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Out of several methods, one of the most explored strategies to decrease the lattice thermal conductivity of
Co4Sby»-based materials are either filling suitable electropositive elements into the voids or the formation
of nanocomposites. These two approaches were combined in this work by filling Yb into the void of Co4Sby;
and preparing nanocomposites of Ybg>Co4Sb1> and InSb according to the formula (InSb)x + Ybg2C04Sb12
(wherex =0.1,0.2, 0.3, 0.4), via ball-milling and spark plasma sintering. Yb,03 and CoSb; as impurity phases
were found at the grain boundaries. EBSD and TEM micrographs showed nanocrystalline InSb phase

Keywords: . . . . . o
Th}érmoelectrics (20-200 nm) dispersed in the matrix grains. The charge transfer from Yb filler with an oxidation state of +3
Nanocomposite to Co,Sby, yielded a low electrical resistivity (p) of the matrix. An increase in p and Seebeck coefficient (S) in

EBSD the composites with x = 0.1 and 0.3 occurred due to the higher amount of oxide impurities in these two
Lattice thermal conductivity samples and the scattering of charge carriers at the interfaces induced by the secondary phases. The other
Indium antimonide two composites with x = 0.2 and 0.4 exhibited p(T) and S(T) similar to the Ybg,Co4Sby, matrix. The dis-
persion of the InSb and Yb,05 phases at the grain boundaries combined with the anharmonicity introduced
by the fillers (Yb) in the voids enhanced the scattering of phonons within a broad wavelength range and
reduced the lattice thermal conductivity significantly. Hence, a highest zT of ~1.2 at 773 K with a ther-
moelectric efficiency of 8.89% and 8.28% (423-773 K) were obtained for (InSb)g 1 + Ybg2C04Sbq> and (InSb)g »

+ Ybo,Co,4Sb1, nanocomposites, respectively.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Thermoelectricity provides an alternative source for renewable
energy by converting heat into electricity. The efficiency of a ther-
moelectric material is dependent on the dimensionless quantity
called the figure of merit zT = S*T/px, where S is the Seebeck coef-
ficient, p is the electrical resistivity, x is the thermal conductivity
comprising two parts: the electronic contribution (x.) and the lattice
contribution (x) (x = ke + x); and T is the absolute temperature. zT
can be increased by enhancing S and decreasing p and «. The limited
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efficiency of the thermoelectric devices stems from the inter-relation
of these three parameters, which makes it difficult and challenging
to decouple and optimize them independently.

Co4Sbyy-based skutterudite materials are highly efficient mid-tem-
perature (300-800 K) thermoelectric materials with high charge carrier
mobilities [ 1] and a reasonable bandgap (~ 0.2 eV) [2-5]. The symmetric
crystal structure of CosSby, (body-centered cubic (bcc), space group
Im3) produces high band degeneracy [6], which is helpful for high
thermoelectric efficiency. But, the high lattice thermal conductivity
(~7Z.5W/m-K at room temperature) due to a strong Co-Sb covalent
bonding results in a very low zT value (0.05 at 723 K) and a low ther-
moelectric efficiency [7]. Slack et al. [8] proposed the “phonon-glass-
electron-crystal” concept, which suggests filling voids at the 2a Wyckoff
position in the Co,Sby; crystal structure by electropositive elements to
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decrease the lattice contribution of thermal conductivity. Fillers, being
loosely bound to Sb atoms, rattle inside the large voids with large
thermal parameters, effectively reducing the lattice thermal con-
ductivity via strong phonon scattering due to the resonant interaction
between guest atoms and lattice phonons [8]. The electropositive fillers
also provide their valence electrons to the conduction band, trans-
forming Co,Sby, into heavily doped n-type materials. Thus, the void
filling of CosSby, can optimize the electrical resistivity and thermal
conductivity, having a minimal negative effect on the Seebeck coeffi-
cient [9-12]. Another strategy to decrease the lattice thermal con-
ductivity is the dispersion of nanocrystalline secondary phases in the
bulk Co4Sby, matrix [13-17]. The interfaces, induced by such nano-sized
secondary phases, can scatter phonons of comparable wavelengths and
lower k. The reported nano-sized secondary phases in bulk Co4Sb;; are
metals, oxides, intermetallics, borides, tellurides, nitrides, silicides, an-
timonides, 2-dimensional, and 3-dimensional (nanotubes or buckyballs)
carbon phases [18].

