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ABSTRACT: Filled skutterudites constitute an important class
of efficient and stable thermoelectric materials for power
generation; however, their commercialization has been
hampered due to the usage of expensive rare-earth elements
as “fillers” and the nonavailability of the efficient and
compatible p-type counterpart. In view of this, we report a
state-of-the-art thermoelectric figure of merit (ZT) in rare-
earth-free p-type unfilled CoSb3 skutterudite co-doped with Fe
and Se, synthesized using a facile process of arc-melting and
spark plasma sintering, which is both fast and scalable. The
doping of Fe and Se have been chosen in accordance with the
first-principles-based density functional theory (DFT) calculations which suggested that Fe leads to p-type conduction in
CoSb3, while Se strengthens the thermoelectric properties. The experimental results also suggest that the optimized partial
substitutional doping of Fe at the Co-site and Se at the Sb-site in CoSb3 leads to a favorable tuning of the electrical and thermal
transport properties, which resulted in a high ZT ∼ 0.7 at 870 K in an optimized skutterudite composition of
Fe0.25Co0.75Sb2.965Se0.035, which is the highest value reported thus far for unfilled CoSb3-based p-type skutterudites. The resulting
ZT of Fe0.25Co0.75Sb2.965Se0.035 is higher by 2 orders of magnitude than that for its pristine counterpart. In addition, the
theoretically estimated transport properties of pristine and doped CoSb3, calculated employing the density functional theory
(DFT) and Boltzmann transport equations, were found to be in good qualitative agreement with those measured
experimentally.
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■ INTRODUCTION

Thermoelectric (TE) technology is a convenient means for the
generation of clean energy as it enables solid-state
interconversion of heat and electricity, based on the Seebeck
effect. Among the various existing green energy generation
technologies, power generation using thermoelectric technol-
ogy offers high reliability with the advantages of high power
density, wide scalability and motionless operability.1 The
conversion efficiency of a typical thermoelectric material is
quantified in terms of its dimensionless figure of merit, ZT

S TZT /2σ κ=

where S, σ, T, and κ are the Seebeck coefficient, electrical
conductivity, absolute temperature, and thermal conductivity,
respectively. Thus, the performance of a TE device is strongly
influenced by the thermal and electronic transport properties
of the materials used in the device fabrication. Currently, the
research efforts are aimed toward enhancing the ZT of the TE
materials for achieving higher thermoelectric conversion
efficiency and simultaneously reducing the material and

processing costs, so that this technology can compete with
other existing sources of clean energy.
Several TE materials, such as tellurides, selenides, half-

Heuslers, and other multi-elemental alloys, including LAST,
TAGS, etc.,2−8 have been explored for harnessing the waste-
heat in the mid-temperature regime. However, the majority of
these TE materials, despite possessing a high ZT in the mid-
temperature range, are either unstable at the operating
temperature or consist of elements that are toxic or lack a
compatible n/p-type counterpart, required for efficient
thermoelectric power generation. In this context, skutterudites
are promising TE materials owing to their high mobility and
good Seebeck coefficient9 along with high thermal stability and
relative abundance of their constituent elements.10 Its crystal
structure was identified and explained by Oftedal:11 it has a
cubic structure, and there are 32 atoms and two voids in each
unit cell, with eight cubes of Co occupying the 8c sites (1/4, 1/
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4, 1/4), out of which six are filled with atoms of Sb at 24g sites
(0, y, z) and two voids at 2a site (0, 0, 0) and (1/2, 1/2, 1/2).
These voids can be filled by atoms with smaller atomic radii. It
has been well-established that there are two main conditions
that must be obeyed for a filler element to enter the cage
structure of the skutterudites. First, the filler element must
have size consistent with the host void in the skutterudite cage
structure, and second, the difference in the electronegativity
has to be >0.8.12 Thus, on the basis of their physico-chemical
properties, only alkaline earths and rare earths can be
considered as the main skutterudite filler elements.10

