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CoSb; with an open structure that can accommodate several fillers has been extensively studied due to its PGEC character. It is
known that partial substitution of Ni with Co generates more free electron and alter the CoSbs into a stable n-type skutterudite. In
this work, we used In as a filler with Yb and as a partial substitution of Sb in Cos gsNig 15Sb;,. All alloys have been synthesized by
solid-state reaction method and hot press processes. The Seebeck coefficient varies from 160 uVK ' to 200 VK ' in
Yb 3C03 85N 15Sb11 5Ing 5. however, it exhibits the highest charge carrier concentration. Ybg3Co3g5Nig 15Sb;; sIng s exhibits
the highest power factor of 3.9 mW™ 'K=2 at 723 K, which is 20% and 15% larger than a single-filled and double-filled Ni-doped
system respectively. The suitable amount of In doped with Sb in a Ni-doped single-filled skutterudite system resulted is not only an
improvement of the thermopower but also a decrease of the thermal conductivity due to enhanced point-defect scattering and
increased electron-phonon interaction. Hence Ybg3Co3 g5Nig 15Sb;;.5sIngs exhibits a maximum zT of 1.25 which is 25% higher
than Ybg Ing,, Coz gsNig sSby,. Therefore, indium is also a good option to use as a substitution, n-type skutterudite compared to
use as a filler.

© 2023 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/

2754-2734/ad10e2]

Manuscript submitted April 27, 2023; revised manuscript received September 22, 2023. Published December 7, 2023.

Thermoelectric (TE) technology is an important part of clean,
eco-friendly, renewable energy for a sustainable future in terms of
waste heat conversion into electricity. The performance of any TE
material depends on the figure of merit

_ S %6

7T T, (11
K

where S is the Seebeck coefficient, o is electrical conductivity, k is
total thermal conductivity that includes electronic (x,) and lattice (k;)
part and T is the average absolute temperature, respectively.
Several compounds have been investigated for thermoelectric
application, for example, half Huesler alloys, oxides, chalcogenides,
clathrates, skutterudites, etc. Among these, binary skutterudites are
suitable for medium-temperature applications as filling the voids in
these structures will form a material with low thermal conductivity
similar to that of glass and good electrical properties identical to
those of a crystal."> The binary skutterudite compounds have the
general chemical formula MX;, where M is typically one of the
column 9 transition metals (Co, Rh, or Ir), and X is one of
the elements P, As, or Sb (often called pincogen). The skutterudites
have a cubic crystal structure belonging to the space group
Im3 (204).> A high thermal conductivity causes the binary skutter-
udite compounds to have a low figure of merit. However, the
skutterudites’ crystal structure provides an opportunity to reduce
thermal conductivity. It has two large voids in each unit cell, which
can be filled by inserting various guest atoms, such as rare Earth,
alkaline Earth, and alkali metals, into these voids. The guest atoms
are loosely bound with the host atoms, so the “rattling” of these
guest atoms effectively scatters phonons and reduces the lattice’s
thermal conductivity without significantly degrading the electrical
properties.”™'* Yb has been extensively used compared to other
materials as filled due to its high filling fraction in the voids.'*~'6
In containing CoSb; based skutterudite have attracted much
attention due to the high thermoelectric efficiency and mid tempera-
ture range application in automotive waste heat recovery. However
there has been much debate over how much indium is actually

“E-mail: Keshav.dabral @gmail.com

suitable in CoSb; or it simply precipitates out as nano particles.
Highest zT was reported 1.2 for Ing»5C0,4Sby, at 575 K by He et al. 17
in the single filling, zT of 1.43 for Iny,Ceq.15C04Sb;, at 800 K was
reported by Li et al.'® in the double filling. However, the nature of In
incorporation has not been fully understood and there are several
different mechanisms for enhancement of zT. One possible me-
chanism is that the In atom goes into the filler site and due to the
rattling and avoided crossing effect,'® the thermal conductivity
gradually decreased, which enhanced zT; another possible me-
chanism is that doping of In results in a nanostructured InSb phase
that is evenly distributed on the boundaries of the skutterudite phase,
which reduced thermal conductivity and enhanced zT.** So, which
mechanism accounts for the good thermoelectric properties of In-
doping skutterudites remains unclear. There has been much debate
about the solubility limit x, of indium in In,Co4Sb;, which is found
that due to the charge-compensated compound defects (CCD) In
enters into the void filling.”'

