the bigger size, Ta is used as a doping element in half-
Huesler TE alloys to enhance the TE properties.24,25 The basic
criterion for the selection of Ta as a filler atom is that it has a
covalent radius of 1.70 Å, which is smaller than the void radius
(1.892 Å),19 and hence, it can be filled in the void space easily.
Further, there is also a possibility that Ta can go to the Co site
and replace the Co atom from the lattice. The electronegativity
of Ta (1.5) is less than that of Sb (2.1), one of the important
criteria for Ta to be fitted in the skutterudite voids. It is also
noteworthy that a large difference in electronegativities
between the filler and the host Sb atoms is beneficial for
electron transport in skutterudites.8 Therefore, to understand
the effect of refractory metal filling on the thermoelectric
properties of Co4Sb12 skutterudites, phase pure nanocrystalline
Ta-filled Co4Sb12 (TaxCo4Sb12 (x = 0.2, 0.4, 0.6, and 0.8))
samples are synthesized via ball milling and the spark plasma
sintering route. The bimodal grains are observed in the
samples with higher Ta concentrations (x = 0.6 and 0.8).
While the Seebeck coefficients of TaxCo4Sb12 (x = 0.2 and 0.4)
samples are n-type, the Ta0.8Co4Sb12 sample is fully p-type
throughout the investigated temperature region (300−723 K).
There is a remarkable enhancement of TE properties in the
Ta0.6Co4Sb12 sample due to the simultaneous reduction of
electrical resistivity and lattice thermal conductivity.

2. EXPERIMENTAL PROCEDURE

2.1. Sample Preparation. The polycrystalline TaxCo4Sb12
(where x = 0.2, 0.4, 0.6, and 0.8) samples were prepared by ball
milling and the spark plasma sintering route as discussed
elsewhere.26 The powders of the constituent elements Co

(99.8%), Sb (99.8% purity), and Ta (99.9%) were ball-milled
in a Retsch Ball Mill for 10 h in a WC-Co grinding medium
under an inert gas atmosphere. The milled powders were
sintered at 873 K and 50 MPa uniaxial pressure using a Spark
Plasma Sintering (SPS) unit (M/S Dr. Sinter, Model SPS-625,
SPS Syntex Inc., Japan) to make cylindrical pellets having a
diameter of 15 mm and a thickness of 4 mm. Two pellets were
compacted from each batch of ball-milled powders for the
thermoelectric characterizations.
While the Rigaku X-ray diffractometer was utilized for the

structural characterization of the SPS samples, in-depth
microstructures were investigated using a ZEISS Merlin
scanning electron microscope and transmission electron
microscope (TECNAI T20). The transmission electron
microscopy (TEM) specimen is prepared by cutting 3 mm
circular discs from the SPS pellets, followed by polishing and
dimple grinding using a dimple grinder M/S Gatan Dimple
grinder. Finally, the dimpled specimen is ion-milled (PIPS, M/
S Gatan Inc., USA) to get the electron transparent sample for
TEM investigations. X-ray photoelectron spectroscopy (XPS)
studies were performed with a Thermo Fisher ESCALAB
250Xi+ (USA) using 300 W Al Kα radiation at a base pressure
of ∼8.9 × 10−10 mbar. The binding energies were referenced to
the C 1s line at 284.6 eV from adventitious carbon.
The simultaneous measurements of temperature-dependent

Seebeck coefficient and electrical resistivity were performed in
the temperature range from 300 to 723 K by the ZEM-3M8/L
system (M/S ULVAC-RIKO, Japan). A NETZSCH laser-flash
apparatus was used to measure the thermal diffusivity of the
samples in the temperature range of 300−773 K. To maximize
the full absorption on the top surface and highest emissivity
from the bottom side of the samples, a thin layer of graphite
coating was applied on the samples. The thermal conductivity
(κ) is determined using the equation κ = D × CP × d, where D,
CP, and d are respectively the thermal diffusivity, specific heat,
and bulk density of the sample. The uncertainty in each
measurement is less than 5%. The bulk densities of the
obtained SPS pellets were measured using the Archimedes
principle in an ethanol medium.

