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The research on Skutterudites in the last years has contributed to a better understanding of the physical

processes which play an important role in enhancing their thermoelectric performance and to the

discovery of novel filled compounds, with one of the most promising z7 values at intermediate

temperatures. Skutterudites are still an ongoing field of research, and an improvement of their

efficiencies, stabilities, contacts, industrial scalable fabrication processes and other factors are expected in

a near future in order to carry out viable modules for intermediate temperature range applications, such as

automobile industry, factories or incinerators. This paper gives a review on the status of research in the

field of Skutterudites.

1. Introduction

The consumption habits and the growing need for energy in our
1s world have awoken the interest in alternative energy sources,
along with new technologies able to optimize the energy
efficiency of traditional routes of fuel combustion. According to
calculations, two-thirds of the energy produced for human
consumption are wasted as heat." In the more specific case of the
automobile, it is calculated that only 25% of the fuel introduced
in a car is transformed into useful energy.” Within this context,
thermoelectricity appears as a viable alternative with a promising
future that combines a clean energy source with the possibility of
increasing the global energy efficiency ® (Fig. 1).

25 The thermoelectric effect is the direct conversion of a temperature
gradient into electricity (Seebeck effect) and vice-versa (Peltier
effect). Therefore, solid state thermoelectric devices mainly
possess two important applications: as thermoelectric generators,
which are able to generate a voltage potential by applying a

30 temperature difference, or as refrigerators, acting as (micro-)
coolers. Thermoelectric generators (TEGs) are capable of
converting the waste heat generated by different sources (such as
solar irradiation, heat generated in the car exhaust or in industrial
processes) into usable electricity. Advantages of these devices are

35 long-term equipments, low environmental impact, mechanical

2

stability and high reliability (without moving parts).*”

The first manufactured TEG devices were thermoelectric-

powered radios using a kerosene lamp in Russia in the 19505,6

but until the 1990s, the conversion efficiency of these
40 thermoelectric devices was low (ca. 4-6%) and their applications

were limited, to space missions, medical applications or

laboratory equipment.

Conversion efficiency of electricity generation 7 is directly

governed by Carnot efficiency 1. and the Figure of Merit (ZT)
45 given by

a+zP) "2 -1
]- (N

n=rnc [(14_2,7,)1/2 + (TC/TH)
Here, n¢e = (Ty — T¢)/Ty is the Carnot efficiency, Ty and T are
the temperatures of the hot and cold sides of the TE legs,

so respectively, ZT is the Figure of Merit of the thermocouple at the
average temperature T = (Ty + T¢)/2.”
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Fig. 1 Characteristics of the electricity generators devices based on

ss thermoelectricity: a) Plan for the European Union called "Re-thinking
2050" to obtain 100% of its energy needs with renewable sources by
2050: 31% from wind, 27% from solar PV, 12% from geothermal, 10%
from biomass, 9% from hydroelectric, 8% from solar thermal and 3%
from the ocean (Source: EREC)®;b)Typical energy path in gasoline fuelled

60 internal combustion engine vehicle; c) Diagram of the useful consumed
and the wasted as heat energy in 2007 in USA (Source: Energy
Information Administration Annual Energy Review 2007; d) Prototype of
a thermoelectric device used to increase the energetic efficiency and to
reduce the CO, production in automobiles (Source: BMW).
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Fig. 2 Summary of some of the best zT for bulk thermoelectric materials to date as a function of temperature: a) p-type thermoelectric materials are
CsBisTeg’, polymer PEDOT:PSS™, BiosSbysTes',Na-Pb-Sb-Te (SALT)™,PbTe-SrTe-Na®, (GeTe)oss(AgSbTes)os + 2%Dy™, B-Zn,Shs™, BiCuSe0®,B-Cu,Se”’,
Yb1aMny,AlSby; (Zintl phase) , HfysTio2CoSbosSno2 (Half-Heusler compound)®® and B-doped SiGe alloy®. b) n-type thermoelectric materials Bi;Tes,Sex
+1%Cu?", AgPbi1sShTeso (LAST)?, Mg,Si,Sny’>, B-InsSess™, PbTe-Ag;Te-La>®, BaposLaoosYbo0sCosSb1a (Skutterudite)®, BagGaisGeso (Clathrate)”’, P-doped
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SiGe alloy

The efficiency of a thermoelectric module depends on different
factors, such as the electrical connections, contact resistances and
lateral heat losses, but the most critical factor is the material
itself. The Figure of Merit (z7) of a thermoelectric material is
given by:

@
is the Seebeck coefficient, o is the electrical
conductivity, k is the thermal conductivity, and T is the
temperature. The product of the square of the Seebeck coefficient
and electrical conductivity is called the Power Factor(PF =
S?0).

In order to manufacture a thermoelectric device with a conversion
efficiency closer to other traditional mechanical power
generators, a Figure of Merit of ~3 would be necessary.w_31
Therefore, all efforts is focused on the improvement of the z7, the
maximization of the Seebeck coefficient and the electrical
conductivity, as well as the reduction of the thermal conductivity.
However, the optimization of the aforementioned properties is
not trivial, as these properties are interrelated in classical physics,
for example, an increase of the Seebeck coefficient implies a
decrease of electrical conductivity, and electronic thermal
conductivity is related to electrical conductivity via the
Wiedemann-Franz law. Thus, a balance among them is required.

where S

28 29
and Las,Te;”.

The Figure of Merit of state-of-the-art thermoelectric materials
versus the applied temperature is illustrated in Fig. 2. Until 1960,
the most known and studied materials were heavy atom-doped
semiconductors, such as Bi,Te;, PbTe, Si-Ge or Te-Ag-Ge-Sb,
where the values of the Figure of Merit zT close to 1 were
reached. These values were not enough to generate an interest at
funding agencies to continue research; hence most of the
developments were carried out on industrial level until the 90's.
As a result, commercial modules based on the Bi,Te; family
became the most popular thermoelectric material used for chair
heaters, IC chip cooling or portable refrigerators.

For high temperature operation of thermoelectric power
generation devices, the most known material until the 80's were
Si-Ge alloys. Famous applications for this device were the space
probes Voyager 1 and 2, which used a radioisotope
thermoelectric generator based on a Si-Ge module®”.

