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Substantial thermal conductivity reduction in
mischmetal skutterudites Mm,Co,4Sb,, prepared
under high-pressure conditions, due to uneven
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Thermoelectric mischmetal-filed Mm,Co4Sb;, (Mm: natural cocktail of rare-earth elements, mostly Ce

and La) skutterudites have been synthesized and sintered in one step under high-pressure conditions at
3.5 GPa in a piston—cylinder hydrostatic press. Synchrotron X-ray diffraction patterns display a splitting of
the diffraction peaks ascribed to purely Ce-, and Mm-filled skutterudite phases, which have been analyzed
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and confirmed by high-resolution TEM and EELS. A total thermal conductivity (x) of 1.51 W m™* K™t is
measured at 773 K for MmgsCo4Sby,, below that of other filled skutterudites, which is promoted by the
enhanced phonon scattering over a broad range of the phonon spectrum due to the inhomogeneous and

nanoscale mischmetal inclusion. Compared to undoped CoSbz skutterudite synthesized by conventional

rsc.li/materials-c

Introduction

Thermoelectric materials hold promise for sustainable devel-
opment by providing a very reliable and clean option for energy
conversion from temperature differences. The efficiency of
these materials is characterized by the dimensionless figure
of merit ZT = S$*¢T/x, where S is the Seebeck coefficient, ¢ the
electrical conductivity, T the absolute temperature, and x the
total thermal conductivity, which contains the sum of the
electronic (x.) and the lattice (x;) contributions."

Several approaches have been developed to improve thermo-
electric efficiency, such as band engineering, nanostructuring,
hierarchical architectures, etc.> Among them, the phonon-glass
electron crystal (PGEC) concept proposed by Slack,’ which
describes “rattling” atoms in structural cages, has had a strong
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methods, k is reduced by a factor of 3, while the power factor is also substantially enhanced.

impact on thermoelectric research and is one of the main
approaches driving the investigation of complex materials like
skutterudites. These compounds have attracted much attention
recently as a future generation of high-efficiency thermoelectric
materials. More precisely, studies based on CoSb; skutterudites
have shown promising features in terms of thermoelectric
applications, mainly due to their high electrical mobility and
reasonably good Seebeck coefficient.* Additionally, tellurium
and lead-free materials are of special interest to the thermo-
electric community, as the legislations are further restraining
the use of these elements.>® Nevertheless, the high thermal
conductivity of CoSb; compounds limits the possible improve-
ments of their general thermoelectric efficiency.

To apply the PGEC approach, different elements have been
used to significantly reduce x), by filling the empty structural
voids at 2a Wyckoff positions of the skutterudite structure,*
defined in the Im3 space group (no. 204). Among them, rare-
earth elements have been the most successful fillers in terms of
optimization of the thermoelectric properties. For instance,
Ce has been used in In,CeyCo,Sby, to achieve a x; lower than
1.0 W m~ ' K at 800 K.” Moreover, single-filled Ce skutter-
udites displayed very good thermoelectric properties with x;
around 2.0 W m ! K™ * for Ce, 1,C0,Sb;, at 850 K, increasing
the filling fraction limit using a solubility design.®

Nevertheless, since the use of individual rare-earth elements
is costly, it is of great importance to find an alternative method
with a similar effect. Mischmetal is an alloy of different rare-
earth elements that happens in nature in various proportions,

This journal is © The Royal Society of Chemistry 2019
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mainly formed of R = Ce and La. The resulting multiple-filled
skutterudite promotes scattering over a broader range of the
phonon spectrum due to the increased disorder and slightly
different vibration frequencies, involving further reduction of the
lattice thermal conductivity.” ™" At the same time, it also reduces
the final cost of the material, as the individual purification and
extraction process of the rare earth is no longer needed."” The use
of mischmetal as multi-element filler was already studied at low
temperature (between 2 and 300 K) by Yang et al.,"* concluding that
the figure of merit would improve at higher temperatures. On the
other hand, L. Zhang et al. characterized Mm-based skutterudites
at elevated temperatures, from room temperature up to 800 K,
finding no significant changes in the thermal conductivity using
Ce (CeyFe;CoSb;,) or mischmetal (MmyFe;CoSb,,)"* as fillers.
However, these previous works using mischmetal as a filler report
on p-type charge-compensated (Co,Fe)Sbs-skutterudites; the
presence of Fe at Co sites has been demonstrated to considerably
alter the thermoelectric properties.*

Recently, we studied the structure and thermoelectric transport
properties of R,CoSb; (R = La, Ce, or Yb) prepared under high
pressure.">'® A significant reduction of the thermal conductivity
was found as a consequence of the uneven filler distribution in
R-poor and Rrich phases at a nanometric scale.”” This type of
reduction was previously attributed to filling fraction fluctuation
and consequent strain-field and long-range acoustic phonon
scattering by Wei et al. in La-filled Fe,Co,, skutterudite."”