3. RESULTS AND DISCUSSION

3.1. XRD, SEM, and TEM Investigations. Figure 1 shows
XRD patterns from TaxCo4Sb12 (x = 0, 0.2, 0.4, 0.6, and 0.8)
SPS pellets. It is found that all the samples are having a single-
phase skutterudite structure of Im3̅ symmetry. The inset in
Figure 1a shows the gradual shifting of the Bragg peak at 2θ =
31.2°, the most intense peak from the (013) plane of the
CoSb3 skutterudite phase, toward the left with an increase in

Figure 1. X-ray diffraction pattern of SPS pellets; the inset shows peak
shifting of the (013) plane
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Ta concentration. It is because the lattice parameter of the
CoSb3 lattice increases with an increase in Ta concentration.
The increase in the lattice parameter with an increase in Ta
concentration might be due to either (a) Ta occupancy in the
voids and/or (b) Ta replacing the Co of the skutterudite
lattice. Considering the void occupancy by the Ta atom, the
Rietveld refinement patterns are depicted in Figure 2a. For

more details, see Figure S1, Supporting Information. It
manifests that Ta is entering into the filling site 2a (0, 0, 0),
having a higher isotropic atomic displacement parameter. Ta-
filling fraction values and other refinement results are shown in
Table S1, Supporting Information. Figure 2b and Figure S2,
Supporting Information, show the Rietveld refinement of XRD
data considering the occupancy of Ta at the Co (1/4, 1/4, 1/
4) site. In both types of XRD data refinement, no impurity
phase is found. The previous report on filled skutterudites

shows the simultaneous filling and Co substitution by the filler
atoms, which would lead to an increase in lattice parame-
ter.27,28 The crystallite size calculated from the XRD data using
the full-width half maxima (FWHM) of the most intense peak
from the (013) plane shows the nanocrystalline nature of the
samples (Table 1). The nanocrystalline nature of skutterudites
processed by the powder metallurgy route is also reported
earlier.7,8,19

The scanning electron microscopy (SEM) micrographs of
the freshly prepared fractured surfaces of the samples at low
and higher magnifications are respectively illustrated in the left
and right sides of Figure 3 and Figure S3. From Figure 3 and
Figure S3, it is observed that nanometer-sized equiaxed grains
(∼85 nm) are present in all the samples. In the case of
Ta0.6Co4Sb12 and Ta0.8Co4Sb12 samples, the bimodal distribu-
tion of grains having elongated banana-like dendrite grains is
distinctly visible (marked as dotted circles in Figure 3). This
type of grain growth is also reported in our earlier work,19

where Ni is used as a dopant at the Co site of Dy-filled
Co4Sb12. Hence, it can be predicted that dendritic grain growth
might happen during the sintering of the sample preparation
stage. No grain texturing is observed in any samples. With a
bimodal distribution of grains, we have dissimilar grain
boundaries present in Ta0.6Co4Sb12 and Ta0.8Co4Sb12 samples
compared to Ta0.2Co4Sb12 and Ta0.4Co4Sb12 samples. The
divergent grain boundaries might lead to phonon scattering at
a large scale.29 As observed in Figure 3, the grains are highly
close-packed. This indicates the high bulk volume mass density
of the processed samples. The density evaluated using the
Archimedes principle shows ∼7.65 g/cc in all samples, which is
98% of theoretical density (Table 1). An EDS study has been
performed in the fractured surface of the samples over a large
area (5 μm × 5 μm) to know the actual composition of Ta, Co,
and Sb and is tabulated in Table 1. It is observed that although
the exact composition slightly differs from the nominal
composition, the skutterudite phase remains intact in all the
samples as observed from the XRD data (Figure 1).
To further investigate the grain distribution in the samples,