In this work, these two approaches were combined to reduce the
lattice contribution of the thermal conductivity to the minimum
possible value (~0.5 W/m-K [19]). Electropositive Yb was selected as
filler because Yb with a probable oxidation state of +2 and +3 is
expected to donate charge carriers and reduce the electrical re-
sistivity of Co4Sby, [20-22]. Small and heavyweight Yb can also
scatter the long-wavelength phonons and reduce the lattice thermal
conductivity. Consequently, a zT ~1 between 600K and 800K was
reported for Yb-filled Co4Sby, [20-22]. InSb was selected as a nano-
sized additive phase to further decrease the lattice thermal con-
ductivity by enhanced interface scattering of the phonons with a
mean free path comparable to the grain size of InSb [23-27]. In this
work, the thermoelectric properties of Ybg,C04Sbi, and InSb nano-
composites were investigated in detail. The electrical resistivity and
Seebeck coefficient were influenced by the InSb inclusion phase and
other impurity phases, such as Yb,03 and CoSb,, present in the
composites. A significant reduction in ; led to a high zT ~1.2 at 773 K
for (InSb)g; +Ybg2C04Sb1; and (InSb)g > + YbgC04Sby, composites.

2. Experimental procedure
2.1. Synthesis

Ybo4Co4Sby> was synthesized using the traditional melting-
quenching-annealing technique. Previous studies reported a filling
fraction limit of ~0.2-0.3 for Yb in CosSby, voids, both theoretically
[28-30] and experimentally [20] using the conventional melting-
quenching-annealing synthesis method. An Yb content higher than the
reported filling fraction limit was taken at the time of synthesis to
compensate for its loss. Highly pure Cobalt (99.999%), Antimony
(99.999%), and Ytterbium (99.999%) were sealed in carbon-coated
quartz ampoules under a dynamic vacuum of 10~ mbar and induction
melted for 10 min at 1130K, afterward quenched to room temperature
using regular water. The samples were then annealed for 168 h at 973 K.
The obtained ingots were powdered with an agate mortar and pestle.
The characterization results revealed a 0.2 filling fraction of Yb in
Co,Sby,, and therefore, the composition of the matrix is referred to as
Ybo2Co4Sby; in the entire manuscript. Nano-powder of InSb was pro-
duced via ball-milling of commercially available InSb (99.99%) powder
for 5h at 400 rpm. Then it was uniformly mixed with Ybg>Co4Sb, by
ball-milling at 100 rpm for 40 min following the formula of (InSb)y
+Ybg2Co4Sby; (x=0.1, 0.2, 0.3, 0.4), which corresponds to 1.37, 2.73, 4.10,
and 5.46 wt% of InSb in Ybg2Co4Sby, respectively. The nanocomposite
powder was consolidated using a Dr. Sinter SPS-625 spark plasma sin-
tering (SPS) device at 873 K for 5 mins by applying a pressure of 50 MPa
at a vacuum of 0.5 mbar. High-density pellets (~98 + 1% of the theo-
retical density) were obtained and cut for thermoelectric properties
measurements. The electrical resistivity and Seebeck coefficient were
measured using rectangular (12x2x2mm?>) cuboids, and thermal
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conductivity was measured using cylindrical discs (6 mm diameter x 1
mm thickness).

2.2. Characterization

The phase formation of the powder samples was checked at
room temperature using a Rigaku Smartlab X-ray diffraction (XRD)
system equipped with a Cu Ka radiation source of 1.5418 A wave-
length. The Rietveld refinement of the experimental XRD pattern
was performed employing the FullProf software and the lattice
parameter of the composites was determined. The microstructure
was acquired with JEOL JXA-8530F electron probe microanalyses
(EPMA), and the compositional analyses of the composites were
performed using wavelength dispersive spectroscopy (WDS) and
energy dispersive spectroscopy (EDS) techniques, attached with the
EPMA instrument. In the matrix, the distribution of InSb inclusions
and their grain size were observed with an FEI Helios NanoLab Dual-
beam electron back-scattered diffraction (EBSD) system with a step
size of 50 nm, and transmission electron microscopy (TEM) [JEM-
2100(HR)] equipped with a LaBg source. Data analysis of the EBSD
scan relied on the TSL OIM 8.1 software. GATAN Digital micrograph
software was used to analyze TEM data. A Kratos Axis Ultra system
having an Al Ka source supplied X-ray photoelectron spectra (XPS).
The Raman active modes of the composites were recorded in a
LabRAM HR (UV) system with a laser of 532 nm wavelength at room
temperature. The carrier concentration at room temperature was
obtained from Hall measurements. The differential and four-probe
methods were employed to measure the Seebeck coefficient (mea-
surement error 7%) and the electrical resistivity (measurement error
10%) respectively in the temperature range of 423-773 K using a
LINSEIS LSR-3 system. The laser flash method was used to measure
the thermal conductivity (k) via the equation: k=DCpd, where d is
the density of the samples, D is the thermal diffusivity and Cj, is the
specific heat by a Flashline 3000, ANTER system (measurement error
6%) in the temperature range of 423-773 K. C, was measured using a
TA instrument DSC 25. Finally, the thermoelectric zT of the materials
(with an error of ~15%) was calculated with the values of S, p and «.