In this work, we use mischmetal (Mm) as the source of filler
elements, instead of pure rare-earth metals. n-Type Mm-filled
CoSb;, with no charge-compensation by Fe doping, has not
been studied until now: the description of n-type materials, is
necessary together with the p-type counterparts for the development
of proper thermoelectric devices. We report on the high-pressure
synthesis (3.5 GPa) of n-type Mm-filled CoSb; skutterudites in order
to further reduce the lattice thermal conductivity, which is one
of the main ingredients of good thermoelectric materials. A
synchrotron X-ray diffraction (SXRD) study reveals the phase
segregation in Mm- and only-Ce-filled CoSb; phases within the
sample, which has been analyzed and confirmed by high-
resolution TEM. This segregation of different filler elements
contributes to further reduce the lattice thermal conductivity,
from those measured for nominal Lay;C04Sby,, Ybg 5C04Sby,
and Ce, 5C0,4Sb,, prepared under high-pressure.'>'® This could
be a good starting point to enhance even more the thermo-
electric properties in filled skutterudites.

Experimental procedures

Samples with nominal composition Mm,Co,Sb,, (x = 0.15, 0.20,
0.25, 0.50) were prepared by a solid-state reaction under moderate
temperature and high pressure conditions. About 1.2 g of a
stoichiometric mixture of the starting elements Mm (min 99.0%
of rare-earth content, Alfa Aesar, with a proportion of 75% Ce and
25% La), Co (99%, ROC/RIC) and Sb (99.5%, Alfa Aesar) were
carefully ground and placed in a niobium capsule (5 mm diameter),
sealed and introduced inside a cylindrical graphite heater.

This journal is © The Royal Society of Chemistry 2019
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To prevent oxidation, the capsule was properly manipulated
inside an Argon-filled glove-box. Reactions were carried out in a
piston-cylinder press (Rockland Research Co.), at a pressure of
3.5 GPa, at 800 °C for 1 h. Afterwards, the products were
quenched to room temperature and the pressure was released.
The samples were obtained as hard pellets, which were partially
ground to powder for structural characterization, or cut with a
diamond saw as bar-shaped pellets to perform transport measure-
ments. The density of the samples measured by the Archimedes
method is found to be ~90% of the theoretical crystallographic
density, ca. 6.8 g cm >,

Phase characterization was carried out using X-Ray diffrac-
tion (XRD) on a Bruker-AXS D8 diffractometer (40 kv, 30 mA),
run by DIFFRACTPLUS software, in Bragg-Brentano reflection
geometry with Cu Ko radiation (1 = 1.5418 A).

In order to analyze the structural details, we have per-
formed temperature-dependent SXRD experiments of a selected
Mm, 5Co,Sb;, composition. The MSPD-diffractometer beam-
line at ALBA synchrotron (Barcelona, Spain) was employed to
collect the patterns, using the high angular resolution mode
(MAD set-up) with an incident beam of 28 keV energy (. =
0.4427 A).*® The polycrystalline powder was contained in rotating
quartz capillaries of 0.7 mm diameter. SXRD patterns were
collected at room temperature (RT), 473, 673, 873 and 1073 K
for the temperature dependent analysis. A systematic splitting of
the diffraction peaks indicates the segregation into two different
skutterudite phases with close unit-cell parameters.

TEM images were taken in a JEOL 3000F microscope operated
at 300 kv. EELS images were collected in scanning mode using a
Gatan Enfina spectrometer. The Scanning Electron Microscope
(SEM) images were obtained on a Hitachi instrument, model
TM-1000.