TEM has been carried out on the Ta0.4Co4Sb12 and
Ta0.6Co4Sb12 samples. Figure 4 and Figure S4, Supporting
Information, show the typical bright-field TEM images and
corresponding selected area electron diffraction (SAED)
pattern from both the samples. The Ta0.4Co4Sb12 sample
shows well-angular grains with an average size of ∼85 nm.
These grain sizes (<100 nm) are matched with previously
synthesized CoSb3 using the solid-state synthesis route.19 The
SAED pattern obtained from Ta0.4Co4Sb12 confirms the CoSb3
skutterudite phase (Figure 4b). Figure 4c,d shows the bright-

Figure 2. Rietveld fitting of the Ta0.2Co4Sb12 sample using the
assumption that (a) Ta will occupy the void 2a site (0, 0, 0) and (b)
Ta substitutes the Co site 8c (1/4, 1/4, 1/4). Insets in (a) and (b)
show the corresponding unit cell of the crystal structure of Ta-filled
Co4Sb12 in which Co, Sb, and Ta are represented by small-, medium-,
and large-sized spheres, respectively. Visualized with VESTA, where
the Ta atom, arrows, and the name of the elements are added.54

Table 1. Values of Some Physical Properties of Investigated Samples

sample Ta0.2Co4Sb12 Ta0.4Co4Sb12 Ta0.6Co4Sb12 Ta0.8Co4Sb12

nominal composition 1.23:24.69:74.07 2.44:24.40:73.16 3.61:24.09:72.28 4.76:23.80:71.43

actual composition 1.25:24.73:74.01 2.56:26.23:71.01 3.78:24.23:71.99 4.85:24.05:71.10

crystallite size (nm) 47.18 59.2 48.3 58.5

lattice parameter (Å) 9.0207 9.031 9.0432 9.0516

grain size (nm) 85 85 75/185 80/210

density (g/cc) 7.62 7.75 7.74 7.73

ρ at 300 K (10−5 Ω·m) 46.7 34.6 11.6 9.6

κl at 300 K (W/m·K) 8.30 6.38 5.78 5.60

S at 300 K (μV/K) −391 −33 −41 82

n (1020 cm−3) at 300 K 0.19 2.97 3.7 5.1
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field TEM images of the Ta0.6Co4Sb12 sample, confirming the
bimodal distribution of grains. It is also observed that large
dendritic grains with a size of ∼200 nm are present along with
the equiaxed small grains (∼85 nm). Figure 4b and inset of
Figure 4d show the SAED pattern from small and big grains,
respectively. All the SAED patterns correspond to the cubic
CoSb3 structure. There is no secondary phase or any
precipitates observed in any samples. Hence, it can be
concluded that the obtained bimodal grains are having a
skutterudite phase and may arise during the sintering process
as explained in the literature.19 It is known that both sintering
temperature and milling conditions are crucial for inducing

abnormal grain growth. The milling conditions determine the
size of the starting powders, while the sintering temperature
affects grain growth. When the grain size is fine and uniform,
only continuous grain growth occurs at low sintering
temperatures. As the sintering temperature is high enough,
some grains stop growing, while the others experience rapid
growth, leading to the bimodal grains.

3.2. XPS Investigations. To understand the binding states
of Sb and Ta, we have carried out X-ray photoelectron
spectroscopy (XPS) measurements of the samples. Due to the
measurement limitations, XPS was carried out on Ta0.2Co4Sb12
and Ta0.8Co4Sb12 samples and is depicted in Figure 5. Figure 5
shows the deconvolution XPS spectra from Co 2p, Sb 3d, and
Ta 4f orbitals of Ta0.2Co4Sb12 and Ta0.8Co4Sb12 samples. The
binding energy of Ta at 25.67 and 27.8 eV of 4f5/2 and 4f7/2
corresponds to Ta4+ and Ta5+, respectively.27 The binding
energy of Ta peaks is shifting ∼0.2 eV higher in Ta0.8Co4Sb12
samples (Tables S3−S5). It means the less electron cloud on
the Ta site for the Ta0.8Co4Sb12 sample compared to the
Ta0.2Co4Sb12 sample. The binding energies of Co 2p are almost
the same in both the samples and hence, only Co3+ is present
in the samples.28 But the interesting part is that Sb 3d5/2 and
3d3/2 peaks are shifted toward lower binding energies with an
increase in Ta concentration. In the case of the filled
skutterudite, the [Sb4]