3. Results and discussion
3.1. Powder X-ray diffraction (PXRD)

The powder XRD patterns of (InSb), + Ybg>C04Sb¢, (x=0, 0.1, 0.2,
0.3, 0.4) composites are plotted in Fig. 1(a), indexed with the cor-
responding (hkl) crystallographic planes of pure CosSbq, [ICSD #
41620]. All the composites were crystalline, established from the
sharp XRD peaks. The amount of InSb inclusion phase (<5.46 wt%) in
the composites was below the instrumental detection limit. Hence,
no peak corresponding to InSb secondary phases was noticed in the
XRD pattern. The lattice parameter of the composites was evaluated
from the Rietveld refinement of the XRD patterns using the FULL-
PROF program [31]. The refined pattern of (InSb)g; +Ybg2C04Sb5 is
displayed in Fig. 1(b), and the refined patterns of other samples are
provided in Supplementary Material, Section 1. The lattice para-
meter of the composites is in the range of ~9.050 A (Table 1). This
lattice parameter value is higher than that of pure Co4Sb;> (~9.035 A)
[7] because filling Yb in the voids of the CosSby; structure expanded
the unit cell, as also reported in previous studies [21,32]. Further
addition of InSb in Ybg >C0,4Sb; did not change the lattice parameter
because it was in the samples as a separate phase.

3.2. Microstructure and phase characterization
3.2.1. Electron probe micro analyses (EPMA)

Fig. 2(a-e) displays the backscattered electron (BSE) micrographs
of the polished surface of the composites (InSb)y +Ybg>Co4Sbq;
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Fig. 1. (a) Powder XRD patterns of (InSb)y +YbgC04Sby, (x=0, 0.1, 0.2, 0.3, 0.4), (b) Rietveld refinement of XRD pattern of (InSb)y; + Ybg2C04Sb1>.

Table 1

Nominal composition, actual composition determined using WDS-EPMA (normalized to 12 atoms of Sb), lattice parameter, and relative density of the composites.

Nominal composition Composition determined via WDS-EPMA

Lattice parameter (A) Relative density (%)

Matrix phase

Secondary phase (vol%)

Ybo 4C04Sby Ybo15C03.935b12 CoSby (2.69%), Yb,05 (0.97%) 9.049(3) 99,5
(InSb)os +Ybo.4C04Sb1, Ybo15C05.96Sb12 CoSby (3.26%), Yb,05 (1.18%) 9.051(1) 98.6
(InSb)o.» + Ybo.4C04Sbi> Ybo.19C03.05Sb12 CoSb, (2.32%), Yb,05 (0.89%), InSb 9.052(2) 99.9
(InSb)o3 +Ybo4C04Sby> Ybo.16C0402Sb12 CoSby (2.04%), Yb,05 (1.21%), InSb 9.053(2) 979
(InSb)o.4 + Ybo4C04Sbiz Ybo.16C03.80Sb12 CoSby (2.17%), Yb,05 (0.85%), InSb 9.053(8) 97.8