The Seebeck coefficient was measured using a commercial
MMR-technologies system. Measurements were performed under
vacuum (10° mbar) in the temperature range of 300-700 K.
A constantan wire was used as a reference for comparison
with bar-shaped skutterudite samples cut with a diamond saw
perpendicular to the pressing direction. The reproducibility was
checked with different contacts and constantan wires.

A Linseis LFA 1000 instrument was used to measure the
thermal diffusivity («) of the samples over a temperature range
of 300 K < T < 800 K by the laser-flash technique. A thin
graphite coating was applied to the surface of the pellet to
maximize heat absorption and emissivity. The thermal con-
ductivity (x) is determined using «x = a-Cp-d, where C, is the
specific heat and d is the sample density. Specific heat was
calculated using the Dulong-Petit equation.

Results and discussion
Structural characterization

Small compact pellets of Mm,Co,Sb;, were directly obtained from
the high-pressure reaction, easily removed from the Nb capsule.
Preliminary characterization was performed by XRD of some
pellets ground to powder (Laboratory XRD patterns in Fig. 1a).
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Fig. 1 Experimental points (red crosses), calculated profile (black line),
difference (blue line) and Bragg reflections (green symbols), (a) laboratory
XRD pattern with Cu K, radiation. The inset shows the variation of the a
unit-cell parameter with the nominal x content, and (b) SXRD pattern for
Mm0‘5CO4Sb12 at RT.

The patterns correspond to the skutterudite structure, defined
in the space group Im3; minor CeSb, impurities were detected
from laboratory XRD data. The variation of the lattice para-
meters of Mm,Co,Sb;, (x = 0.15, 0.20, 0.25, 0.5) are included in
the inset of Fig. 1a. The Rietveld plots from XRD data are shown
in Fig. S1 (ESIt).

The high angular resolution of SXRD data was essential
to study thoroughly the structural features of Mmg 5C0,Sb;,
nominal composition. The crystal structure was refined in the
skutterudite Im3 (#204 space group) model, where Sb atoms are
located at 24g (0, y, z), Co at 8c (3, 3, 1) and Mm at 2a (0, 0, 0)
Wyckoff positions. Temperature dependent structural parameters,
as lattice parameters, agreement factors and anisotropic displace-
ment parameters, are included in Table 1 and Table S1 (ESIT).
Phase fraction and occupancy factors were fixed to the room
temperature values. Fig. S2 (ESIt) displays the SXRD patterns at
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Table 1 Structural parameters of MmgsCo4Sbi, prepared under high-
pressure at RT obtained from SXRD data

Nominal composition Mmy 5C0,4Sb,

Refined composition Ro.05(1)C048b11.60(9) Ry.05(1)C04Sb11.74(s)
Phase abundance (%) 50.1(9) 49.9(9)

Lattice parameter (A) 9.04724(4) 9.03936(4)
Volume (A%) 740.544(6) 738.610(6)

Uy, (Co)/A%* 0.0050(4)

Uy, (Co)/A%*+ 0.0000(5)

 (Sb) 0.33559(15) 0.33478(15)
z (Sb) 0.15833(14) 0.15759(14)
Occ. Sb (<1) 0.967(8) 0.978(7)
Occ. R (<1) 0.084(9) 0.050(9)
Uy, (Sb)/AZx*x 0.0055(4)

U,, (Sb)/A? 0.0087(5)

Us; (Sb)/A? 0.0064(4)

U, (Sb)/A? 0.0011(3)

Uy (R)/AZ*xx 0.037(13)

d Co-Sb (A) 2.5305(6) 2.5282(6)
d, Sb-Sb (A) 2.8649(18) 2.8490(18)
d, Sb-sb (A) 2.9749(19) 2.9870(19)
R, (%) 6.16

Ryp (%) 7.80

Rexp (%) 5.62

Rurage (%) 2.12 1.63

1 (%) 1.93

R, =Mm (left), Ce (right); Sb at 24g, (0,y,2); Co at 8¢ (4,1,1); R at 2a (0,0,0);

Anisotropic U. Co: *Uyy = Uyy = Usz; ** Upy = Upz = Uyz; Sb: *** Uy = Uy =
05 R: **** Uy = Upy = Uss

different temperatures. The pattern at room temperature
(Fig. 1b) is characterized by the splitting of the skutterudite
diffraction peaks (inset of Fig. 1b), which is interpreted as two
skutterudite phases with different filling fraction and lattice
parameters, a. The refinement of the occupation factors yields
the compositions Ry 0gC04Sb11 54 and Ry o5C04Sb11 64 (R = Ce and/
or La) for skutterudites with unit-cell parameters 9.04726(4) and
9.03938(4) A (Table 1), hereafter called as R-rich and R-poor
phases, respectively.