−4 ring acts as an acceptor, and the
bonding in the Sb−Sb ring changes when a filler atom is
added. There are four peaks of Sb in the case of the
Ta0.2Co4Sb12 sample, which are at 528.27, 530.59, 532.08, and
540.05 eV. The XPS peaks at 528.27 and 530.59 eV
respectively correspond to the short ββσ Sb−Sb bond and
long ββσ Sb−Sb bond of the [Sb4]

4− planar ring.28 These two
bonds are shifted toward lower binding energy, i.e., 528.09 and
530.57 eV, for the Ta0.8Co4Sb12 sample. The shifting of the
XPS peaks toward lower binding energy means the more
electron cloud on the [Sb4]

4− ring with an increase in Ta
concentration. The chemical shift can be explained in terms of
the difference in electronegativities of Ta (1.5) and Sb (2.05).

Figure 3. SEM images of the fracture surface of (a, b) Ta0.2Co4Sb12 and (c, d) Ta0.8Co4Sb12. Right-side images are higher-magnification images of
(a) and (c). The dashed circle shows the larger grains present in the sample.

Figure 4. (a) Typical TEM bright-field image of the Ta0.4Co4Sb12
sample showing the distribution of grains, (b) SAED pattern from the
Ta0.4Co4Sb12 sample, and (c, d) typical TEM bright-field image of
Ta0.6Co4Sb12 showing the bimodal distribution of grains; the inset in
(d) shows the diffraction. We can see growth of larger grains at the
expense of small grains from (c) and (d); the dotted square in (c)
shows clear evidence of dendritic grain growth.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c05740
ACS Omega 2021, 6, 3900−3909

3903



Hence, the Ta filler in the Sb icosahedron could bring out an
electron transition from Ta to Sb and result in a small
enhancement in the densities of charge cloud at the [Sb4]

4−

ring. As a result, the system tends to be a dominant positive
charge carrier with an increase in Ta concentration.
3.3. Electrical Resistivity. Next, we report the variation of

electrical resistivity (ρ) of TaxCo4Sb12 (x = 0.2, 0.4, 0.6, and
0.8) samples with temperature (T) in the range of 300 to 723
K and is depicted in Figure 6a. It shows the narrow bandgap
semiconducting behavior of TaxCo4Sb12 samples; i.e., ρ of
TaxCo4Sb12 samples decreases rapidly with an increase in
temperature until 600 K and then subsequently remains
constant. This counters the previously reported work on filled
skutterudites where ρ increases with an increase in filler atom
concentration due to the lowering of electron mobilities.18 But

it is reported that indium (In)-filled Co4Sb12 shows a decrease
in ρ due to the increase in electrons at the Fermi level when
the In concentration increases.28 A decrease in the ρ value with
an increase in Ta concentration can be related to the increase
in carrier concentration. The Ta-filled skutterudite has much
lower ρ compared to the unfilled skutterudite reported earlier
(ρ values at 300 K of Ta0.2Co4Sb12 and Co4Sb12 are 46.7 ×

10−5 and 5 × 10−3 Ω·m, respectively).26

The bandgaps of the samples at different temperature
regions are calculated by fitting the ρ−T data using the