However, most of the conventional skutterudites possessing
high ZT contain expensive rare-earth elements as “fillers”, and
achievement of high ZT requires multifilling of guest
atoms13−15 which induces more complexity in the synthesis.
Also, it can only be synthesized as n-type TE materials by using
the filling approach only,10 which remains a major deterrent for
their application for thermoelectric power generation.
Pristine binary skutterudite CoSb3 behaves as a narrow band

gap semiconductor, which generally exhibits bipolar con-
duction,16−18 which can be favorably tuned to synthesize both
n- and p-type TE materials by optimal doping. The highest
reported ZT for pristine CoSb3 synthesized through nano-
structuring and hot pressed compaction is 0.17 at 610 K,10,19

which is quite low due to its unoptimized carrier concen-
tration; however, different approaches have been reported to
enhance its ZT, which include doping, nanostructuring, and
more recently employing a composite approach.19−24 A ZT ∼
0.2 at 700 K was reported in Fe doped p-type CoSb3 prepared
through encapsulated induction melting,22 and the nano-
structured Fe doped CoSb3 synthesized by a chemical route
resulted in a ZT ∼ 0.25 at 800 K.20 Further, an enhanced ZT ∼
0.53 at 823 K was reported by partial substitution of Fe on the
Co-site in CoSb3, using a microwave assisted synthesis.25

Moreover, the co-substitutions of Mn and Sn in CoSb3 yielded
a ZT ∼ 0.54 at 723 K,26 which was the highest reported thus
far in p-type doped-CoSb3 unfilled skutterudites, although
much higher values have been reported for their n-type
counterparts.10 Feng et al.24 have recently introduced graphene

into the CoSb3 matrix via a nanocomposite approach and
realized an enhanced ZT ∼ 0.61 at 800 K.
In the present study, we explore the possibility of enhancing

the thermoelectric performance of the unfilled CoSb3-based
skutterudites by employing the co-doping approach, and we
report a record ZT ∼ 0.7 at 870 K in an optimized
composition of Fe0.25Co0.75Sb2.965Se0.035, which is a rare-earth-
free CoSb3-based p-type TE material, synthesized using arc-
melting followed by spark plasma sintering at optimized
processing parameters. The experimental results suggest that
the optimized partial substitutional doping of Fe at the Co-site
and Se at the Sb-site in CoSb3 results in a favorable tuning of
the electrical and thermal transport properties leading to an
enhanced ZT, which is nearly 4 times that reported earlier for
its pristine counterpart.19 On the basis of the reported studies,
as the maximum ZT in doped CoSb3 has been achieved for Fe
doping concentration 20−30%,20,22,27 accordingly we have
fixed the Fe doping concentration at the Co-site at ∼25% and
then the TE properties have been studied for different
compositions by varying the Se doping concentration. In
CoSb3, while the Fe substitution on the Co-site results in a p-
type conduction, the Se doping on the Sb-site leads to
favorable tuning of the carrier concentration, resulting in
enhanced electrical transport properties. These results are also
supported by the theoretically derived electrical transport
properties, calculated using first-principles DFT-based band
structure calculations and Boltzmann transport theory.

■ EXPERIMENTAL DETAILS
Pristine and doped CoSb3 samples were synthesized employing arc-
melting (MAM-I) of the constituent elements in proper stoichio-
metric compositions, which was repeated several times to ensure
chemical homogeneity in the arc-melted ingots. The arc-melted ingot
was then pulverized, and the resulting powders were spark plasma
sintered (Dr. Sinter, 725) at 600 °C with a heating rate of 200 °C/
min, under compressive loading of 60 MPa using a 12.7 mm high-
density SPS-grade graphite die/punches. The phase identification was
carried out using X-ray diffraction (XRD, Rigaku), and the scanning
electron microscope (SEM) was used to study the morphology of the
synthesized samples. The quantitative elemental composition was

Figure 1. (a) X-ray diffraction pattern of CoSb3 and Fe0.25Co0.75Sb3−xSex samples, (b) Rietveld refined XRD pattern, and (c) variation of lattice
parameter with respect to Se doping concentration.
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estimated using energy-dispersive X-ray spectroscopy (EDS). The
Rietveld refinement was performed using the FullProf program.
The thermal diffusivity was measured using a Laser Flash analyzer