With the publication of new theories about how to increase the
efficiency of a thermoelectric device, which predicted efficiencies
higher than 15%, and the discovery of new thermoelectric
materials with interesting properties, the world focused its
attention on this field and several new projects appeared, giving a
new impetus to thermoelectricity.

After the 90's, two novel proof-of-principle approaches were
presented and thermoelectric field had a re-emergence. These
new strategies to improve thermoelectric efficiencies could be
summarized by two fundamental aspects: nanostructures and

This journal is © The Royal Society of Chemistry [year]
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study of new materials based on the "Phonon Glass and Electron
Crystal" concept.™

l Strategies to reduce lattice thermal conductivity:
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Fig. 3 Different strategies to reduce lattice thermal conductivity, and a
5 few examples of the materials where these effects are better
represented.33

The first one was based on the effect of reducing the
dimensionality of thermoelectric materials by nanostructuration.
The thermoelectric performance would be improved through the

10 reduction of thermal conductivity by phonon scattering at the
grain boundaries (Rowe, 1981) ** and possible enhancement of
Power Factor by the quantum confinement effect (Hicks and
Dresselhaus, 1993). *°
It was found that this size reduction, upon nanoengineering the

1s materials, significantly decreased thermal conductivity of the
network,***” although the second point of the quantum
confinement has not been proved yet.

The second approach focused on new complex materials with
phonon-glass electron-crystal (PGEC) properties, proposed by

2 Slack.*®* The voids in the crystal structure of these materials
could be filled with heavy elements atoms, acting as rattlers and
increasing the number of phonon scattering centers, hence
reducing the lattice thermal conductivity significantly. The main
characteristic of these thermoelectric materials is that they can

25 carry the electrical current as a crystal, but behave as amorphous
materials with respect to the lattice thermal conductivity.
Skutterudites, Clathrates and -Zn,Sb; phases are among the
most known examples.

Recent strategies to improve thermoelectrical systems are focused

s on decoupling the thermopower factor and the thermal
conductivity, through complex nanostructured materials.*’ In
order to increase the Power Factor, it is possible to tailor the band
structure near the Fermi level, leading to higher effective mass,
through doping*'. However, a compromise between large

35 effective masses and mobilities is required, as well as the
optimization of carrier concentration. Furthermore, a main
research focus is the reduction of thermal conductivity, creating
different phonon scattering at different length scales but
maintaining the electron flow.*

40 Fig. 3 summaries the different strategies to reduce lattice thermal
conductivity known at the moment and the materials they
comprise.** Obviously, the same material can be affected by
several strategies. These physical phenomena affect not only the

phonon scattering, but also the band structure of the material
45 modifying the Power Factor.

Apart from the search for high z7 values, research on new
thermoelectric materials nowadays focuses on lead and/or
tellurium free materials, with good mechanical and thermal
stability, formed by cheaper, earth-abundant and less toxic
elements and materials with good reproducibility for an easy
technological transference to industry.

As can be observed in Table 1, compounds based on bismuth
telluride are among the most studied materials at low temperature
applications (RT- 400K), due to their high Figure of Merit (best
2T of 1.86 at 320K for p-type'' and 1.15 at 340K for n-type*') and
good thermal stability. Nevertheless, the main drawback of these
families of materials is the scarceness of raw materials.

At high temperatures (>900K), an enormous improvement was
reached, achieving Figure of Merits higher than one for almost all
the families. Most known materials are shown in Fig. 2: SiGe
alloys®, La;,Te,, Zintl phases (YbuMni,ALSbi)®, new
thermoelectric materials called phonon-liquid electron-crystal
(PLEC), Cu,,Se, which possess
conductivities due to the high mobility of the copper with

5
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such as low thermal

6!

a

L .17 - . .
superionic behavior,”" and oxides". Oxides emerged due to its

promising performance and environmental friendlyness43
However, they usually have higher lattice thermal conductivity
and lower mobility than other thermoelectrics, due to the strong
bonding of light atoms and the high electronegativity of oxygen,
respectively. These properties give oxides a major drawback
limiting these materials to broaden application.

Compounds based on lead telluride or related families, such as
AgPb,SbTe,,,, (called LAST (Lead-Antimony-Silver-Tellurium),
(GeTe);(AgSbTe,), (TAGS (Tellurium-Antimony-Germanium-
Silver), Na;.Pb,Sb,Te,., (SALT),12 etc, presented the best
Figure of Merit known until now for bulk thermoelectric
materials, with values of 2.2 at 915K for p-type PbTe doped with
4% SrTe and 2% Na,13 1.6 at 775 K for the n-type doped with
Ag,Te and La,25 or 2.2 at 800K for the n-type compound
AgPbsSbTey, (LAST) for medium range applications (400-
800K).””

Promising materials for middle temperature applications are
magnesium silicide and related alloys,” *** superionic phases,*®
7 Half-Heusler compounds'® ? and compounds based on PGEC
concept, such as Skutterudites®® or Chlathrates®. There are many
efforts to enhance the Figure of Merit and the properties and
stabilities of these new thermoelectric materials, due to the
growing obtaining lead
thermoelectric materials. This attention is related to the restriction

7

S

7

o

8

S

8

3

interest in and tellurium-free

9

of the use of lead and other materials in electrical and electronic
equipment in Europe. The two directives from the European
Union called "Waste from Electrical and Electronic Equipment
(WEEE)" and "Restriction of Hazardous Substances (RoHS)"
took effect in July 2006.* More specifically, the use of lead in
automotive thermoelectric materials will be prohibited from
January 2019.