(x=0,0.1,0.2, 0.3, 0.4). The micrographs revealed a dense morphology
of the composites. Apart from the main grey phase of CosSby,, two
additional secondary phases (dark grey and white colored region)
were detected in the BSE micrographs. The dark grey region belongs to
the CoSb, phase. The formation of CoSb; is quite common during the
synthesis of filled CosSby; and is also reported in previous studies
[21,33]. The white-colored phase observed in Fig. 2 was attributed to
Yb,0s. Ryll et al. [21] also reported the formation of a Yb,05 secondary
phase in Yb,Co4Sbq,. InSb, likely due to its low volume content
(=1.37 wt%), was not detected in the BSE micrographs of the x=0.1
composite. For a higher content of InSb (x > 0.1), both the InSb and
Yb,05 secondary phases were found segregated at the grain boundary.
The EDS spectra were taken at the white-colored region of the com-
posite with x=0.3, shown in Fig. 2(e). In and Sb elements were also
detected in the white-colored (oxide phase) region with Yb and O in
the EDS spectra. The composition of the constituent phases of the
composites was evaluated using WDS and is given in Table 1. The
filling fraction limit of Yb from WDS is around ~0.2 in the samples,
which is in good agreement with previous studies [20,28-30]. The
surplus Yb formed the secondary phase of Yb,0s. The vol% of the
secondary phases were determined from the phase contrast in the BSE
microstructure using Image] software and are listed in Table 1. It ap-
proximates the volume fraction of the different phases as we in-
vestigate a tiny region of the samples. Supplemental Fig. S2(a-g)
displays the elemental map of the (InSb)y4 + Ybg2C04Sbi> composite,
using WDS-EPMA. The grey colored region of the micrograph showed
the homogeneous spreading of Co and Sb, together with a small
amount of Yb. The white-colored region was mainly Yb and O rich
with a slightly lower concentration of In and Sb (~15 at%), and hence
the white region is the combination of InSb and Yb,05 phases. This
white colored phase was also found at the grain boundaries of the
composites from the elemental mapping.

3.2.2. Electron back scatter diffraction (EBSD)

Fig. 3(a-c) shows the EBSD phase map of the (InSb)gs +
Ybo.2Co4Sbi> composite revealing the distribution of different phases
and their grain size. The matrix Ybg,Co4Sby, exhibits a bimodal
distribution of grains, where the bigger grains are 15-25 um in size,

as observed in Fig. 3(a). Some nanocrystalline matrix grains in the
size of 200-400 nm were found distributed along with nanocrys-
talline InSb grains [Fig. 3(c)]. The distribution of the nanocrystalline
InSb phase, represented in green color in the matrix, was observed
from the magnified portion of the matrix in Fig. 3(b). The agglom-
eration of InSb nanoparticles resulted in some large grains of InSb
(5-8 um) in the phase map.

Supplemental Fig. S3 (a-d) exhibits the inverse pole figure (IPF)
map of the constituting phases and their normal direction (ND) IPF of
the (InSb)y4 +Ybg2C04Sby, composite. The orientation of the matrix
grains was along the directions [013] and [223], parallel to the SPS axis.
InSb shows a spread of orientation between the [104] and [115] di-
rections, parallel to the SPS axis. The orientation of the crystals plays
an essential role in electrical and thermal transport. It was observed
that the crystal orientation along the close-packed direction leads to
higher thermal conductivity values, which for bcc structures is the
[111] direction and for fcc structure are the [101], [110], and [011] di-
rections [34]. Since the crystal orientation of both, the matrix and InSb
phase, is not in the close-packed direction, it will contribute towards a
lower thermal conductivity value of the composites.

3.2.3. Transmission electron microscopy (TEM)

The distribution of nanoparticles was also investigated by TEM.
The bright-field micrographs, displayed in Fig. 4(a and b), confirmed
the existence of nanocrystalline particles and their accumulation in
the composite. High-resolution micrographs captured from the same
area show nanocrystalline grains of InSb of size 20-200 nm. The
grains of the matrix phase were also detected in TEM micrographs.

The Fast Fourier Transform (FFT), obtained via the DigitalMicrograph
software from the HRTEM micrographs, measuring the lattice spacing
from Inverse Fast Fourier Transform (IFFT) along with energy dispersive
X-ray spectrometry (EDX) analysis helped to detect the phases present
in the sample. The FFT obtained from the matrix phase, and the InSb
phase confirmed the bcc (region 2) and fcc (region 1 and 3) crystal
structure, respectively. Li et al. showed a substantial reduction in lattice
thermal conductivity of In.Ce,Co,Sbs,, attributable to the strong scat-
tering of phonons at the InSb interfaces of size 10-80 nm [25]. Similarly,
Gharleghi et al. observed effective scattering of phonons at the InSb
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Fig. 2. EPMA micrographs of (InSb)x + Ybg2C04Sb1s, for (a) x=0, (b) x=0.1, (c) x=0.2, (d) x=0.3, (e) EDS spectra taken at white colored secondary phase (pointed out with an

arrow) of x=0.3 sample.

grains of size 30-50 nm [26]. Hence, these nano-sized InSb grains in the
bulk matrix of Ybg2C04Sb1; with Yb,03 and CoSb, secondary phases are
expected to scatter phonons of a wide wavelength range, which will
help to improve the thermoelectric figure of merit by reducing the
lattice part of thermal conductivity.