(LFA, Linseis, 1023) on a polished disc sample of diameter 12.7 mm
and thickness 2.5 mm, and the specific heat was measured employing
a differential scanning calorimeter (DSC-Netzsch, 404 F3). The
electrical conductivity and Seebeck coefficient were measured
simultaneously over the range of the temperature of interest using a
four-probe technique (Ulvac, ZEM 3), and the carrier concentration
and mobility were measured using a Hall measurement system
(HEMS, Nanomagnetics). All the synthesized samples exhibited a
density >95% of the theoretical density, which was measured using
the Archimedes principle. The accuracies in thermal and electronic
transport measurements were the following: ∼±6% for thermal
diffusivity, ∼±7% for electrical conductivity, ∼±7% for the Seebeck
coefficient, and ∼±5% for specific heat. The reference materials used
for the thermal diffusivity, Seebeck coefficient, and the specific heat
measurements are inconel, constantan, and sapphire, respectively.

■ COMPUTATIONAL DETAILS
First-principles theoretical DFT-based calculations of the band
structure and density of states (DOS) were performed using the all-
electron full-potential linearized augmented plane wave (FP-LAPW)
method as implemented in the WIEN2K code.28 The CoSb3
crystallizes in the Im3̅ structure (space group no. 204), and the
lattice constants and the atomic positions were taken from ref 16.
Using supercells, the theoretical calculations were performed for
Co3Fe1Sb12, Co3Fe1Sb11Se1, and Co6Fe2Sb23Se1 compositions in order
to understand the effect of partial substitution of Co by Fe and Sb by
Se on the band structure of CoSb3. The self-consistent calculations
were carried out with 170 k points in the irreducible Brillouin zone
(IBZ). We have used RKmax to be 7.0 while Gmax is taken to be 12.0
(au)−1, and the DFT calculations were carried out with a self-
consistent field tolerance of 10−4 Ry. The electronic exchange-
correlation energy was treated by the generalized gradient
approximation (GGA).29 The total and the angular momentum

Table 1. Rietveld Refined Crystallographic Parameters for Pristine and Doped CoSb3 Samples

a = b = c (Å) α = β = γ cell volume χ2 RF RBragg

CoSb3 9.0660 90° 745.15 5.97 2.37 2.74
Fe0.25Co0.75Sb3 9.0646 90° 744.81 1.93 1.12 1.37
Fe0.25Co0.75Sb2.98Se0.02 9.057 90° 742.94 3.33 1.36 1.72
Fe0.25Co0.75Sb2.97Se0.03 9.0546 90° 742.35 1.83 0.906 1.17
Fe0.25Co0.75Sb2.965Se0.035 9.052 90° 741.70 1.85 1.03 1.21
Fe0.25Co0.75Sb2.96Se0.04 9.0509 90° 741.43 1.65 2.34 2.09

Figure 2. SEM images with corresponding quantitative elemental analysis and EDS spectrum of (a) CoSb3, (b) Fe0.25Co0.75Sb3, and (c)
Fe0.25Co0.75Sb2.965Se0.035.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.8b01609
ACS Appl. Energy Mater. 2019, 2, 1067−1076

1069

http://dx.doi.org/10.1021/acsaem.8b01609


decomposition of the atoms projected DOS was calculated using the
same mesh for self-consistency. The electrical transport properties
were calculated employing the BoltzTraP code30 using 4350 and 2920
k-points in IBZ using a constant scattering time approximation. All
calculations were done without incorporating spin−orbit coupling
(SOC) as no influence of SOC was observed on the transport
properties.