Major improvements in these lead-free thermoelectric families
are expected in the future as well as the transfer of this
10 knowledge to the industry. Other emerging non-toxic families

9

b
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Table 1: Summary of some of the best known thermoelectric families: their application temperature range; zT values; thermal, mechanical and chemical
stability at operation temperature; toxicity/ environmental impact; and the availability of raw materials and possibility of large scale production and
device fabrication, according to published data. Color code: green (favorable or safe), red (unfavorable or not-safe), orange (intermediate), question

mark no information was found in literature.
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; .
and earth abundant are sulfosalts®>'. Best results were found in

tetrahedrites®> >, with z7T exceeding unity, 1.13 at 575K, due to
the low thermal conductivity by their complex crystal structure.
Among thermoelectric materials with high efficiency and lacking

10 the non-desired tellurium or lead, Skutterudites stand out with a
promising future. As can be observed in Table 1, all the
parameters studied for Skutterudites are favorable or safe and/or
intermediate. The elements that comprise them are not highly
toxic and relatively abundant. Skutterudites present high zT'

15 values, and are mechanically and thermally stable. They are
currently produced on a large scale.

2. Skutterudites
2.1 Structural parameters and bonds for binary Skutterudites
20 The Skutterudite is a type of arsenide mineral that was first

Availability
raw
materials

High
output
production

discovered in Norway in 1845. Its composition is CoAs; with
iron or nickel substituting cobalt. Its general formula is TPnj
where T is a transition metal and Pn is a pnictogen. Oftedal was

the first to describe its structure in 1928°* as a cubic structure

25 containing 32 atoms with a space group Im-3. The unit cell
consists of eight cubes of the transition metal (being T=Co, Rh or
Ir) occupying the Sc sites (Y4, Y4, V4), with six of these cubes filled
with square planar rectangles of the pnictogen (being Pn=Sb, As
or P) occupying the 24g (0, y, z) sites. (Fig. 4a)

30 The two remaining voids in the unit cell (2a (0, 0, 0) or (Y2, Y2, V2)
sites) can be filled by atoms with ionic radii smaller than the
cage. The formula describing the unit cell for binary Skutterudites
is 0,TgPn,4, where O denotes the voids that can be filled with rare
earth or alkaline-earth elements. It is more common to describe it

35 as the half of the unit cell oT4Pn;,, which is isoelectronic with 72

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Unit cell of the Skutterudite, a) described by Oftedal et al. in

1928;* b) crystalline structure defined by Kjekshus et al. in 1974, where
the octahedral coordination of the metal atom is drawn. For both

images, transition metals are represented by red spheres, pnictogen
atoms by yellow spheres and the voids in the structure or the filled
atoms by light blue spheres.

valance electrons.

The first assumption of Oftedal, that the distance between the
pnictogen atoms were the same (d; = d,) and regular octahedral
positions for pnictogen atoms, was modified in the 70s, when
Kjekshus er al experimentally proved that none of the binary
s Skutterudites satisfied the Oftedal relation 2(y + z)=1. Therefore,
the more precise crystalline structure for Skutterudites would be
distorted perovskite-type structure ReO;, while the pnictogen
rings are rectangular and not square. Kjekshus attributed
rectangular distortions to the anisotropic environment and the
presence of the two voids in the structure per unit cell. (Fig. 4b).

These lattice favor distortions are better understood when the
atomic bonds are observed. The nature of the bonds in the
Skutterudites is mainly covalent. The distance between transition
s metal atoms is too large to create a bonding, thus the interactions
occur between Pn-Pn (the pnictogen atoms), forming the Pny
rings, and T-Pn bondings (the metallic atoms with the pnictogen).
The valence electrons configuration of the pnictogen atoms is
ns’np® type, giving five electrons to each bond. Two of these
30 electrons are localized in the bonding with the two nearest
pnictogen atoms, and the remaining three valence electrons are
localized in the bonding with the two nearest metallic atoms.
From the perspective of the metallic atom, it contributes with
three electrons by bonding with the six neighbor pnictogen atoms,
resulting in an octahedral hybridization of the d’sp® orbitals. This
generates an octahedral coordination TPng, in which the 18-
electron rule is fulfilled, 9 given by the pnictogen atoms and 9
from the valence electrons of the metallic atom. This
configuration favors the diamagnetism and the semiconductor
character of the Skutterudites.

The structural parameters of several binary Skutterudites have
been studied, observing in all of them the distortion of the
pnictogen squares (d; # d,). The structure can be defined by the
lattice parameter a, and the distances between the pnictogen
atoms y and z.

As can be observed in Table 2, increasing the atomic mass of the
metal atom also increases the lattice parameter. Similarly, it is
so shown that the lattice parameters and the void size (R) are larger

for the antimony Skutterudites.

Table 2 Structural parameters of binary Skutterudites, based on
phosphorus (green), arsenium (violet) and antimony (blue). Data from
Kjeshus and Rakke (1974)>° and Nolas et al (1996).>°

Lattice d d; d, R
constant y Z T-Pn Pn-Pn Pn-Pn (void)

(A) ) W (A) (A) (A) (A)
CoP; | 77073 03482 0.1453 2222 2240 2340 1.763
RhP; | 7.9951 03547 0.1393 2341 2227 2323 1909
IrP; | 8.0151 03540 0.1393 2345 2233 2340 1.906

NiP; | 7.8192 03540 0.1417 2280 2216 2283 -
CoAs; | 82055 03442 0.1514 2337 2478 2560 1.825
RhAs; | 84507 03482 0.1459 2434 2468 2569 1934
IrAs; | 84673 03477 0.1454 2441 2456 2574 1.931
CoSb; | 9.0385 03351 0.1602 2520 2.891 2982 1.892
RhSb; | 92322 03420 0.1517 2621 2807 2917 2.024
IrSbhy | 92503 03407 0.1538 2.617 2.850 2943 2.040

S

a

S

3

2.2 Skutterudites based on CoSh;

The most studied Skutterudites for thermoelectric materials are
those based on antimony, due to their high mobility, high atomic
masses, low electrical resistivity and good Seebeck coefficients.
More specifically, Caillat e al found a high mobility 3445 cm?V-
's! and a charge concentration of 4.10"7 cm™® at room
temperature for single crystals of CoSbs.”’