The global refined R content is always lower than the nominal
stoichiometry, with total x = 0.13 for nominal x = 0.5. Similar
average filling levels have been described elsewhere for La-filled
skutterudites.’® Furthermore, Ce as a filler element, is not so
commonly used in single-filled skutterudites, as a consequence
of the small filling fraction limit of Cey;C0,Sby,.%?° The differ-
ence with the nominal Mm content can be accounted for by the
presence of tiny amounts of CeSb,, which are commonly
observed in other reports on filled skutterudites®*®*" and has
been included in the refinement, corresponding to a fraction of
<2%. Besides, negligible Ce impurities are detected in the SXRD
patterns (unobservable in the laboratory XRD patterns). The
regular variation of the unit-cell parameters (inset of Fig. 1)
demonstrates a progressive filling of the skutterudite cages with
the nominal Mm amount (x), even if a part of mischmetal
remains unreacted. We can speculate that there is a thermo-
dynamic equilibrium that requires an excess of filler to achieve a
certain filling fraction.

Strictly speaking, the distribution of R = Ce and La elements
from mischmetal in the different phases cannot be distin-
guished from SXRD data, due to the similar scattering factors
of both elements, contiguous in the Periodic Table. However,

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Lattice parameter dependence with filler fraction and linear fit to
previously reported values in ref. 8, 15, 16 and 20.

the lattice parameters of the phases provide us with valuable
information about the filling fraction and the size of the cationic
filler. It is well known that the variation of the lattice parameter
upon filling the skutterudite cages shows a linear dependence on
the filling fraction,®*° up to a certain filling fraction limit (FFL).
This is displayed in Fig. 2, in which the refined parameters of the
Mm-filled compound phases are compared to our previous result
on La-filled and Ce-filled CoSb; and literature data. According to
this plot, the lattice parameter and filling factor of the R-poor
phase exactly matches with a Ce-filled skutterudite phase. On the
other hand, a larger increase of the lattice parameter compared
to La and Ce-filling suggests a mischmetal-filled (containing
both La and Ce atoms) skutterudite, as it has been previously
described.”® We recall that the mischmetal provided by Alfa
Aesar contains 75% Ce and 25% La.

Filler atoms have been described to act as “rattlers” caged
in a crystalline structure, contributing to a reduced thermal
conductivity in skutterudite compounds by resonant scattering
of phonons. The picture we obtain from SXRD data is that
regions with Ce-only skuttedurite phases are segregated from
mischmetal-filled phases; this segregation probably accounts
for an additional reduction of the lattice thermal conductivity
of this material, if the two phases are mixed on the nanoscale.

In order to avoid correlation effects between occupation
factors and atomic displacement parameters, the refinements
at high temperature were defined with a fixed occupation
(Table S1, ESIf). However, important changes occur above
873 K in the split peaks of the SXRD patterns (Fig. S3, ESIT).
The occupation factors and phase ratio have been included in
the Rietveld refinement at high temperature, for which the
structural data are reported in Table S2 (ESIt). This analysis
displays an important variation of the occupancy factors above
873 K. A reduced filling fraction reveals a segregation of the
rare-earth elements from the skutterudite structure, and the
different phase ratio displays an increase of the R-poor phase
abundance. It indicates a thermally activated reorganization
of the atomic structure at this temperature and reveals the

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry C

Fig. 3 SEM images of as-grown pellets of Mmg ,Co4Sby,. (@) x9000 and
(b) x1500 magnification.

metastable nature of these compounds prepared under high
pressure. This behavior is only observable above the maximum
temperature of the thermoelectric transport measurements.
Thus, this effect would not affect thermoelectric performance.
As a final test, a sample with composition Mm, sCo,Sb;, was
annealed in vacuum at 873 K during 24 h to analyze the
resulting thermal conductivity.