■ RESULTS AND DISCUSSION

The XRD patterns of all the pristine CoSb3 and different
doped compositions of Fe0.25Co0.75Sb3−xSex (x = 0, 0.02, 0.03,
0.035, 0.04) are shown in Figure 1a. This figure suggests that
all the XRD peaks were indexed to the CoSb3 phase and no
secondary phase was noticed. Again, to confirm the phase
purity and to evaluate the lattice parameters we have executed
Rietveld refinement of all these XRD data. The Rietveld
refined XRD pattern of one of the samples as shown in Figure
1b established the phase purity of the samples. The Rietveld
refined crystallographic parameters are listed in Table 1 which
designates that all the synthesized samples crystallized in the
cubic phase with space group Im3̅ (no. 204). The lattice
parameter was found to decrease linearly with increasing Se
content, as shown in Figure 1c, which is consistent with
Vegard’s law, thereby signifying a complete incorporation of
the Se dopant in the matrix.
The surface morphology and the compositional analysis of

the pristine and typical doped CoSb3 samples were carried out
through scanning electron microscopy (SEM) and are shown
in Figure 2. This figure suggests that a non uniform coarse-
grained microstructure is observed in the case of pristine
CoSb3 and the grains are tightly packed; this confirms the
formation of highly dense bulk samples. After doping with Fe,
as shown in Figure 2b, the material exhibits a regular plane
shaped close packed surface, but the grain size is non uniform.
Further, Figure 2c shows the morphology of the Fe and Se co-
doped sample, and it shows that the grain size is reduced after
doping which is caused by the insertion of an external atom
(dopant), as these dopants suppress the grain-growth in the
alloy. The elemental quantity as shown in Figure 2 for typical
synthesized pristine and doped CoSb3 samples validates that
the actual elemental composition is very close to the initial
nominal composition.
The band structure along with the partial DOS of pristine

and doped CoSb3 is shown in Figure 3, and the band structure
is consistent with that calculated previously for CoSb3.

17 It is
evident from Figure 3a that CoSb3 is a direct narrow band gap
semiconductor with band gap ∼ 0.14 eV, which is in good
agreement with earlier reports.31−34

This figure further suggests that, for the atom projected
DOS, the Co atom has the maximum contribution and thus
the features near the Fermi level are governed by the Co atom.
However, after doping with Fe, the Fermi energy level shifts
toward the valence band (Figure 3b) and thereby the material
exhibits a p-type semiconducting behavior. Additionally, after
Fe doping the charge transfer from the Fe to Co atom is clearly
apparent in the electronic structure, which is expected to alter
the electrical transport properties. Figure 3c also suggests that,
after subsequent doping with Se on the Sb-site, although the
band gap is reduced ∼ 0.06 eV, the behavior of the bands does
not change significantly, except that the slopes of the bands
become steeper, which is indicative of enhancement in the
electrical transport properties. This has later been confirmed

by the experimental results of the electrical transport
properties.
The temperature dependence of the electrical transport

properties of the synthesized pristine and (Fe, Se) co-doped
CoSb3 alloys for different compositions are depicted in Figure
4a,b. This figure suggest that while the pristine CoSb3 exhibits
a semiconducting behavior, the doped samples show a
behavior akin to degenerate semiconductors, which is
consistent with previous reports.35 Furthermore, although the
electrical resistivity (ρ) is found to decrease with Fe doping, it
exhibits an increasing trend with Se doping. In order to
understand the implication of co-doping in CoSb3 on the
electrical transport properties, the Hall measurements were
performed at room temperature, and results are shown in
Table 2. It is evident from this table that Fe doping at the Co-
site in CoSb3 introduces a large concentration of holes, as
observed in a sample with composition Fe0.25Co0.75Sb3,
wherein the highest carrier (hole) concentration and moderate
mobility led to a very high electrical conductivity (Figure 4a).
Further, on Se co-doping in Fe0.25Co0.75Sb3, due to electron

Figure 3. Band structure and partial density of states (DOS) of (a)
CoSb3, (b) Fe0.25Co0.75Sb3, and (c) Fe0.25Co0.75Sb2.875Se0.125.
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contribution by Se dopant on the Sb-site, the majority carrier
(holes) concentration decreases, resulting in a lowering of the
carrier effective mass and a corresponding increase in the
carrier mobility.
In order to investigate the magnetic effect of Fe/Se doping,

we have also performed the room temperature magnetic
measurement using a vibrating sample magnetometer (Lake-
shore-VSM 7410) up to a maximum applied field of 2 T, and
the results are presented in Supporting Information (Figure
S5). Although pristine CoSb3 has a diamagnetic semi-
conducting nature,36 it is clear from Figure S5 that after Fe
doping magnetic behavior of all the samples changes to
ferromagnetic and Se doping enhances the magnetization.
Further, this magnetization increases with an increase in the Se
doping, and it may contribute to the transport properties in a
systematic manner although in a very limited way.37