CoSb; holds very promising thermoelectric properties, with a
high power factor (30pW/cm™'K™") and a high Seebeck coefficient
(200 uV/K). However, its thermal conductivity is also high (8.9
Wm'K"' at 300K) and therefore most efforts are focused on
reducing this value to achieve a high z7.%,

Best Figure of Merit for undoped CoSb; was 0.17 at 610K.*° This
ZT value was achieved through nanostructuration and hot pressed
compaction. However, depending on the synthesis and
compaction technique, thermoelectric properties of undoped
CoSb; changes drastically, exhibiting p-type or n-type
conductivities, and sometimes, both behaviors, changing from n
to p-type at high temperatures. This n-type behavior is usually
related to impurities and/or Sb-deficient samples.**%*

The approaches used to improve the efficiency of CoSb; can be
divided in:

- Modification of the crystalline structure by: a) the filling of
guest atoms in the structure voids, or b) doping at cobalt or
antimony sites to generate defects.

- Nanostructuration and nanocomposites, where the defects, grain
boundaries and interfaces help to increase the phonon scattering
in order to reduce the thermal conductivity.

2.2.1 Filled Skutterudites

This approach always leads to n-type Skutterudite.

Within the approaches to reduce the lattice thermal conductivity
of the compounds based on CoSbj;, the introduction of filler
atoms in the voids of the crystalline structure is one of the most
studied.

According to the theory of the PGEC materials proposed by Slack
at the early 90s,”*% these materials must have a large unit cell,
with heavy atoms in their structure, small differences in the

This journal is © The Royal Society of Chemistry [year]
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electronegativity of the constituent atoms and a high charge
mobility. Slack and Tsoukala® postulated that the guest atoms in
the voids act as independent oscillators (rattle effect), interacting
with the normal phonon modes and decreasing in this way the
thermal phonon conductivity in filled Skutterudites. Rattlers not
only affect to thermal conductivity, but also improve electrical
conductivity,
elements, albeit having a negligible effect on the band structure,
thus the Seebeck coefficient is not modified.

Traditionally, the role of the filler was associated with the

because fillers generally are electropositive

additional and independent resonant scattering mode introduced
by the weak interactions between the filler and the host
structures. 5% This rattling behavior was also supported by the
observation of localized modes in two experiments using heat-
capacity and inelastic-neutron scattering measurements.®”
However, there is a controversy over this point. The rattler model
was challenged by the calculations of interaction between host
and filler done by Feldman e al ® (where they showed that the
rattler has a strong harmonic potential associated with the
mobility of the filler in its cage) and the experiments performed
in La-and Ce-filled Fe,Sb,-type Skutterudites " (where the
coherent propagation of the filler-related phonons was not easy to
be interpreted by the existing theory).

In general, it was accepted that the introduction of the filler
modifies the phonon dispersion processes for fully filled
Skutterudites. Li and Mingo have reached the conclusion ”' by
using ab initio calculations that the reduction of the thermal
conductivity in filling Skutterudites can be due to an increase of
anharmonic scattering rates, with a contribution from the
reduction of group velocities (that is, the phonon lifetime
reduction).

First experiments filling the Skutterudites were performed by
Jeitschko and Braun, successfully obtaining different lanthanum
filled- Skutterudites.”

It is important at this point to define two types of different filled
Skutterudites:

- Binary isoelectronic Skutterudites, which have filled
icosahedron voids of the structure (see Fig. 4a). This type of
compounds has a limit of filling fraction and always has n-type
conductivity.

- Non-isoelectronic Skutterudites, whose structure is stabilized
by the electrons provided by the guest atom. Examples of the first
group filled Skutterudite, as the
Bag gsLag 05 Ybg04C04Sb, compound26 and for the second group
the LaFe;CoSb;, or CeFe,,Co,Sb;, Skutterudites.”””> This
second group will be revised in the section on filled and doped
Skutterudites.

The limit of the filling fraction depends on both the radius of the
void in the structure and on the ionic and the valence state of the
guest ion. Chen et al proved that the stability range of rjon/Tcage 1S
between 0.6 and 0.9.7® This stability range depends mainly on the
oxidation state (n) of the introduced atom in the following
manner

are such

Y max=Tion/Tcage - 0.086n -0.24 3)
Considerable research has been conducted in fillings with
alkaline metals (Na, K, Rb), alkaline-earth (Ca, Sr, Ba), elements
of the XIII group (In, T1) and rare earth elements (La, Ce, Pr, Nd,
Sm, Eu and Yb). Shi et al summarized in their review the

60

6!

%

K

7

P

8

85

o

95

theoretical and experimental filling fraction limits.”” They found
that partially filled Skutterudites are very sensitive to the
difference of electronegativity between the antimony and the
guest atom. They also established a simple rule to predict the
thermodynamic stability of filled Skutterudites with R,Co,Sb;,
composition: yg - ¥sp, > 0.8, with g and yxs, being the
electronegativity of the filler atom and antimony, respectively.
The values of the thermal conductivity have been reduced down
to values lower than 2 Wm™'K'!, increasing the Figure of Merit,
due to the introduction of the guest atoms and the optimization of
the concentration... The best results were obtained for samples
with Yb, proving that rare earth elements are very efficient by
introducing additional vibration modes at low frequencies and
scattering those phonons.”® zT values of 1.26 at 800K were
obtained for Yb,,Co,Sb, 3, achieving some of the lowest thermal
conductivities (1.8 Wm'K™') at room temperature. ” Other
promising values have been obtained with alkaline (Na®,K*' or
Li%?) and alkaline-earth metals (Ba®, Ca®* or Sr¥°)

It seemed that a limit was reached in the efficiency when only
introducing a unique guest atom. However, the influence of
multifilling was not clarified until the study of Yang et al,”® who
predicted a higher phonon scattering by choosing two guest
atoms with a difference of resonance frequencies as high as
possible.

One of the first contributions which introduced two different
guest atoms was published by Lu ef al. Values of 1.81 Wm™'K’!
of thermal conductivity = were achieved for the
Ce( Lag,FeCo3Sb;, Skutterudite. However, the electrical
conductivity was low and values of zT of 0.6 at 773K were
accomplished.®

Finally, the filling by three different guest atoms was also
studied, giving the best Figure of Merit up to now for n-type
Skutterudites with values of 1.7 at 850K for the
Bag ggLag 05 Ybg04C04Sb, compound26, 1.8 at 800K for
St.07Bag 07 Ybg7C04Sby, after HPT treatment®” and 1.9 at 835K
for Sro.o9Ba0,11Ybo.05CO45b12-88

Fig. 5 summarizes best zT values for one, two or three guest
atoms into the Skutterudite structure and its temperature
application.