3.3. Raman spectroscopy

Fig. 5 displays the Raman spectra of the x =0 and 0.4 composites.
A Silicon reference (Raman active peak at 520.5cm™!) was used to

calibrate the spectra. The spectra peaks were fitted using the
Gaussian and Lorentzian profiles, and the peak positions are listed in
Table 2. The first-order Raman modes of Co4Sb1,, as predicted from
group theory, are 2A,+2E;+4F; [23,36,37]. The majority of the
peaks of the spectra correspond to the vibration of Sb in the Sb, ring.
The elongation of the large and the short Sb-Sb bond generated two
Ag peaks at 149cm™ and 182 cm™, respectively [23,38]. An exact
square Sby ring will generate one Ag peak rather than two peaks. The
peak at 132 cm™" is assigned to the E; mode of Sb, and the peaks at
83cm™’, 106 cm™" and 175cm™ are assigned to the F, mode. One
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Fig. 3. EBSD phase map of (InSb)y 4 + Ybg2C04Sb1, showing (a) grain size, shape, and the distribution of each phase through different colors, (b), and (c) a magnified area reveals

the nanocrystalline distribution of different phases.

additional Raman active mode F, at 60 cm™ was detected, which
was also observed in filled skutterudite by Rogl et al. [36], and Lu
et al. [39], originating from the vibration of the fillers in the voids,
although a peak at the same position (60 cm™!) was also observed by
Nolas et al. in case of pure CosSb,.

The peak at 121cm™ likely stems from the CoSb, secondary
phase [23]. The difference in intensity of different modes of the two
composites mainly originated from the inhomogeneity of the sam-
ples and the presence of multiple phases. A softening of phonon
vibrations in the composites, evident from the shift of Raman active
modes towards the lower wavenumber, compared to that of pure

Co4Sby,, was due to the Yb filling in the voids [36,38]. This happens
because rattling of Yb in the void distorts the Sb, ring by stretching
the Sb-Sb bond and decreasing the force constant. The anharmoni-
city created by the distorted Sb, ring leads to a lower lattice thermal
conductivity.

3.4. Thermoelectric properties
3.4.1. Electrical resistivity (p)

An increase in p(T) with temperature was observed for the
composites, demonstrating a degenerate semiconductor behavior
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Table 2
Peak positions of the Raman active modes.
Ybo2C04Sb (InSb)o.4 Co4Sby; [35] Raman
(cm™) +Ybg 2C04Sby, (cm™) (cm™) active mode
59 59 60 Fu
83 83 82 Fg
106 106 109 Fg
123 121 - CoSb,
132 130 135 Eg
149 149 152 Ag
175 177 178 Fg
182 182 186 Ag

(Fig. 6). The increase of p(T) above the Debye temperature (6p)
[6p=307 K for Ybg>C04Sbq, [40]] is mainly due to the charge carrier-
phonon scattering, which leads to a reduction of charge carrier
mobility (p). From the equation: 1/p = nep, p(T) is inversely pro-
portional to p; n is the charge carrier concentration and e the elec-
tronic charge. Hence, the reduction of p resulted in an increase in
p(T). The small negative curvature above 650 K is likely due to the s-
d scattering of conduction electrons [41]. YbpC04Sby> exhibited a
lower electrical resistivity than Co4Sby,. The electropositive Yb with
a valence state of +3 in the voids of Co4Sbq,, confirmed from XPS
analysis [see Supplementary Material, Section 4], provides 3 elec-
trons to Co,Sby, per Yb atom, which leads to an increased charge
carrier density and a lower electrical resistivity of Ybg2C04Sbqz
(6.67 nQ-m at 300 K) than that of pure Co,Sby; (300 nQ-m at 300 K
[7]). A similar value of electrical resistivity was reported by Nolas
et al. (6.17 nQ-m at 300 K for Ybg19C04Sb1> [20]) and Yang et al. (6.10
nQ-m at 300K for Ybg19C04Sbq3 [22]). A systematic increase in p(T)
was expected after the addition of InSb in the matrix due to in-
creased scattering of charge carriers at the interfaces induced by
InSb nano inclusions. But the presence of multiple secondary phases
of different sizes (CoSb,, Yb,05) in addition to the InSb phase in-
fluenced the charge carrier transport differently. The composite with
x=0.1 and 0.3 exhibited a higher p(T) value than the matrix, whereas
a decrease in p(T) was observed for the composite with x=0.2 and
0.4. To understand this anomalous behavior of composites, the
charge carrier concentration of the composites was estimated from
Hall measurements at room temperature. A carrier concentration
lower than that of the matrix was found for the composite with