The temperature-dependent Seebeck coefficients (S) of the
pristine and doped CoSb3 samples are shown in Figure 4b and
clearly underline that all the doped CoSb3 samples exhibit a
positive Seebeck coefficient. Further, we observed that the
Seebeck coefficient linearly increases with the temperature and
attains a maximum value of ∼150 μV/K at 870 K for the
optimized sample composition Fe0.25Co0.75Sb2.965Se0.035. This
measured Seebeck coefficient is higher than that reported
earlier for the p-type CoSb3/graphene nanocomposite at 850
K24 and close to that reported for Yb-filled CoSb3.

38 The

temperature dependence of the Seebeck coefficient of pristine
CoSb3, as shown in the inset of Figure 4b, exhibits a bipolar
conduction due to the thermal excitation of minority charge
carriers, which is in line with the observations reported
earlier.16−18 It may be noted that the bipolar conduction in the
CoSb3 alloy is known to be detrimental for the enhancement of
ZT. However, this unfavorable TE nature of CoSb3 could be
utilized for realization of n- or p-type TE material. In the
present work it has been exploited by the substitution of Fe on
the Co-site, thereby resulting in p-type conduction, over the
entire temperature range of measurement. Furthermore, the
substitutional co-doping by Se on the Sb-site in CoSb3 leads to
optimization of the carrier concentrations and to an increase in
the Seebeck coefficient.
In the degenerate limit, under the assumptions of a single

parabolic band model and an energy-independent relaxation
time with standard carrier acoustic phonon scattering as the
dominant scattering mechanism, the relationship among S, m*,
and n can be described as2
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where kB is the Boltzmann constant, h is Planck’s constant, e is
the carrier charge, n is the carrier concentration. The estimated

Figure 4. Temperature dependence of electrical transport properties of pristine CoSb3 and Fe0.25Co0.75Sb3−xSex samples: (a) electrical resistivity,
(b) Seebeck coefficient (S for pristine CoSb3 in the first inset and magnified view of S in the second inset), (c) effective mass (m*) derived from
Seebeck coefficient and Hall Effect measurements, and (d) Pisarenko plot.

Table 2. Carrier Concentration, Mobility, and Other Electronic Transport Properties for Synthesized Pristine and Doped
CoSb3 at Room Temperature

composition ρ (10−5 ohm m) |S| (μV/K) n (1019/cm3) μ (cm2/V s) m*

CoSb3 68.1 275 0.84 370.56 0.56me

Fe0.25Co0.75Sb3 1.13 66.50 35.63 17.40 1.64me

Fe0.25Co0.75Sb2.98Se0.02 1.03 62.2 12.46 53.41 0.77me

Fe0.25Co0.75Sb2.97Se0.03 1.10 62.6 10.34 53.65 0.69me

Fe0.25Co0.75Sb2.965Se0.035 1.24 71.2 9.97 54.07 0.76me

Fe0.25Co0.75Sb2.96Se0.04 1.26 62.8 8.20 55.65 0.59me
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carrier effective mass (m*) for different compositions is shown
in Figure 4c.
It is evident from the figure that pristine CoSb3 exhibits m*

= 0.568me, which explains the very high observed mobility (μ)
observed by Hall measurements. On Fe doping in CoSb3, the
m* increases to 1.64me, which may be substantially attributed
to band non-parabolicity observed previously for heavily doped
CoSb3,