LoS
04_
(7)

%

Bag 141Ng.23€0,5015 g4

11Ybg.05

Li 36C0,5b;;

'i
]
]

o
i
0
(72)
=
(<)
(S)
o~
S
=]
>

Fo.09Bag

Bag 03Ybg.05€0;5b1; |

m2
Number of guest atoms type

100 Fig. 5 Best zT values obtained with the different guest atoms for n-type

Skutterudites: Yb0_2C04Sb12_379, Li0_35Co4Sb1282, Bao_14ln0_23Co4Sb11_3489,
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Bao.osYbo.oecoasb12,1290, Bao.osLao,osYbo,o4C045b1226 and
Sr0.09Ba0.11Yb0.0sCOaSb1,™

2.2.2 Doped and filled Skutterudites

This type of approach is normally used for n- and p-type

Skutterudites.

A different phenomenon is observed for the type p or n doped
Skutterudites. In this case, part of the Co and/or Sb are
substituted by a similar element with a higher number of
electrons, acting as donors and giving rise to n-type conduction,
or by an element with a lower number of electrons, generating
holes and giving rise to p-type conduction. It has been proved that
doping levels even lower than 1% strongly influence the
electrical properties of the material.

Doping has often been considered to improve only the Power
Factor. However, recent studies prove that doping can positively
influence the reduction of the thermal conductivity.’’ These point
defects create strong phonon scattering by atomic mass
fluctuation and strain, leading to reduced thermal
conductivity and improved T .

size

N-type doped Skutterudites

Typical donor doping of CoSb; to obtain n-type Skutterudite are
Ni, Pd or Pt, 2% substituting at the cobalt sites, or Te and Se
substituting at the antimony sites.

A strong relationship between dopant concentration and electrical
properties was established. The elements with higher mass do not
only have an influence on the power factor, but also decrease the
thermal conductivity due to point lattice defects that favour
phonon scattering. This relationship was observed experimentally
with the best result being the doped 5% Pd and 5% Pt
Skutterudite, with a zZ of 0.9 at 750K.”> Anno et al”® reported the
strong influence of nickel on the electronic properties of CoSb;
due to electron-phonon interactions. However, Ni-doped
Skutterudites values of zT are low in comparison to Pd or Pt. The
best value in the literature was 0.7 at 775K for the composition
CoygNij,Sbs. This value was accomplished by introducing pores
in the nanostructured bulk.”

It has been proved that the thermal conductivity reduction is more
effective with doping in the pnictogen ring, as it dominates the
spectrum of phonon thermal conductivity.** *’However, single
doping at Sb sites with Te has certain disadvantages, as the Te**
gives an extra electron that saturates the negative charges, thus
decreasing the mobility. Despite this, the solubility limit of
tellurium in the CoSb;Te, structure is approximately x=0.15. zT'
values of 0.93 for x=0.15"® and 0.95 for x=0.2" were obtained at
a temperature of 800 K, approximately.

Recent studies proved the efficiency of double doping in these
materials. The solubility limit of tellurium in the structure
increases to x=0.2, with a higher scattering by point defects,
substituting with Te and other element to compensate the charge
(Ge or Sn, for example). The bonding and symmetry of the rings
were also altered, leading to changes in the phonon vibration
spectrum. As a consequence, the thermal conductivity drastically
dropped. Values of zT of 1.1 at 800K for CoSb,75Geq osTeq 20 100
and for CoSb, 75500 0sTeq 20 at 820K were obtained. *!

Some studies were carried out on n-type Skutterudites doped in

both Co sites (with nickel or iron) and Sb sites (with tellurium).

6 The highest zT value achieved for double-doped Skutterudite was
Table 3 Best zT values for n-type doped Skutterudites and its synthesis
methods and references. Units for k [Wm™K™]

Compound zT k Methods Reference
. 0.7 at He et
COo,leo,szg 775K 2.8 MA-+HP al,20089"
. 0.6 at MA+ Zhang et
CosNio2Sbr, 800K -3 SPS al,2008'”
5%Pd and 5 %Pt 0.9 at -3 MAG+ Tashiro er
doped CoSb; 750K HP al, 1997
CoSb,.75SngsTeq» 1.1 at 20 HEBM+ Liu et al,
(M=Si,Ge,Sn,Pb) 823K ) SPS 2008
0.72 at MAG+S Liet al,
Co4Sby15Tey s 850K 4 PS 200510
0.93 at HEBM+ Liu et al,
CoSbassTeuss 820K 3 SPS 2007%
0.95 at MAG+ Duan et
CoSbuiiTeos 800K 36 SPS al,2012*
0.98 at SHS + Liang et
CoSbz.sTeo.s 820K | 7 PAS | al,2014""
1.1at MAG+ Su et al,
CoSb,75GegosTe 2 800K 3 SPS 2011
CogSbsi s 0.78 at 258 RF+Ann Mallik et
SngsTeqss 700K ’ ealing al, 2008'?
Co0y.92Nig0sSh.97Tey 0.65 at Stiewe et
N osok | 32 | CSHHP | 0050
Co0y.92NigsSh.0ssTe 0.65 at ~ Bertini et
0012 700K 35 | CSHHP ) 5003102
Co39Nig.1Sby;5Tep 1.1 at 3 MAG+ Xu et al,
Seo.s 725K SPS 2014'%
Co023.87Sb7383Pd1.125 0.95 at MQG+ Chitroub
T g3k | > HP et al,
€125 2009'%
1.3 at MQG + Mallik et
FeoaCoasShusTeos | 50y 28 | HPLHPT | al, 2013
MA: Mechanical Alloying; MAG: Melting, Annealing and
Grounding; CS: Chemical Synthesis; MQG: Melting, Quenching
and Grounding; HEBM: High Energy Ball Milling; SHS: Self-
propagating-High-temperature-Synthesis; HP: Hot Pressing; SPS:
Spark Plasma Sintering; PAS: Plasma activated sintering ; HPT:
High-Pressure Torsion; RF: Radio Frequency