Partly substituting Co with Ni generates more free electrons and
alters the CoSbs into a stable n-type skutterudite.”> In this work,
we introduced Yb and In as fillers and studied their elevated
temperature thermoelectric properties. We also partially substituted
In with Sb in this Yb-filled Ni-doped system and studied indium role
as a substitution in n-type skutterudites.

Experimental

All alloys have been synthesized from Co powder, Yb chunks, Ni
powder, In chunks, and Sb beads all with 99.999% purity. The
stoichiometric quantities of the element are weighted and loaded in a
quartz ampule and sealed in an inert atmosphere of 10~ Torr. The
quartz tube was placed in a furnace, held at 1050 °C for 10 h, and
quenched in water. The resulting ingot was powdered, cold pressed
into a pallet and sealed in an evacuated quartz tube. The pellet was
annealed for 100 h at 650 °C and subsequently hot-pressed at 600 °C
under a pressure of 60 MPa for 12 min. The density of these pellets
determined using the Archimedes’ principle was >95%. The circular
pellets were used to measure the thermal diffusivity in the laser flash
system, Netzch LFA 457 while a parallelepiped cut from this pellet
was used to measure the high-temperature electrical resistivity and
Seebeck Coefficient. The thermal conductivity of the alloys was
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Table I. The diffraction pattern fitting quality parameters Rp, Ry,
and X2 of the alloys YbgIng, Co3gsNig.15Sb;2 and
Yby.3C03 g5Nig.15Sb11.5sIng s given in the table.

Sample R, Ryp ¥
Ybg »Ing» Cos 85Nip sSbyz 19 10.8 39
Yb 3C03 85Nip 15Sby; sIng s 20 12.7 5.1

calculated using the measured thermal diffusivity, heat capacity and
density. The microstructural investigation of the alloys was per-
formed using a combination of X-ray diffraction (Cu-Kq; radiation
obtained from a 9 kW rotating anode source Rigaku 9 kW). The
room temperature transport parameters, Hall mobility and carrier
concentration, were determined using van der Pauw sample geo-
metry in a field of 1 T.

Results and Discussion

The XRD pattern of all three alloys (indium filled, indium
substituted, without indium) along their Rietveld refinement analysis
is shown in Figs. 1 and 2 and the diffraction pattern fitting quality
parameters Rp, R, and x* of the alloys shown in Table I. The inset
of Fig. 1 shows that the peak is shifting to the left side, and the lattice
constant increased from 0.9034 nm to 0.9056 nm due to Sb ring
deformation in partial substitution of Sb with In. Both alloys show
the presence of the single-phase skutterudite with minute secondary
phases of InSb and Sb. It is observed that In not entering entirely as a
filler in, Ybo'zlno‘z CO3'85Ni0.SSb12 which was also shown in
In, Yb,Co,4Sb,, with a solubility limit of In is less than 0.20%° and in
In,Ce,Co,Sb;, with 0.15."®

It is found that with an indium addition of x = 0.3 in In,Co,4Sb,,
Sb was found at the grain boundaries of the skutterudite phase,
which suggests that partials substitution of Sb adds complexity to the
possible position that the In atom may go to voids. Such a
substitution was also deduced in the related Ga,Co4Sb,_,/; where
Ga, like In, is a group 13 element in the periodic table. It is known
that one In atom at the Sb 24 g site generates a deficiency of two
electrons and one In atom at the void-filling 2a position adds one
extra electron compared to pure CoSb;z. Therefore we can say that
the In atom goes to the filler site and Sb site at the same time and the
solubility of indium in the skutterudite phase is reduced to x = 0.09
when it coexists in equilibrium with InSb and Sb?” due to charge-
compensated compound defects (CCD).?!