Grain boundary and morphology have been examined by SEM
in order to assess the compactness and homogeneity of the
samples. Fig. 3 shows different SEM images of a Mm, ,C0,Sb;,
sample, with grains on average 10 um size and a highly compact
microstructure, as well-sintered pellets resulting from the high-
pressure synthesis. Fig. S4 (ESIY) illustrates more views of the
microstructure of this sample.

The nanoscale separation of two phases is illustrated in the
electron energy loss spectroscopy (EELS) analysis. Fig. 4 shows the
transmission electron microscopy image of a pair of sub-
micrometer-size grains and their chemical mapping. The annular

500 600 700 800 900 1000

E (V)
Sb M, ;

5
Fig. 4 Elemental mapping of two grains based on EELS analysis. (a) ADF
image taken during the EELS acquisition. The red and green rectangles
depict the regions from which the two spectra shown in panel (b) are
taken. (b) Two spectra with elemental edges indicated. (c) Elemental maps
of antimony (yellow), cobalt (blue), lanthanum (green) and cerium (red).
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dark field (ADF) image of the grains taken during the EELS
acquisition is shown in panel (a). The green and red rectangles
in panel (a) show the regions where two representative spectra,
shown in panel (b), are taken. EELS edges of all elements are
indicated in these spectra. In the spectrum taken from the area of
the green rectangle, the Ce M, 5 edge can be discerned, but the La
M, s edge is too weak to be detected. On the contrary, in the red
rectangle region, both Ce and La edges are stronger, so we are able
to detect La signal as well. The elemental maps based on the EELS
edges indicated in panel (b) are shown in panel (c). While the Sb,
Co and Ce concentration is quite uniform in both grains, the La
concentration varies significantly. One can see that, while no La can
be detected in the upper grain, the lower grain has nanometer-sized
spots with stronger La signal. This indicates that the filling factors
of La and Ce are completely different, with La being more prone to
concentrate in nanometer-sized spots and in a reduced number of
grains. This is very similar to the material analyzed in La,Co,Sb,,
material prepared under similar conditions."”® On the other hand,
the concentration of Ce, in addition to being homogeneous and
higher than the concentration of La, is also higher than that
obtained in a pure Ce,Co,Sb;, specimen.'® This suggests that the
Ce filling factor can be increased when La is added to Ce as a doping
element for CoSb;. Examination of other six regions (over ten grains)
is consistent with these results, as shown in Fig. S5 (ESIY).

Thermoelectric properties

The electrical transport properties of all Mm,Co,Sb;, samples
(prepared under high-pressure conditions) and CoSb; (prepared
by conventional methods) are displayed in Fig. 5. The tempera-
ture dependence of the electrical resistivity is shown in the upper
panel of this figure. For x = 0.50, the resistivity has a maximum
around 600 K, and above this temperature it decreases due to the
thermal activation of minority carriers across the bandgap.
These values could be hampered by the presence of sparse
impurities, detected in the SXRD patterns for x = 0.5, consequence
of the high amount of rare-earth initial content. For x = 0.15,
the resistivity displays a semiconductor behavior, decreasing
monotonously with temperature, from 8.8 x 10> Q m down to
1.5 x 107> Q m. For the two other compositions, x = 0.20, 0.25,
from RT up to 780 K the resistivity is considerably lower and
varies between 8.6 x 107° Q m and 1.1 x 10> Q m, and
between 1.09 x 107> Q m and 1.4 x 10~> Q m, respectively.
These compositions are different: their electrical resistivity
increases with temperature, which is the typical behavior of a
metallic compound.

These resistivity values are comparable to those reported for
Mm-filled and Fe-doped skutterudites, around 1 x 10> Q m,****
yet they are much better (lower) than those measured for undoped
HP-synthesized CoSb;_s, around 2 x 10~ *-3 x 10~* Q m,* and for
CoSb; prepared by conventional methods, around 2 x 10~* Q m.
This is due to the charge transfer effect from the filler atoms to the
CoSb; structure.