1.3 at 820K for Fe(,Co;4Sb;;sTeys, using a special technique
6s combining high pressures with torsion.'”' Doping the Skutterudite
with tellurium and nickel, the highest values was 0.65 at 700K for
C00.92Nig,085b2 983 T€0,012- 102-103
The efficiency significantly increased to values of 0.95 at 873K
for the C023Ag7sb73_ggPdl_125Tel_125 Compound dopmg with
70 palladium instead of nickel..'® Even better results were obtained
with double doping at antimony site, for example, z7 of 1.1 at
725K for COgAgNiOAlsbl1_5TCOA4SCOA1 .105

The thermoelectric properties noticeably improved by combining
75 doping with filling, , increasing the frontier of the z7 values to
levels higher than 1.s Examples are the Bag;Nig5C03955b;s
compounds with z7 of 1.2 at 800K, ' Cag 13C03 ¢7Nig 03Sby, with
2T of 1 at 800K'” or Cay ;B2 23C0395Nig 05Sby, with 27 of 1.2 at
775K. "%
s0 Some of the best values are summarized in Table 3.

This journal is © The Royal Society of Chemistry [year]
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P-type doped Skutterudites

The first known compounds with high Figures of Merit were the
ones partially or totally doped with Fe at the Co sites. As it was
previously stated, they are not isoelectronic compounds, thus it is
necessary to introduce filler atoms to stabilize the structure.
Therefore, some examples of doping with iron confirmed that
only doping with acceptor dopants was less effective, presenting
Figure of Merits < 0.5.'% 13114

The first promising results were reported by Morelli et al., who
could reduce the thermal conductivity up to 10 times in the
Ce,Fe, Co,Sby,-based compound, where x=0.1 To achieve the
charge compensation, this metallic-type
conductivity as Cerium is in a +3 oxidation state, rather than +4.
For p-type Skutterudites,
achieved with respect to the first results with the CeFe, (Co,Sby,
compound.” However, this value has never been reproduced and
verified by other laboratories. The highest reproduced z7T" value
was achieved by Tang et al with a zT of 1.1."'

Recent approaches to enhance p-type Skutterudite thermoelectric
properties focused on three aspects: first, the introduction of
heavy elements such as Bi“7, second, the use of 4d/5d transition
metals to form light valence band Skutterudites and enhance the
Power Factor''®!'" and third, the increase of phonon scattering
by multi-filling, such as mischmetal (Ce-50.8%, La-28.1%, Nd-
16.1% and Pr-5.0%)'* and didymium (Pr-4.76% and Nd-
05.24%) 8% 121-123

compound has

scarce improvements have been

The scarcity of having high reproducible p-type values, together

30 with the low stability, is one of the major limitations to high

module efficiency based on Skutterudites.

Table 4 Best zT values for p-type doped Skutterudites and its synthesis
methods and references. Units for k [Wm™K™]

Compound zT k Methods  Reference
0.8 at MAG + Sales et
LaFe;CoSbi, 750Kk | 0 HP al,1996
1.4 at Fleurial et
CCFE4.XCOXSb12 900K MAG al, 199675
Ceg.12Fep71C03.29Sby 0.8 at 25 MAG + Tang etal,
2 750K ) PAS 2001 '
1.1 at SSR + T tal,
CeyzsFe15C0,.55b12 750211( PAS ;%%56 1 1?
0.87 at MAG + Qiu et
CelesCoSbr, g0k | 28| sps al2011'>
Yby.2sL.aggFe,7Coy. 0.99 at 18 MAG + Zhou et al,
3Shiz 700K ' SPS 2013'%
1.2 at MA + Rogl et al,
DDogsFesCoShiz | go | 24 | pp 2009
. 1.2 at MA + Rogl et al,
DDy 76F'e3.4Nig.6Sbi2 800211( 2.8 HP ggl (e)lzcll
1.3 at
780K
DDy ;Fe;7Co13Sbyi. (after 1.9 MHQPA * Rogl et al,
. + 122
ssno,z HPT (HPT) 2015
1.45 at
850K)

SSR: Solid-state reaction; MA: Mechanical Alloying; MAG:
Melting, Annealing and Grounding; MQA: Melting, Quenching
and Annealing; HP: Hot Pressing; SPS: Spark Plasma Sintering;

PAS: Plasma activated sintering; HPT: High-Pressure Torsion

35

a

=3
&

s boundaries,

2.2.3 Skutterudites with nanoparticle inclusions

An efficient way to reduce the thermal conductivity is via grain
boundaries and nano-inclusions. Several studies were carried out
in this direction introducing different kinds of materials in the
nanostructured thermoelectric matrix, usually insulators, to
produce a more effective scattering. For example, nanoparticles
of ZrO, ', PbTe ', Cq ° or CeO, ! were introduced.
However, the thermoelectric properties could not be improved

s using this method. Interestingly, different mechanisms were

observed for these types of compounds, besides the
microstructures and nanocomposite formations enhanced the
phonon scattering together with the rattle effect or the material
doping. Fu et al found core-shell microstructures in compounds
doped with 2% of Ni, increasing z7T to 1.07 at 723K ** or the in-
situ formation of nanoislands of InSb in the Iny,Ce(5C04Sb;,
nanocomposite, that improved z7 up to 1.43 at 800K '** through a
reduction in thermal conductivity. The formation during the
synthesis process of Yb,O; particles, located at the grain
increases the Figure of Merit of the
Yb,5C04Sb15/YbyO3 nanocomposite from a z7' of 1 for
Yby,Co4Sby, 13 up to a zT of 1.3 at 850K 135 at the same
conditions. Another example is the formation of GaSb nano-
inclusions for the nanocomposite Yby,sC04Sb;,/0.2GaSh, with a
T of 1.45 at 850K '*. These nano-inclusions within the matrix
were favoured by the synthesis method and the later compaction
by sintering assisted by plasma pulsed current.

2.2.4 Nanostructuration

s Until now, improvements in the Figure of Merit that have been

explained in this work are in relation to the composition and
structure of the Skutterudite. However, other important factors
that have been recently studied are the new methods of material
synthesis, the processing of nanostructured powder, and the
routes to compact it while maintaining the nanostructuration in
dense bulk materials.