17 thereby resulting in a decrease in the mobility. On Se
doping, m* was found to be largely decreased with an
invariable or marginally decreased Seebeck, as observed in
Figure 4b. The variation in Fe and Se co-doped CoSb3 samples
suggests that the m* changes in accordance with the non-
parabolic type dispersion (as linear or Kane bands) and can be
defined by energy-dependent effective mass derived from the
electron momentum. The estimated m* is similar to that
reported earlier for CoSb3-based alloys with similar composi-
tions.2,17,39

To further elucidate the observed phenomenon, a Pisarenko
plot for doped composition is shown in Figure 4d, which
displays a nonmonotonic variation with the Se doping content,
suggesting band non-parabolicity, a behavior common in

narrow band gap semiconductors, with a nearly linear
dispersion.
Figure 5a shows the temperature dependence of the power

factor (PF), S2σ, of all the doped samples, which shows an
increasing trend with respect to temperature. Also, it is to be
noted that the sample Fe0.25Co0.75Sb3 has the highest power
factor among all the doped samples (∼1.47 × 103 μW/mK2 at
870 K) due to its higher electrical conductivity, although this
value is comparable to the power factor of the Fe0.25Co0.75-
Sb2.965Se0.035 sample (∼1.46 × 103 μW/mK2 at 870 K). Figure
5b,c represents the repeatability data for the temperature-
dependent Seebeck coefficient and the electrical resistivity for
the sample Fe0.25Co0.75Sb2.965Se0.035, which contains data for
two thermal cycles named TH-1 and TH-2. As is evident, both
the plots are almost parallel to each other; hence, the thermal
and chemical stability of the material is persistent.
Furthermore, using the Goldsmid−Sharp band gap equa-

tion,40 the thermal band gap was estimated and was found to
be in the range 0.21−0.26 eV for Fe and Se co-doped samples
and 0.505 eV for the pristine CoSb3, which is in agreement
with the values reported previously for similar skutterudite

Figure 5. Temperature-dependent (a) power factor for all the doped samples and repeatability data, (b) Seebeck coefficient, and (c) electrical
resistivity for optimized Fe0.25Co0.75Sb2.965Se0.035 sample.

Figure 6. Comparison of experimentally measured and theoretically calculated (a) Seebeck coefficient and (b) electrical conductivity.
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compositions.41 The experimentally observed electrical trans-
port properties as a result of co-doping of Fe and Se in CoSb3
are in broad agreement with those predicted theoretically from
DFT-based band structure calculations as discussed earlier
(Figure 3).
For a better understanding we have extended our DFT

calculations for electrical transport properties using Boltztrap
code. The temperature variation of the theoretically calculated
transport properties of Fe and Se co-doped CoSb3 samples
along with the comparison of experimentally observed
transport properties is shown in Figure 6, which shows that
at an optimized carrier concentration ∼2 × 1020/cm3 the
experimentally observed Seebeck coefficient is in reasonably
good agreement with its theoretically predicted values (Figure
6a), especially at lower temperatures. It may be noted from
Figure 6b that the experimental and theoretical behaviors of
the electrical conductivity are qualitatively similar although
quantitatively their magnitudes are different, which may be due
to the limitations of the constant relaxation time approx-
imation made in the theoretical calculations. Also, the
theoretical transport properties for a wide range of carrier
concentration are given in Supporting Information (Section 1).
The thermal conductivity is calculated as a product of

specific heat, thermal diffusivity, and density as shown in the
Supporting Information (Section 3). It has a contribution from
both the lattice and the electronic part; therefore, their

individual contributions have been estimated using the
Wiedemann−Franz law κe= LσT, where L is the Seebeck-
coefficient-dependent Lorentz number, which has been
calculated employing the equation42