The Seebeck coefficient (Fig. 5) displays an n-type behavior,
with values around —100 pv K™ ' at room temperature for
every composition, as observed for other rare-earth-filled skutter-
udites.”®'® The absolute Seebeck coefficient slightly increases
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Fig. 5 Temperature dependence of the (a) electrical resistivity, (b) See-
beck coefficient (S) and (c) power factor (Szp’l) of Mm,Co,4Sb;, and pure
CoSbs (insets) prepared by conventional methods (from ref. 16).

with temperature, up to a maximum of § = —155 pvV K~ ' at 700 K
for Mm, ,Co,Sb,,. Above that temperature the contribution of
minority carriers, cause a decreasing trend. Similar to the
electrical resistivity, as a consequence of the charge transfer
from the filler atoms to the skutterudite structure, the Seebeck
coefficients are reduced compared to CoSb;_s;, obeying the
Pisarenko-relation. This is the counterpart of the electrical
conductivity enhancement. The trend displayed by the nominal
compositions Mm,Co,Sb;, with x = 0.15, 0.20 and 0.25 follows
the possible change in the carrier concentration, related to the
actual filling level of the skutterudite structure. However, both
the resistivity and the Seebeck coefficient of Mm, 5Co,4Sb;, could
be affected by the presence of impurities.

The power factor (S*/p) was calculated using the experimental
values of the Seebeck coefficient and resistivity. As shown in
Fig. 5¢, a maximum is observed for the Mm, ,Co,Sb;, specimen
at relatively high temperatures, reaching 2.25 mW m™" K>
660 K. Unlike pure CoSbs, the power factor in Mm-filled CoSb;
indicates a good thermoelectric performance at elevated tem-
peratures, with promisingly elevated power factors.

We obtained important improvements in the skutterudite
thermal conductivity (k.), as shown in Fig. 6 for Mm,Co,Sb,
prepared under high-pressure conditions. The best (lowest) kot

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Temperature dependence of the total thermal conductivity (upper
panel), and electronic (i) and lattice (k) contributions (bottom panel) of
Mm,Co,4Sby, and CoSbsz conventional (from ref. 16). Data for an annealed
Mmg 5Co4Sbi, sample at 873 K have been included for comparison.

of 1.6 Wm ' K ! at 773 K is observed for the Mm, sC0,Sb1,
composition, which is hugely reduced with respect to unfilled
CoSbj; skutterudite. However, for Mm, ;5C0,Sb,, seems that the
actual quantity of mischmetal included in the skutterudite
structure is not enough to achieve a great reduction in thermal
conductivity, it is still significant compared to the thermal
conductivity of the pure CoSbs;, of 8.5 W m ' K ' at RT.
Moreover, data measured for an annealed Mm, 5sC0,Sb;, speci-
men are included in Fig. 6 for comparison. As commented
above for the SXRD at 873 K, at high temperature (i.e. during
annealing, too) the material becomes homogeneous, since the
filler atoms rearrange within the structure, as shown by
changes in the phase ratio and filling fractions. The thermal
conductivity of the annealed sample is dramatically higher due
to the long-range homogenization of the fillers, which endorses
the conclusion that it is the phase segregation in the high-
pressure synthesized samples that brings about the improved
thermoelectric properties. Fig. S6 (ESIT) illustrates the thermal
conductivity of Mm, 5C0,4Sb;, compound before and after the
annealing treatment.

The electronic thermal conductivity was calculated using the
Wiedemann-Franz law, which states k. = LoT, being L the

This journal is © The Royal Society of Chemistry 2019
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Lorentz number, ¢ the electrical conductivity (¢ = p~') and T
the absolute temperature. The value of the Lorentz number
was calculated using the expression L = 1.5 + exp(—|S|/116)
(SisinpuVK *and Lin 10 W QK 2),>* giving L =1.81 x 10 3-
2.20 x 10°® W Q K% As shown in Fig. 6b, the electronic
contribution displays a continuous increase with temperature;
however, it never reaches a significant value and the phonon
contribution dominates the thermal conductivity in most samples,
except in Mm,,C04Sby,, (and in Mmy,5C04Sby,) where the
electronic and lattice thermal conductivities almost converge at
773 K. This is highly desirable, and occurs because of the low
resistivity and lattice thermal conductivity of this compound: the
thermal conductivity is no longer dominated by phonons.