Zheng et al showed the theoretical results that proved the
decrease the thermal conductivity of CoSb; by reducing the grain
size to values lower than 500 nm in diameter '*’. This was further
corroborated by Toprak et al, achieving binary CoSb;
Skutterudites with thermal conductivity values lower than 1.5
Wm'K! for grain sizes lower than 200nm ',

New synthetic methods have been studied for the material
nanostructuration,, for example, melting-quench-annealing ''* '**
1% melt-spinning "**'**, microwaves ''* '**_ High pressure and
High Temperature Techniques (HPHT) ® or chemical methods *°,
among others.

One of the rising techniques is the high energy milling '*, as it
makes it possible to obtain the nanostructured material at low
processing temperatures, pressures and times '*'¥It has been
proved that Hot Pressing (HP), High-pressure Torsion (HPT) or
Sintering assisted by Plasma current (SPS) are adequate
techniques to maintain the nanostructuration and to obtain the
bulk material for material compaction. Mi er al “®studied the
behaviour of the same Skutterudite material under different
synthesis and compaction techniques, reporting the best results by
chemical routes and SPS with a zT of 0.6. The zT was 0.5 with

8 | Journal Name, [year], [vol], 00—00
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chemical routes and HP, while the zT result was less than 0.1 by

melting and Hot Pressing. The importance of the compaction

N-type Skutterudites
Yby ,5C0,Sb,,/Yb,0,

———— Bap1Ing;3C0,Shy e NagssCosShy,

CoSh, 755Ny sTeg 20

Bay ;Nig os 3ssSb1z

———————— C0,Shy, . Teq
18 H‘ouF%SPn ly E L20,05Yb0.04C045by,
1,6
14

W Filled Skutterudite
B Doped Skutterudite
[ Filled and doped-Skt.

P-type Skutterudites

Cey sFe;CoShy, — DDg,6Fe; 4NigsShy,

’ Cemsbnr DDy gsFe;CoShy,  Bag 44DDg gpFe Shy;  Cag 410Dy 45Fe Sby,
cﬁ, ,c?,hsbm

I
: | ' IS

W Single-Filled and doped Skut.
HlDoped Skutterudite
IMulti-Filled and doped-Skut.

Fig.6 Summary of the best zT results fora) n-type doped and/or filled Skutterudites and b) p-type doped and/or filled Skutterudites, depending on the
year of publication and operation temperature (K). Only some examples of compounds were plotted in the graph for the sake of clarity

technique for thermoelectric properties was corroborated by Rogl 40% in the same Skutterudite sample performed by Hot Press or
10 et al, who observed a reduction in thermal conductivity up to

HP together with HPT, and an increment of 20% in the zT

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00—00 | 9
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value.'*">° This technique is quite novel and the values need to
be reproduced by other laboratories. In any case, it seems that the
obtained z7 values could be affected by the cyclability of the
material.'

Significant advances have been made in the last years, and
important goals have been achieved in Skutterudite material. Best
ZT results for doped and/or filled Skutterudites are shown in
Fig.6. However, further enhancements in the material
performance are still to come in order to achieve z7T values of 2
and higher. Future work to improve Skutterudites can be divided
into the following fundamental aspects:

— N-type filled Skutterudites show lower lattice thermal
conductivities, due to the influence of filling, but further
reduction is still expected based on the concept of minimum
thermal conductivity. Some approaches to enhance thermoelectric
properties of these materials could be based on solid solutions
with RhSb; or IrSbs'>''* or new fillers, for example. Although
the price should be also take into account. Recent studies at high
pressures indicated that elements, breaking the
electronegativity rule, could be introduced in the voids, such as
Mg'>? or I, reaching even lower thermal conductivities of 0.79
Wm'K", '** which opens a wide range of possibilities in this
field. Further improvements in z7 for N-type Skutterudites should
also focus on enhancing the Power Factor, considering how to
improve the Seebeck coefficient without sacrificing electrical
conductivity using band structure modulation, quantum effect,
energy filtering, etc.

— P-type Skutterudites show low mobility and bipolar thermal
conductivity. These lead to lower Figure of Merits than for the n-
type. Band structure modification (increase of band degeneracy,
adjustment of band mass) and suppression of bipolar conduction
at elevated temperatures are two possible directions.''® Moreover,
an in-deep study on the thermal and mechanical stabilities,
especially in p-type Fe-based Skutterudites is also required to
enhance the efficiency in the Skutterudite-based thermoelectric
devices for commercial applications. '*> Some improvements
which have been achieved in strength and fracture toughness,
were through the addition of carbon fibers'®®, including
nanoinclusions'>’, or using new synthesis and processing
techniques such as melting-spun.'*®

— Finally, for both type of doping, new rapid production methods
which improve properties through
nanostructuration and reduce the synthesis period with the
purpose of increasing mass production and open the door for
large-scale industrial applications. '+ 4> 149

new

thermoelectric

2.2.5 Thermoelectric devices based on Skutterudites
Nowadays, most commercial thermoelectric devices are based on
Bi,Te; for low temperature applications. The development of a
Skutterudite module for middle range temperatures in internal
combustion engines, industrial furnaces or incinerators would be
of great interest for the industry. As already presented, great
improvements have been achieved in the Figure of Merit of
Skutterudite materials.

However, a systematic work on the thermal stability of p-type
Skutterudites is necessary in order to obtain the maximum
efficiency in the Skutterudite-based devices, due to the fact that
Fe-based Skutterudites are thermally less stable than CoSbs-based
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compounds. For this reason, Skutterudite modules generally use
Co-rich p-type Skutterudites, with lower z7 than Fe-rich
compositions, instead of Fe doped. Thus, lower efficiencies are
achieved in devices nowadays and no commercial devices are
available yet.'’