Arrhenius equation ρ ρ= ( )T( ) exp
E

k T0 2

g

B
, where ρ0 is the pre-

exponential constant in the fitted region, Eg is the bandgap/
energy gap, and kB is the Boltzmann constant.7 The bandgap of
the samples decreases with an increase in Ta concentration as

Figure 5. X-ray photoelectron spectra of (a, b) Co, (c, d) Sb, and (e, f) Ta for Ta0.2Co4Sb12 and Ta0.8Co4Sb12 samples.
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depicted in Figure 6b. In the case of Ta0.2Co4Sb12, Eg is 0.46 eV
and it is reduced to 0.33 in the case of the Ta0.8Co4Sb12
sample. The decrease in bandgap with an increase in Ta
concentration at the 523−723 K range (Figure 6b) is due to
the presence of more charge carriers at the Fermi level.29,30

3.4. Seebeck Coefficient and Power Factor. Further,
the temperature variation of Seebeck coefficients (S) of
Ta0.2Co4Sb12, Ta0.4Co4Sb12, Ta0.6Co4Sb12, and Ta0.8Co4Sb12
samples have been measured from 300 to 723 K and are
plotted in Figure 6c. At 300 K, the S values of Ta0.2Co4Sb12,
Ta0.4Co4Sb12, and Ta0.6Co4Sb12 are negative, indicating the

conduction by n-type charge carriers, while Ta0.8Co4Sb12 has a
positive S value, confirming the dominance of p-type charge
carriers from 300 to 723 K. The sign change of the Seebeck
coefficient from n-type to p-type with an increase in Ta
concentration can be related to the more charge cloud at the
[Sb4]

−4 ring as observed from XPS observation (Figure 5). The
highest value of n-type S at 300 K is observed in the case of
Ta0.2Co4Sb12 (∼−391 μV/K) and the S value decreases with
an increase in Ta concentration. As the temperature is
increased beyond 400 K, the value of S is found to be
continuously decreased. It might be due to the existence of

Figure 6. (a) Temperature dependence of electrical resistivity, (b) bandgap dependency of filling fraction over 298−423 K and 523−723 K, (c)
Seebeck coefficient, and (d) power factor of TaxCo4Sb12.

Figure 7. Temperature variation of (a) total thermal conductivity, (b) specific heat, and (c) lattice thermal of TaxCo4Sb12 from 300 to 723 K. (d)
Fitting of lattice thermal conductivity using the Debye model. Points show the measured lattice thermal conductivity values and the corresponding
line shows the Debye model fitting of lattice thermal conductivity considering various phonon scattering rates.
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bipolar effect and depletion of extrinsic charge carriers at
higher temperatures as observed in other skutterudites.31,32

Proper doping at the Co or Sb site will reduce the bipolar
effect in Ta0.2Co4Sb12 and Ta0.4Co4Sb12 samples to make them
completely n-type skutterudites.33 The positive S value of
higher Ta filled sample is comparable with the earlier reported
skutterudites filled with Ba/Ca/Ce/Eu/La/Nd.6 The carrier
concentration (n) is calculated by fitting Mott’s equation

( = *π
S m

k T

eh

8

3

3/2
2

B
2

2 , where kB, h, and m* are the Boltzmann

constant, Planck’s constant, and effective mass, respectively)34

to the S−T data and is tabulated in Table 1. The value of m* is
calculated using a simple parabolic model and is found to vary
from 0.26 me to 0.58 me with an increase in Ta concentration
from 0.2 to 0.8 in the Co4Sb12 lattice. It reveals that n increases
drastically with an increase in filling fraction and, consequently,
S decreases. Although m* increases with an increase in Ta
concentration, the subsequent increase in n reduces the
Seebeck coefficient when the Ta concentration increases.
From the temperature-dependent Seebeck coefficient data of
TaxCo4Sb12, it can be concluded that by proper doping at the
Co/Sb site, lower concentration Ta-filled skutterudites
(Ta0.2Co4Sb12 and Ta0.4Co4Sb12) can be used as a n-type
skutterudite, while higher fraction Ta-filled samples
(Ta0.6Co4Sb12 and Ta0.8Co4Sb12) can be used as a p-type
skutterudite. The above observations reveal that single
refractory Ta metal can help achieve both n-type and p-type
skutterudites with improved thermoelectric performance.
The power factor (PF) is a great tool to investigate the TE