- (InSb) +¥b, Ca,Sh,
164 @01 2=
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Fig. 6. Temperature dependence of electrical resistivity (p) of (InSb)yx +Ybg2C04Sb1,
(where x=0, 0.1, 0.2, 0.3, 0.4) in the temperature range: 423-773 K.
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Table 3
Charge carrier concentration (n) of (InSb)y +Ybg,Co4Sby> at room temperature
(obtained from respective Hall data).

Sample Carrier concentration
(n)x10%° (cm™)

x=0 2.66

x=0.1 1.65

x=0.2 2.86

x=0.3 173

x=04 2.72

x=0.1 and 0.3, in contrast to the composite with x =0.2 and 0.4 with
a slight increase in the carrier concentration (see Table 3). Hence, the
trends of the carrier concentration control the trends of the elec-
trical resistivity. The different carrier concentrations in the compo-
sites can be attributed to the different content of secondary phases
present in the composites. A higher amount of Yb,03 oxide phase
was detected for the composite with x=0.1 and 0.3 compared to
other samples (see Table 1), which enhanced the electrical resistivity
in these two composites. Then again, CoSb; (3.4 pQ-m at 300K [42])
and InSb (~18 pQ-m at 300K [43]) are metallic phases with lower
electrical resistivity. They can also influence the overall electrical
resistivity of composites. In addition, the interfaces of matrix and
secondary phases of a wide size range can scatter the charge carriers
and alter the electrical resistivity. From the variation of the electrical
resistivity, it is clear that the Yb,03 oxide impurity phases have a
more pronounced effect on the carrier transport than other phases.
Previous studies have also reported an enormous impact of the small
amount of Yb,03 oxide impurities on the electrical resistivity of the
materials [44]. The difference in density of the composites (see
Table 1) can affect the electrical resistivity too. In conclusion, along
with the InSb inclusion phase, other secondary phases present in the
composites also significantly impact the charge carrier transport and
the electrical resistivity.

3.4.2. Seebeck coefficient (S)

Fig. 7 shows the Seebeck coefficient variation as a function of
temperature, S(T), of (InSb)y +Ybg;Co4Sby> composites. All the
composites exhibited a negative S(T), indicating electrons as the
majority charge carriers stemming from the charge carrier transfer
from Yb to Co4Sbq; [20-22]. The Mott formula gives S(T) at an ab-
solute temperature T for a degenerate semiconducting material:

SRy
3 ndE = uudE =k 1)

where n is the carrier concentration, kg is Boltzmann's constant, and
p is the charge carrier mobility. S(T) increased linearly with in-
creasing temperature, then saturated at around 680 K, and decreased
beyond 700 K. The decrease in p due to scattering of charge carriers
by thermally excited phonons led to an increase in S(T) with tem-
perature for all the composites. According to Eq. (1), as S(T) is de-
pendent on both the temperature-dependent parameters, n and , a

(InSh) <V, Co S, -

] T
400 500 600 T00 800
T (K)

Fig. 7. Temperature dependence of the Seebeck coefficient of (InSb)y +Ybg2C04Sb1,
(x=0,0.1,0.2, 0.3, 04).
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non-linear behavior of S(T) can be expected at a higher temperature.
The decrease in S(T) above 700 K could also be due to the activation
of minority charge carriers. S(T) was observed to increase for the
composites with x=0.1 and 0.3, which can be attributed to the de-
creased charge carrier concentration in these two composites
(Table 3). The other two composites (x=0.2 and 0.4) and
Ybo>Co4Sbi, showed nearly similar S(T) values due to the similar
carrier concentration in these samples. The filtering of low energy
charge carriers at the interfaces between secondary phases and
Ybo»C04Sby, can also enhance the absolute S(T) values of composites
[45,46]. S(T) did not follow any systematic trend with increasing
InSb content, similar to p(T) due to the irregular distribution of dif-
ferent amounts of secondary phases of Yb,03, CoSb,, and InSb in the
composites.