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

L
S

1.5 exp
116

= + −| |

Here, S is the Seebeck coefficient in μV/K. The temperature-
dependent plot of the Lorentz number for pristine and doped
CoSb3 is shown in Supporting Information (Section 2). Figure
7 shows the variation of thermal conductivity with temperature
along with its lattice counterpart (inset) for pristine as well as
doped CoSb3 samples. It is apparent from this figure that the
thermal conductivity of the Fe0.25Co0.75Sb3 sample is ∼3
Wm−1K−1 at 870 K, which gets substantially reduced to ∼1.85
Wm−1K−1 after Se doping (sample composition), which is
much less than the thermal conductivity of pristine CoSb3 at
870 K (∼3.6 Wm−1 K−1 as visible in Figure 7) and close to that
reported for filled skutterudites.10,43−46 It is also evident from
the inset of Figure 7 that the lattice thermal conductivity
contributes significantly to the total thermal conductivity,
which indicates the dominance of the phonon scattering
mechanism in the reduction of the thermal conductivity. Such
a drastic reduction in thermal conductivity may be ascribed to
enhanced scattering of heat carrying phonons due to the
substitutional defects caused by Se doping, which can induce

Figure 7. Temperature dependence of the total thermal conductivity with lattice thermal conductivity (inset) along with the phonon scattering and
mass fluctuation mechanism.

Figure 8. (a) Temperature dependence of ZT for pristine CoSb3 and Fe0.25Co0.75Sb3−xSex samples and (b) comparison of ZT values with those
reported in the literature for p-type unfilled CoSb3-based skutterudites.
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mass fluctuations owing to a large difference in the ionic size
and atomic mass of Se and Sb.47 Also, this phonon scattering
due to substitutional defects is dominant at high temperature,
and hence, a greater reduction in thermal conductivity at high
temperature occurs. Further, the SEM image of the Se doped
sample (Figure 2c) also indicates the lowering of grain size
which is also responsible for reduction in thermal conductivity.
Also, with deliberate doping the anharmonicity can be
generated in phonon dispersion,48 which is the measure of
deviation from ideal harmonic behavior and can boost strong
phonon−phonon scattering resulting in reduced lattice thermal
conductivity.49 Some reports are also available on anharmo-
nicity in skutterudites (mainly filled skutterudites).50−53

Figure 8a shows the temperature dependence of ZT for the
pristine and doped composition of CoSb3, which suggests that
an enhanced ZT ∼ 0.7 at 870 K has been realized for the
optimized skutterudite composition of Fe0.25Co0.75Sb2.965Se0.035,
which is the highest reported thus far for unfilled p-type
CoSb3-skuttrudites and is higher than its pristine counterpart
(0.002 at 870 K) by 2 orders of magnitude. This enhancement
in ZT is attributed to optimized carrier concentration after co-
doping in CoSb3 as well as reduced thermal conductivity due
to enhanced phonon scattering induced by point defects
created through substitutional doping. Also, it is evident from
Figure 8a that there is a large enhancement in ZT at higher
temperature, which is due to dominant phonon scattering at
high temperature. Thus, reduction in thermal conductivity is
mainly responsible for the enhancement in ZT at high
temperature (post-doping).
Figure 8b shows a relative comparison of the reported ZT

values for p-type CoSb3-based skutterudites,20,22,24−27,54,55

which suggests that this value of ZT realized in the present
study is far higher than those previously reported for p-type
CoSb3 unfilled skutterudites.20,22,24−27,54,55 To govern the
usefulness of the material, the average ZT has also been
calculated and the comparison chart with previous reports is
shown in Supporting Information (Section 4).

■ CONCLUSIONS
In this study, a state-of-the-art ZT ∼ 0.7 at 870 K was realized
in an optimized skutterudite composition of Fe0.25Co0.75-
Sb2.965Se0.035, which is a rare-earth-free CoSb3-based p-type
thermoelectric material, synthesized using a facile process of
arc-melting and spark plasma sintering, which is both fast and
scalable. The experimental results suggest that the optimized
partial substitutional doping of Fe at the Co-site and Se at the
Sb-site in CoSb3 results in a favorable tuning of the electrical
and thermal transport properties leading to an enhanced ZT,
which is higher by 2 orders of magnitude than that of its
synthesized pristine counterpart and also nearly 4 times that
reported earlier for pristine CoSb3. The theoretically estimated
transport properties of pristine and doped CoSb3, calculated
employing the first-principles-based density functional theory
and Boltzmann transport equations, were found to be in good
qualitative agreement with those measured experimentally.
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