The lattice thermal conductivity follows the same temperature
trend as the total thermal conductivity. These values (Fig. 6b) are
improved (lower) in comparison to that measured for the pure,
conventional CoSb;'® and are also lower than those corresponding
to CoSb,_s, synthesized under high pressure.”® The comparison
with other filled skutterudites and filling fraction indicates that this
reduction cannot be exclusively attributed to the filler resonant
scattering. In fact, these lattice thermal conductivities are indeed
low, even compared to La- and Ce-filled CoSb; prepared under
the high-pressure conditions (~2.5 and 2.8 W m~" K™ ' at RT,
respectively), which display an analogous phase separation, but
no elemental segregation.'>'® As for samples prepared by
other means, Nolas et al.>® found lattice thermal conductivity
of ~4aWm*K?'and 7 W m ! K in Lag,3Co,Sb;, and
Lag 05C04Sby, at 400 K respectively, prepared by a solid state
reaction in sealed quartz ampoules. Ce,Co,Sb,, samples with
high actual filling fraction in the range of x = 0.14-0.16°
have values close to 2.0 W m™* K ', while for samples with

= 0.05-0.10 Ky, iS ca. 4 W m~* K at RT.*° Fu et al®
measured values between 3.5 (300 K) and 2.0 W m™ " K '
(600 K) for Ni-doped Yb, ,Co0,Sb;,. Other reports of Mm-filled
CoSb; skutterudites include Fe as dopant. These materials are
not comparable to our compounds, as the disorder in Co/Fe
position induces other effects, additionally reducing the lattice
thermal conductivity.'>'*?* As suggested before, the low lattice
thermal conductivity observed in the present high-pressure
Mm-filled compounds is not only attributed to the resonant
scattering introduced by the filler element, but also to the phase
segregation into Ce- and Mm-filled skutterudites. Increased dis-
order and strain scattering is induced by the uneven distribution of
Ce and La atoms in the Mm-filled phase. This low thermal
conductivity can be a very interesting starting point to enhance
the thermoelectric performance of skutterudite-type materials.

The remarkable increase of the power factor along with the
constant reduction of the total thermal conductivity results in
an increasing figure of merit up to a maximum of ZT ~ 0.5 at
673 K for Mm, ,Co,Sby, (Fig. 7). Although it can be further
improved in mixed Co-Fe skutterudites, the results shown here
offer an interesting approach on how a further reduction in
thermal conductivity is realized in Co skutterudites upon
inducing a segregation of filler atoms of different chemical
nature (comparison with the ZT of the annealed sample have
been included in Fig. S7, ESI{). In fact, we obtain lattice
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conductivity and 1.5% for the electrical resistivity.

thermal conductivities close to 2 W m~' K~ ' at RT for our filling
fraction, that are as good as these reported for filled skutter-
udites with a higher filling fraction.® Here, this effect sponta-
neously happens starting from a Ce-rich mischmetal alloy,
which under the high-pressure synthesis conditions segregates
into Ce-filled and Mm-filled regions. As a final consideration,
we have synthesized here Co-only n-type skutterudites; addi-
tionally doping with Fe at Co sites, p-type thermoelectric
materials can be obtained, where the carrier concentration
might be additionally optimized, thus reaching even higher
ZT figures of merit.

Conclusions

The synthesis and sintering of Mm,Co,Sb;, skutterudites was
carried out in one step under high pressure conditions,
followed by quenching. The structural analysis displays an
uneven distribution of the different rare-earth elements into
Ce-filled and Mm-filled CoSb; phases. Compared to unfilled
CoSb; prepared by conventional methods, this composition
presents an improved resistivity and holds the Seebeck
coefficient around ~100-150 pvV K~ ' throughout the whole
temperature range, which leads to an enhanced power factor.
The inclusion of mischmetal in the structure boosts the scat-
tering over a broader range of phonon spectrum, which results
in an exceptional reduction in total thermal conductivity to
values as low as 1.6 W m ™' K" at 773 K for x = 0.5. This is lower
than that found in other Ce- and La-filled CoSb; skutterudites
with even higher filling fractions, which can be attributed to the
distribution of the different filler elements into two skutteru-
dite phases, driving the induced disorder and strain field
scattering. The best figure of merit, ZT, corresponding to
Mm, ,Co,Sb;,, continuously grows from room temperature up
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to 673 K, reaching a maximum value of ~0.5, much higher
than the original CoSb; figure of merit. These results show
how to further reducing the lattice thermal conductivities of
skutterudites while, at the same time, the charge transfer and
electronic conductivity properties may be suitably improved to
achieve optimized figures of merit.
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