Figure 3a shows the temperature dependent of the electrical
conductivity of all alloys. The electrical conductivity of all alloys is
nearly constant and does not change with increasing temperature.
However, Ybg3Co5.g5Nig 15Sb;; 5Ing 5 exhibits the highest o of 12 X
10*Sm™', confirming that indium acts as a n-type dopant to
increase the charge carrier concentration. The electrical conductivity
of the Ni-doped system increases after inserting Yb and In as filler
due to an increase in charge carrier concentration shown in Table II.
Yb0'3CO3'85Ni0.15Sb11‘5In0'5 exhibits the lowest mOblllty MH of
11 em®V~'s™" due to electron-electron scattering, which takes place
from the partial substitution of In and Ni. Intrinsic CoSbj is a
valence-precise semiconductor where the doping effect of defects
can be understood with Zintl chemistry. Here an indium atom at the
void filling site (Inyg) shows an effective charge state +1 and
contributes one extra electron to the doped system. Indium atoms at
the Sb-substitutional site accept two electrons. Thus,
Yby3C03.85Nig.155b11 5Ing s should also be a valence-precise semi-
conductor. The relatively high electron concentrations (as measured
by Hall effect) of Ybg3Co;385Nig155b;115Ings compared to,
Ybg,Ing, Coszg5NigsSby, suggests that the indium defects are not
entirely charge compensated, with some excess indium as electron
donor defects most likely Inyg also present.”®

The temperature dependent Seebeck coefficient of all alloys are
illustrated in Fig. 3b. The Seebeck coefficient of alloys increased
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Figure 1. XRD pattern of the alloys Ybg3Cosg5NipsSbia, YbgolIng
Co3.85Nig.5Sb12, Yby3C0385Nig.155by1.5Ing 5.

with increasing temperature up to 700 K after which a decrease was
observed due to bipolar conduction. Seebeck coefficient also
decreased after inserting Yb and In as a filler, which generates
more free electrons to the system. The Seebeck coefficient varies
from 160 ILLVK71 to 200 /J,VKil in Yb0A3CO3A85Ni0A155b115111()‘5;
however, it shows the highest charge carrier concentration. It was
due to the unique band structure, with a valence band formed by the
orbital hybridization among the particular 4 f states of the fillers, 3d
states of the transition metals, and Sp states of the pnictides as well
as to the enhancement of effective mass due to the narrow 4 f band
effects of rare Earth metal.?*~*°

Figure 4a represents the temperature dependence of the thermal
conductivity of all specimens. The thermal conductivity of all alloys
decreased with increasing temperatures up to 700 K, after which an
increase was observed due to bipolar diffusion at high temperatures.
Thermal conductivity of Cos gsNig ;5Sb;, reduced to half after filling
of Yb and In in the voids. Ybg3Cos gs5Nig 15Sb; 5Ing 5 exhibits the
lowest thermal conductivity of ~2.5Wm~' K" through all tem-
peratures among all. The contribution of charge carriers to x in both
sets of alloys has been estimated using the Wiedemann—Franz
relation and determining the Lorentz factor as a function of T using
the statistical relation.”’ The Lorentz number in all the different
alloys determined using this SPB model is found to decrease with T
from a typically degenerate value to a nondegenerate value, shown
in the inset of Fig. 4b.

The reduction of lattice thermal conductivity in
Yb 3C03.85Nig 155b11 5 could be explained by the dual-site occupa-
tion of indium impurities with complex compound defect and, a
dual-character phonon scattering mechanism The indium impurity at
the Sb-substitutional site establishes a point defect with size and
bonding (in addition to slight mass) mismatch from the host Sb
atoms, leading to the scattering of high-frequency lattice phonons.
The indium atoms at the void sites behave as a typical filler species
and scatter long wavelength phonons via resonant scattering and
avoided crossing mechanisms. Therefore, the effective reduction of
xp implies that a broad spectrum of lattice phonons could be
scattered in the In-containing skutterudites with a complex com-
pound defect. The relatively high indium doping content at both the
void and Sb sites, is important as it controls the magnitude of the
phonon scattering effect.>3?