performance of a material. The power factor (PF) was
mathematically calculated from the measured Seebeck
coefficient (S) and the electrical resistivity (ρ) as the formula
given: PF = S2/ρ.19 As shown in Figure 6d, the PF of samples
has an irregular trend due to the irregular trend of S. The
highest value of PF achieved in p-type Ta0.6Co4Sb12 is ∼2.12
mW/mK2 at 623 K, which is reasonably high.26 This happens
because of the higher Seebeck coefficient and lower electrical
resistivity as compared to pristine compounds. N-type
Ta0.2Co4Sb12 has PF ≈ 0.7 mW/mK2, which can be enhanced
by proper doping at the Co site.
3.5. Thermal Conductivity. At this juncture, it is

important to investigate the thermal conductivity to under-
stand the efficiency of the samples. Figure 7a shows the total
thermal conductivity (κtotal) as a function of temperature for
Ta0.2Co4Sb12, Ta0.4Co4Sb12, Ta0.6Co4Sb12, and Ta0.8Co4Sb12
samples between 300 and 723 K. All the samples show a
decreasing trend of κtotal with an increase in T. The value of
κtotal is less than that of pure unfilled Co4Sb12 processed using
the powder metallurgy route.7 At 300 K, κtotal values of
Ta0.2Co4Sb12, Ta0.4Co4Sb12, Ta0.6Co4Sb12, and Ta0.8Co4Sb12 are
8.3, 4.1, 3.8, and 3.7 W/mK, respectively. The specific heat
(Cp) (Figure 7b) used for κtotal calculations in our study (0.22−
0.25 J·g−1·K−1) is higher than that of other previously reported
filled Co4Sb12 (∼0.23 J·g−1·K−1).32 Wiedemann−Franz law
(WFL), κe = LT/ρ, is used to separate the electronic and lattice
thermal conductivity values, where L is the Lorentz number.

For a degenerate thermoelectric semiconductor, L can be

approximated as = + − | |( )L 1.5 exp ,
S
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where L is in 10−8

WΩK−2 and S is in μV/K.35 The value of L is found to be in
between 1.55 and 2.1 × 10−8 WΩK−2 in the temperature range
of 300 to 723 K. Following the value of L, the electronic
contribution (κe) is calculated from the measured electrical
resistivity and illustrated in Figure S5. The electronic part (κe)
progressively increases as the Ta content in TaxCo4Sb12
increases. Due to the higher resistivity of Ta0.2Co4Sb12 and
Ta0.4Co4Sb12 samples, κe is only ∼7 and 19% of the total
thermal conductivity at 723 K, respectively. On the other hand,
κe values at 723 K of Ta0.6Co4Sb12 and Ta0.8Co4Sb12 samples
contribute ∼72 and ∼70%, respectively, to κtotal. The lattice
contribution of thermal conductivity (κl) is evaluated by
subtracting κe from κtotal and plotted in Figure 7c. Figure S6
shows the juxtaposition between κtotal, κe, and κl at 300 K for
TaxCo4Sb12 samples. This confirms that heat transport in
skutterudites is mainly dominated by both electrons and
phonons. The values of κl at 723 K are 4.38, 2.50, 1.05, and
1.19 W/mK for Ta0.2Co4Sb12, Ta0.4Co4Sb12, Ta0.6Co4Sb12, and
Ta0.8Co4Sb12, respectively, which are ∼93, 80, 28, and ∼30% of
the total thermal conductivity, respectively. It is observed that
the κl value of the samples decreases with increasing Ta
concentration from x = 0.2 to x = 0.6 and remains almost
constant for x = 0.8. The possible reason for the lattice thermal
conductivity saturation after Ta0.6Co4Sb12 might be the
maximum attainable rattling effect due to higher rattler
concentration as observed earlier.36−39 Almost a 50% decrease
in total thermal conductivity is found in all the samples from
300 to 723 K. This decrease could be the combined effect of
the vibrations of the guest filler, the phonon scattered by the
grain boundaries or interfaces, structural point-defect scatter-
ing, and the bimodal distribution of grains acting as phonon
filters.19,36−39 The thermal conductivity of the processed
samples is lower than single alkaline- and alkaline earth
metal-filled systems but are found to be greater than some of
the rare-earth metal-filled Co4Sb12.