3.4.3. Thermal conductivity

Fig. 8(a) shows the temperature dependence of the total thermal
conductivity, x, of (InSb)y +Ybg2Co4Sbi> composites. The Wiede-
mann-Franz relation: k.=LT/p was used to determine the electronic
contribution to the thermal conductivity («.), where L is the tem-
perature-dependent Lorenz number [see Supplementary Material,
Section 5], T the absolute temperature and p the electrical resistivity.
The detailed calculation of L is explained in Ref [47]. k. is plotted in
Fig. 8(b). The lattice contribution, ki, to the thermal conductivity was
extracted by deducting x. from « (k. = x—x.) and is plotted in Fig. 8(c).

k of all composites was almost independent of temperature in the
whole measured temperature range. x. increased with increasing
temperature, whereas x; showed a weak temperature dependence.
The lower «; of Ybg,C04Sb5, as compared to pure Co4Sbq; [7.5 W/mK
[7]], is due to the rattling of Yb-fillers in the voids, having large
atomic displacement parameters [48]. It was found that Yb rattles
inside the void with a frequency of 43 cm™! and scatters the phonons
with similar frequency [49]. The rattling of Yb produced anharmo-
nicity in the system and reduced x; significantly, reported by pre-
vious groups, as well [20,21,33]. In the nanocomposites, the phonons
with a mean free path large or similar to the grain interface spacing
get scattered at the interfaces [50]. The distribution of Yb,0j5 at the
grain boundaries also decreased x; compared to pure Co4Sb;, by
interface phonon scattering. It can be seen that x decreased in all the
composites compared to that of Ybg,Co4Sby,, mainly due to the
decrease in ki by the addition of InSb. The reduction in x; can be
attributed to the scattering of phonons at the interfaces of CoSb,,

6 (InSh) +Yh, ,Co,Sh,, : ::: . L7 W= (InSb) Vb, Co Sh,
=02 1.5 St
—_ 7 =z a2 (b
E RN e
= 41 = 11
= 2
3 £"0.9 ;,I/’
i o A x—
’ >y —y—
v i
2| o—a—% o0 iy ’:'_/:
~e- = -
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400 500 600 700 800 ¢ 400 00 600 T00 800
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g
: (InSh) +¥b,,Co,Sh,  —W =0
- x=0.1
—_ad e w2
!I 4 (c) - x=03
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z
2—}
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Fig. 8. Temperature dependence of (a) total thermal conductivity (x), (b) electronic
thermal conductivity (xe) and (c) lattice thermal conductivity (k) of (InSb)x+
Ybo.2C04Sby, (x=0, 0.1, 0.2, 0.3, 0.4).
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InSb, Yb,05, and Ybg;Co4Sby>. The main contribution to the lattice
part of the thermal conductivity stems from the long-wavelength
acoustic phonons with a mean free path of 10-100 nm [51]. From
microstructural analysis, InSb grains of 20-200 nm were found to be
dispersed in bulk Ybg,Co04Sbi, matrix. Hence, the phonons with si-
milar mean free paths were scattered at the interfaces of nanosized
InSb second phase and Ybg,Co4Sby, matrix phase. The composite
with the lowest InSb content (x=0.1) showed the lowest x value
(1.8-2.2 W/m-K for the temperature range of 423-773 K). However,
an increase in x; with increasing InSb content was observed. Ghosh
et al. [52] also demonstrated a systematic increase in ki of (InSb)y
+Bag3C04Sbi> composites with increasing InSb content. This is be-
cause the InSb inclusion phase is highly thermally conductive
(k=14 W/m-K at room temperature [43]), and hence contributed to
the overall increase in the lattice thermal conductivity of compo-
sites. Also, the amount of Yb,05; was higher in the composites with
x=0.1 and 0.3. It can contribute to the lower lattice thermal con-
ductivity of the composites as well. In summary, these two com-
bined effects of filling and nanocomposite approaches reduced the
lattice thermal conductivity significantly.