The temperature dependence of the power factor for the different
alloys has been determined using the measured electrical conductivity
and Seebeck coefficient by the equation power factor = s%¢ and is
shown in Fig. 5a. Ybg3Co385Nig155b115Inps sample exhibits the
highest power factor of 3.9 mW 'K~ at 723 K among all alloys, 15%
larger than In filled Ni-doped system respectively. Dimensionless
figure-of-merit zT was calculated by the power factor and thermal
conductivity shown in Fig. 5b. Ybg3Co5gsNig 155b11.5Ing s exhibits
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Figure 2. The powder diffraction patterns obtained using Cu-Ka radiation have been analysed using Rietveld refinement of the phases and structure. The refined
diffraction patterns together with experimental data is shown for (A) Ybg3Co3g5Nig 15Sb;1.5Ings (B) YbgoIng, Coszg5NigsSbys.
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Figure 3. Temperature-dependent (a) electrical conductivity (b) Seebeck Coefficient of the alloys the Ybg3C03.g5Nig5Sby2, YbgoIng»,Co385NigsSbya, and

Yby.3C03.85Nig.155b11.5In0 5.

Table II. Room temperature transport properties along with their lattice constant for all alloys.

Relative n 1w o S K
Sample a (nm) Density (10% ecm™3) (em?>V~ls7h (Sm™) (WVK™ (Wm™ 'K
Co05.85Nig.15Sbi» 0.9034 97% 0.85 21 29132 240 5.7
Ybg3C03 g5Nig sSbyo 0.9046 97% 12 22 52126 196 32
YbgIng > Cos g5NigsSbyo 0.9051 97% 2.9 27 69260 186 3.1
YbO.3C03.35Ni0.15Sb| ].51110.5 0.9056 96% 5.6 11 94508 167 24

maximum zT of 1.25 at 723K which is 25% higher than
Ybo2Ing 2,C03 85Nip 5Sbi2.

Conclusions

All alloys have been synthesized by solid-state reaction method
and hot press processes. The XRD result and Reitveld refinement
indicated that a single doped skutterudite phase was obtained with
minute secondary phases. It is found that partial substitution of Co
with Ni and Sb with In has a synergic beneficial effect on the
skutterudite system. The appropriate amount of In in Ni-doped

single-filled skutterudite system resulted in not only an improvement
of the thermopower but also a decrease of the thermal conductivity
due to enhanced point-defect scattering and increased electron-
phonon interaction. Ybg3Co3 g5Nig 155b;;.5Ing s showed the highest
zT of 1.25 at 723 K, which is 40% higher than double filled,
YbgIng, Coszg5NigsSby,. Therefore In is an excellent option to use
as a dopant in single-filled n-type skutterudite compared to a filler.
The relatively more significant carrier concentrations compared to In
filled skutterudites indicate the possibility of not fully charge-
compensated compound defects, which means that single-filling
defects may coexist with dual-site compound defects. Better



ECS Advances, 2023 2 044001

)
o
=)
i
4
4
4

¥ —=— Ni doped CoSb,

1= 55 —e— Without In

S —v—In as a Filler

: 50F —e—In as a substitute |
=45F .
=

240} -
S

'g 35k 45%| o
o

O 3.0F W 1
©

£ 25} 1
=

-8 2.0

E2

300 350 400 450 500 550 600 650 700 750 800
Temperature (K)

K'Iattice (Wm K" )

1.
8} —=—NidopedCoSb; % 4
—e— Without In @
7F ~—“—InasafFiller é,_s,, -
—e—Inas asubstitute 2
6F gi.ss .
3
5 B " 300 350 400 450 500 550 600 650 700 750 800"
T(K)
4F 4
3 ™ b‘ 650/0 B
2r M ]
1F 4

300 350 400 450 500 550 600 650 700 750 800
Temperature (K)

Figure 4. Temperature dependent (a) Thermal Conductivity (b) Lattice Thermal conductivity of the alloys the Ybg3Co3 gsNip 5Sb12, Yb0 5Ing >,Co5 g5sNigsSbo,
Yb3C03 g5Nig.15Sb;; 5sIng s. Calculated Lorenz numbers are shown in the inset of Fig. 4b.
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performance of this alloy could be achieved by optimizing the
proportion of Ni, In, and exploring other fillers instead of Yb, which
results in a significant power factor. On the other hand, compared to
In as filler, substituted In effectively decreased lattice thermal
conductivity due to alloy scattering.
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