19,38,39 It can be further
reduced by creating more point defects as illustrated in our
previous work on Ni-doped Dy-filled CoSb3.

19

The reduction in lattice thermal conductivity (κl) with an
increase in Ta concentration is explained using the Debye
model.40,41 According to the Debye theory, κl can be written as

∫κ
π τ

=
ℏ −

θ

−
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v
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x
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4
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where = ωℏ
x

k TB
, B is the Boltzmann constant, and D is the

Debye temperature, which is evaluated from the Debye

frequency ωD as ℏωD = kBθD and ω = Π( ) v .
VD
6

1/3

S

2
7 The

volume V of the skutterudite lattice is calculated using the
obtained lattice parameter (Table 2) and increases with an
increase in Ta concentration. The previously reported sound
velocity vS is considered in our calculations.50 The total

Table 2. Values of Some Phonon Scattering Parameters Evaluated by Fitting the Debye Model to the Experimental Lattice
Thermal Conductivity Data

phonon scattering rates Ta0.2Co4Sb12 Ta0.4Co4Sb12 Ta0.6Co4Sb12 Ta0.8Co4Sb12

τreso
−1 (1012 S−1) (300 K/773 K) 0.32/1.23 1.8/2.6 3.5/3.8 4.52/4.9

τp
−1 (1012 S−1) (300 K/773 K) 0.2/0.58 0.32/0.75 0.51/0.82 0.73/1.12
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phonon scattering rate τ−1 depends on the combined effect of
grain boundary scattering (τb

−1), point defects (τp
−1), resonant

scattering (τreso
−1 ), and phonon−phonon Umklapp scattering

(τU
−1). The various phonon scattering rates in the case of Ta-

fi l l ed Co 4Sb 1 2 are noted as8 , 5 1 , 5 2 τ b
− 1 = v S/d ,

τ = ∑ −

+ ∑ −
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, m represents the

mass of the filler Ta atom and the Co4Sb12 lattice, r is the
interatomic distance, f i indicates the number ratio of the Ta
atoms to the Co4Sb12 lattice, Ω is related to the resonant
phonon frequency,8 and γ is the anharmonic Grüneisen
parameter. The abovementioned phonon scattering rates were
evaluated to fit the κl vs T data. It is observed that the
evaluated phonon scattering rates could explain the measured
lattice thermal conductivity quite well. Figure 7d illustrates the
fitting of κl with the Debye model and the corresponding
phonon scattering parameters are given in Table 2. It can be
observed from Table 2 that resonance phonon scattering and
point-defect scattering increase with an increase in Ta
concentration. Hence, it might be confirmed that Ta is
entering into the voids, giving rise to enhancement in
resonance phonon scatterings. The resonant phonon scattering
rate is associated with the coherent relative motions of the
Co4Sb12 lattice and Ta atom.42−47 But Ta is also occupying at
the Co site to some extent due to which point-defect scattering
increases marginally with an increase in Ta concentration. In
our calculations, the boundary phonon scattering rate is
negligible (τb