3.4.4. Power factor (PE =S%/p) and figure of merit (zT)

Fig. 9(a) shows the power factor (P.F.) of (InSb)x + Ybg2C04Sby>
composites as a function of temperature. A maximum PF. of
3.51 mW/mK? at 673 K was achieved for Ybg,C04Sby,. Yang et al.
theoretically predicted a maximum PF. of ~3.50 mW/mK? at 800K
for Ybg25C04Sbq2, which agrees well with our study [53]. The com-
posites with x =0.2 and 0.4 exhibited an increase in P.F. compared to
that of Ybg >C04Sb12. A maximum P.F. value of 4.73 mW/mK? at 773 K
was achieved for the composite with x = 0.4 due to the lowest p(T) of
this composite. Although S(T) is enhanced in the x=0.1 and 0.3
composites compared to the matrix, these two composites exhibited
P.F. similar to the matrix due to the high p(T) values. The figure of
merit (zT) of the composites was calculated as a function of tem-
perature and is displayed in Fig. 9(b). An increase in zT was observed
with increasing temperature up to 723 K and then saturated. The zT
of Ybg5C04Sb;, reached a maximum value of 0.72 at 723 K. The zT
values achieved by Nolas et al. [20] (zT~1 at 600 K for Ybg 19C04Sb12),
Ryll et al. [21] (zT~1.0 at 723 K for Ybg »5C04Sb1,), and Yang et al. [22]
(zT=1.2 at 823K for Ybg35C04Sb;,) are higher than our achieved zT.
All the composites showed a higher zT than the matrix. A systemic
increase in x with increasing InSb content resulted in a systematic
decrease in the zT value with increasing InSb content in the com-
posites. The lower total thermal conductivity of the composites with
x=0.1 and x=0.2 yielded a maximum zT of ~1.2 at 773 K with an
average zT of ~ 0.90 for the temperature range of 423-773 K. This zT
is comparable with the reported zTs of nanocomposites of Yb-filled
Co4Sbyp such as zZT=1.3 at 850K for Ybgs5C04Sb12/Ybo05 [54],
zT=0.95 at 700K for Ybg15C04Sbq,/CoSbs [55] and zT=1 at 603 K for
Ag/Ybg35C04Sby, [14]. In conclusion, the distribution of InSb nano
inclusions in the matrix of Yb-filled CosSbi, reduced the lattice
contribution to the thermal conductivity significantly and, as a re-
sult, enhanced the thermoelectric figure of merit.
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Fig. 9. Temperature dependence of (a) power factor and (b) figure of merit (zT) of
(InSb)y + Ybg2C04Sby; (x=0, 0.1, 0.2, 0.3, 0.4).
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The thermoelectric efficiency of the composites was estimated
using the equation:

T -T 1+ (zT), -1

- Tc
T 1+ (2T, + T—; )
where Bi=% s the Carnot efficiency, Ty, is the temperature of the hot

Ty
side, and T, is the temperature of the cold side. (zT), is the average zT

of the material for the temperature range of 423-773 K. The highest
thermal-to-electric efficiency of 8.89% for x=0.1% and 8.28% for
x=0.2 were achieved.

4. Conclusions

The nanocomposites of Ybg,Co4Sby; and InSb were synthesized
using high-energy ball milling and spark plasma sintering. The ther-
moelectric properties of these composites were investigated in the
temperature range of 423-773 K. Impurity phases of CoSb, and Yb,03
were found in the matrix. In composites, both the InSb inclusion phase
and Yb,05 impurity phases were found situated at the grain bound-
aries of Ybg,Co4Sbyy. Additionally, the nanocrystalline InSb grains
(20-200nm) were homogeneously distributed within the matrix
grains. Yb filler in Co4Sby, with a valence state of +3 resulted in a low
electrical resistivity value. The variation in the electrical resistivity and
the Seebeck coefficient was not systematic with increasing InSb con-
tent. The presence of multiple secondary phases (InSb, Yb,0s3, CoSh,)
with grains of a broad size range in the composites influenced the
charge carrier transport differently. The reduction in total thermal
conductivity of the composites was due to the anharmonicity in the
system originating from ratt-ling of the Yb-filler in the voids in com-
bination with the scattering of phonons at the interfaces of matrix and
secondary phases. It was found that Yb,03 oxide impurity mainly in-
fluences the charge carrier transport, whereas the nanocrystalline InSb
phase mainly influences the heat transport of phonons. The highest zT
of ~ 1.2 at 773 K was achieved for the (InSb)y; +Ybo>Co4Sby; and
(InSb)g 2 + Ybg>Co4Sby, composites with a thermoelectric efficiency of
8.89% and 8.28%, respectively.
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