Additionally, it is necessary to study other factors related to the
fabrication of  devices, for example, thermal expansion
coefficients of the p and n-type legs, minimizing device heat
losses, optimizing the electric and thermal conductivity of
contacts and the stability under thermo-cycling, to cite some.
Several requirements need to be fulfilled with regard to electrical
interconnections joining the p- and n-legs: thermal stability under
operating conditions, oxidation resistance, low electrical
resistivity, high thermal conductivity, and a thermal expansion
coefficient close to those of the p- and n-legs. Rogl er al
performed a study of thermal expansion of different Skutterudites
in order to reduce thermal stress at the joining interface '®. They
realized that these coefficients varied depending on the doping or
filling material. The average thermal expansion coefficient (o)
for doped samples (MT,Sb,,, T=Fe,Co,Ni)) was 11.29%10° K,
while the average coefficient for filled Skutterudites (MCo,Sb;,)
was 8.59*10° K Several studies have been performed with
metallic layers, such as Cu 161 5 162 or Ni'®, and WgoCuy was
found to be an excellent match for CoSb; legs due to a similar
thermal expansion coefficient '®*. However, interdiffusion and
chemical reactions of materials at the interfaces are still a not
deeply explored field in literature. Joining techniques are also
crucial for the design and output power of Skutterudite devices.
Possible joining technologies include brazing (high temperature
soldering)'®" and spark plasma sintering. '**

Other important factors in order to obtain a long-durability device
involve the thermal stability of the material. One important factor
is the sublimation of the antimony resulting in the decomposition
of the alloy and the other is the oxidation of CoSb; when exposed
to air at high temperatures. Antimony has a sublimation
temperature of 900 K, approximately. Different studies about the
stability of CoSb; and thermal duration showed a weight loss of
CoSb; material between 850 K and 1000 K under vacuum, in
agreement with this sublimation temperature, and the formation
of secondary phases such as CoSb, and CoSb.'®> A decline in its
thermoelectric properties was observed after a thermal duration
test in vacuum for 16 days. Caillat et al and Snyder et al also
reported a starting temperature of decomposition at 848 K and
suggested that decomposition was controlled by the antimony
diffusion.'®®

Additionally, oxidation behaviour studies at high temperatures in
air were performed to understand the degradation of the material
under these conditions
properties. Leszczynski et al '®" determined the temperature of
oxidation at 653 K and confirmed the main three oxide phases,
which were observed in other studies, CoSb,0,4, CoSb,0¢ and a-
Sb,0, %' Thermoelectric performance of Skutterudites
decreased, especially the electrical conductivity, due to cracks
appearing between the CoSb; interface and the oxide layer.

and the effect on thermoelectric

10 | Journal Name, [year], [vol], 00—-00
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Protective coating or encapsulation is necessary in order to
suppress oxidation and sublimation. This kind of coating should
possess low electrical and thermal conductivity, in order to
prevent heat losses, good adhesion to the substrate, chemically
inert and matching thermal expansion coefficient with the
Skutterudite '”'. Some examples are Mo/SiO, multilayer film '72,
composite glass '*'7* or ALO;. '”" The inorganic-organic hybrid
silica is the best approach to obtain a reliable method for device
engineering in order to coat Skutterudite material so far.

On the other hand, some experiments of encapsulation by metal
enclosure were performed with some thermoelectric materials ',
although further research is still needed.

The fabrication of thermoelectric modules from new materials is
a difficult task, but the low cost and good performance of
Skutterudites at middle temperatures make them some of the
most promising materials for waste heat recovery and many
efforts are being made to achieve better efficiencies in these
devices 77

Several studies were performed in order to calculate the viability
to generate modules. Factors such as manufacturing and system
costs and the commercial feasibility were explored %> 178180,
LeBlanc et al performed an in-depth work on cost considerations
for thermoelectrics, taking into account raw material prices,
system component costs and manufacturing costs, as well as the
optimized geometry in order to improve the thermal and electrical
module performance '®'. Fig. 7 shows the system cost of different
bulk thermoelectric materials for AT=725 K, and their maximum
Figure of Merit at lab scale. Skutterudites appear to have low
costs in comparison with other families, with the final cost being
less than €5.5/W. This is due to the high Figure of Merit and the
optimization in the material used for the module (low fill factor
and low length). However, further improvements have to be done
in order to reduce price per W, as well as in order to increase the
efficiency through finding good electrical and thermal contacts
and new designs of modules with improved geometries to avoid
thermal stresses.

Cost of thermoelectric power generation

Nuclear (€4.65/w) |1
Coal (€2.47/W)

Natural Gas (€0.85/W)
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40 Fig. 7 System cost (€/W) in a logarithm scale of different bulk

thermoelectric power generation materials, for a AT= 725 K (in the
intermediate temperature range). In the x-axis the family name of each
compound is written. Red colour represents the basic costs including
material costs, efficiency and optimal geometry, and blue colour
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corresponds to the module design with optimum filling factor,
considering other factors as heat exchangers and real manufacturing
costs. Horizontal dashed lines represent the costs of electricity
generation in technologies using natlural gas in green, coal in pink and
nuclear in violet (data extracted from™ ).

Conclusions

Skutterudites have generated a high interest among all
thermoelectric materials used at intermediate temperatures, due to
their remarkable development in last decades. The Figure of
Merit for n-type Skutterudites is up to 1.5 at 800K. These values

s are achieved thanks to an in-depth study of the physical process

theory along with an important effort in the experimental
development of these materials. Both aspects have contributed to
a better understanding of the crystal structure and the filling of
fraction limits in the icosahedral voids. The best performance to
obtain an improvement in the Figure of Merit for doped and filled
Skutterudites by the reduction of the thermal conductivity is
based on two principles: disorder in the crystal structure through
the introduction of rattlers and modification of the Co and Sb
sites, and the generation of defects in the nanoscale and

s mesoscale through the formation of nanocomposites. New

methods of synthesis to produce these materials at large scale
with good thermoelectric properties have also been developed.
The best results for the Figure of Merit were obtained for ternary
Skutterudites in the beginning of the 90's in the case of p-type
Skutterudites and few improvements have been achieved since
then. Many efforts must be made in order to further improve
these materials.

Finally, it is remarkable that some devices based on these
materials have been produced in laboratories, and in the coming

s years it is expected that commercial thermoelectric devices based

on Skutterudites for intermediate temperatures will be available
worldwide.
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