−1 = vS/d ≈ 1010 S−1). Figure S7 shows a
comparison of the lattice thermal conductivity at 300 K of the
studied samples with the reported filled skutterudites. It shows
that the refractory Ta metal is more effective in reducing the
lattice thermal conductivity of the Co4Sb12 skutterudites.
3.6. Figure of Merit. A high PF incorporated with reduced

thermal conductivity results in the highest dimensionless figure
of merit (ZT = 0.39 ± 0.04 at 623 K) in Ta0.6Co4Sb12. Figure
8a depicts the thermoelectric figure of merit ZT (=S2T/ρκtotal)
of the investigated samples from 300 to 723 K. Except for the
Ta0.2Co4Sb12 sample, ZT increases with an increase in
temperature from 300 to 773 K. The value of ZT (0.39 ±

0.04) is low compared to many rare earth-filled skutterudites,
but it is more than that of alkaline, alkaline earth, and other
rare earth metals with single element-filled skutterudites
fabricated using the solid-state reaction.42−47 The TE proper-
ties of the Ta-filled skutterudites might be useful to achieve
both n-type and p-type thermoelectric systems using the same
filler atom. For n-type, Ta0.2Co4Sb12 is found to be the best
material, which can be improved by doping at the Co site.38−40

Similarly, with composition x = 0.8, we can get the best p-type
with the incorporation of the Fe/Co ratio. Since Ta is smaller
in size, another filler atom can be incorporated to reduce the
lattice thermal conductivity and enhance the ZT of the
skutterudites (atomic radius of Ta is 220 pm and covalent
radius of ∼138 pm). Figure 8b exemplifies the ZT value at 623
K of the Ta0.2Co4Sb12 sample with the reported p-type single
element-filled Co4Sb12 skutterudites for better compari-
son.48−50 Compared to the reported work, refractory Ta
metal-filled Co4Sb12 shows improved thermoelectric properties

at 623 K, although the value is a bit lower than the Yb-filled
CoSb3. Several other papers reported a higher ZT in Yb-filled
Co4Sb12 skutterudites,

51−53 but all are for n-type skutterudites
and are therefore excluded from Figure 8b. The higher ZT is
observed in the samples having a doping element at the Co or
Sb site (Figure 8b). Hence, our investigations confirm that the
cost-effective refractory metal Ta can replace the expensive
rare-earth fillers in Co4Sb12 skutterudites with enhancing
thermoelectric performance.

4. CONCLUSIONS

In summary, the first-ever investigations of thermoelectric
properties of refractory element-filled nanostructured Co4Sb12
skutterudites are reported. Single-phase nanostructured Ta-
filled skutterudites could be synthesized using ball milling and
the spark plasma sintering route. Bimodal distribution of grains
(85 and 210 nm) is observed in Ta0.6Co4Sb12 and Ta0.8Co4Sb12
samples. With an increase in Ta filler concentration, the
Seebeck coefficient changes from n-type to p-type. The highest
power factor in the p-type Ta0.6Co4Sb12 sample is enhanced to
2.12 mW/mK2 at 623 K due to the 10-fold reduction in
electrical resistivity compared to other samples. The lattice
thermal conductivity of the samples decreases continuously
with an increase in Ta concentration, which can be attributed
to the enhancement of phonon scattering due to Ta filler-
induced resonance and point-defect scattering. The figure of
merit (ZT) of ∼0.39 ± 0.04 is obtained in the Ta0.6Co4Sb12
sample, which is higher than many other single element-filled
p-type Co4Sb12 skutterudites. The TE properties of the
refractory Ta metal-filled skutterudites might be useful to
achieve both n-type and p-type thermoelectric legs using a
single filler atom and hence could be one of a replacement of

Figure 8. (a) Figures of merit of TaxCo4Sb12 samples with error bars.
(b) Illustration of the comparison of ZT values of the single element-
filled p-type skutterudites reported to date.48−50
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rare earth-filled skutterudites with improved thermoelectric
properties.
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