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Environmentally Friendly Thermoelectric Materials: High
Performance from Inorganic Components with Low Toxicity

and Abundance in the Earth

Olga Caballero-Calero, José R. Ares, and Marisol Martin-Gonzdlez*

This review article gives an overview of the recent research directions in eco-
friendly, non-toxic, and earth-abundant thermoelectric materials. It covers
materials such as sulfides, tetrahedrites, earth-abundant oxides, silicides,
copper iodine, Half-Heusler intermetallic compounds, nitrides, and other
environmentally friendly thermoelectrics. In all cases, their history, structure,
general characteristics, thermoelectric properties, synthesis methods, and
related thermoelectric applications are compiled. It is also shown that

they are starting to be an excellent alternative for producing cost-effective,
sustainable, and non-toxic thermoelectric generators. This review does

not try to include all possible materials, but to show that there are high

zT thermoelectric materials that are starting to be an excellent alternative
for producing cost-effective, sustainable, and non-toxic thermoelectric

generators.

1. Introduction

Today, we are becoming more and more aware of the need for
clean, renewable energy sources to preserve our environment.
On the one hand, the energy demand is growing, and on the
other hand, the supply of fossil fuels is limited, and climate
change is a reality. Currently, most of the energy production/
conversion methods are based on thermal processes that gen-
erate an enormous amount of residual /waste heat to be released
into the environment!! Using this waste heat to produce
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energy would improve the efficiency of all
these processes. In this context, thermo-
electric devices provide a unique oppor-
tunity with significant advantages relative
to other types of conversion, such as dura-
bility (no moving parts or fluids inside the
generator), noise-free, low maintenance,
modulability, and their applicability at dif-
ferent scales (from microdevices to large
spaces to produce kilowatts), etc.’) The
implementation of thermoelectric gen-
erators has been limited for many years
because of their low efficiency and high
cost. There are examples of these limited
applications like in space missions such as
the Voyager, Apollo, Curiosity, etc.’] when
reliability is mandatory. Other niche appli-
cations with products that are being sold
are, for instance, the powering of smartwatches with wasted
heat from the human body™ or the obtainment of electricity
from the heat produced in wood stoves,”! among others.[°!

The vast majority of commercial thermoelectric devices are
based on heavy elements like Bismuth and Tellurium. Which,
according to Figure la are among the rarest elements in the
Earth’s crust on the order of noble metals (like Au, Pt...) or
even less abundant. Therefore, they are more expensive to
manufacture. Other thermoelectrics with high figure of merit
can be based on moderately toxic elements (or even highly
toxic elements, like Pb, which is part of some of the best per-
forming thermoelectrics but is banned in the EU). The toxicity
of the elements in the Periodic Table is shown in Figure 1b.
Therefore, although the use of less abundant or toxic ele-
ments is of interest at the research level because they allow us
to understand and underpin the physics behind thermoelec-
tricity and develop new strategies to improve them. However,
to develop safe and widespread thermoelectric applications the
use of less abundant or toxic elements does not seem to be the
best option.

Traditionally, the research in the field of thermoelectric mate-
rials has focused on improving the adimensional figure-of-
merit, zT, which is related to the energy conversion efficiency of
thermoelectric materials. This figure of merit can be expressed
as zT = S2.0-T- k7, where S is the Seebeck coefficient, o the
electrical conductivity, T the absolute temperature, and x the
thermal conductivity. In recent years, zT values higher than 2
have been obtained at the laboratory level, implying efficiency
values above 10% in proof-of-concept prototypes.l Despite the
enormous effort being made to reach these values, they are still
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Figure 1. a) The abundance of individual elements relative to their atomic number, based on data extracted from Ref. [11]. Elements that are produced
at the industrial level are marked with a green circle, rare earth elements with a blue triangle, and precious metals with an orange star. A dashed line
has been added to mark the abundance corresponding to 1 atom of a certain element per 10° atoms of Si. Elements over the dashed line may be con-
sidered as Earth-abundant. b) Periodic table with toxic elements according to SDS datasheets (Reproduced with permission.l?**l Copyright 2019, Andy
Bruning). The non-toxic elements are colored in green, whereas the moderately hazardous elements are colored in orange and the four most dangerous
are colored in red. Nevertheless, some of the non-toxic elements may be flammable when used as nanoparticles in air.
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Figure 2. The percentage of published articles including the word
sustainable in the KEYWORD field among all published articles in the
same time-span including the word thermoelectric as KEYWORD. Data
derived from Web of Science. Notice the exponential trend, which marks
the importance that sustainability has in this field: nowadays more than
25% of the articles match with the search criteria, while 20 years ago this
percentage is hardly 1%.

far from those required by the industry to make their commer-
cialization profitable because of the high cost of raw materials.

These improvements have been frequently based on the
reduction of the thermal conductivity of those compounds by
using different approaches (nanocrystallization, the introduction
of defects...), but most are based on the initial use of heavy
scarce elements to reduce the thermal conductivity of these
materials. This is because the total thermal conductivity (k)
depends on two components, the electronic component (k)
and the phononic component (k). As k. is related to the elec-
trical conductivity by the Wiedemann—Franz law, the strategy of
reducing the electronic part of the thermal conductivity cannot
be adopted. This would also decrease the power factor (S?-0).
This means that to reduce the total thermal conductivity only the
strategy of reducing ky,, can be adopted. The k, = 1/3-C,-v-1,
where C, is the specific heat capacity, v is the velocity of sound in
the solid, and [ is the phonon mean free path. Considering that
thermoelectric materials are normally desirable to be used for
applications at room temperature and above, the heat capacity
C. is governed by the Dulong—Petit law where C, = 3-R (where
R is the universal gas constant and 3-R is about 25 J/K). Con-
sequently, the specific heat cannot be significantly modified.
This means that the factors that can be set to alter the k, are
mainly the speed of sound in the solid, and the phonon mean
free path. The research in the scarce elements has drawn a more
in-depth understanding of the physics underlying thermoelec-
tricity and, although it is not yet understood, that are some gen-
eral conclusions that are nowadays assumed by the community,
for example, that it is possible to reduce the sound velocity in a
solid by heavy elements and to reduce the phonon mean free
path nanostructuration is one of the main options.#1%

But surprisingly enough, when taking into account this
previous point of view, good thermoelectric materials can also
be found in elements with a lower atomic number which are
also among the most abundant in earth crust. These abundant,
efficient, and non-toxic thermoelectric materials have been the
focus of recent research by the thermoelectric community, as
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shown in Figure 2. To this end, we will attempt to summarize
some of the most studied thermoelectric materials based on
these characteristics. Lately, there have been interesting and
thorough review articles focused on the latest developments
of thermoelectric materials (see for instance Refs. [7,12-14]) or
more on different families of materials (such as sulfides,!>°l
oxides,78 chalcogenides,®?! graphene-based,””! silicon,?]
polymers or compositesi?*?%) or different structures (such
as nanostructured materials,*%26%7] layered materials,*8! 2D
materialsi?>3%) or a variety of applications (wearable thermoe-
lectric harvesters, or othersi*234). In our case, we will extract
from the different families of materials and applications those
which are based on abundant-earth elements, and also in the
modifications that have produced and enhancement of their
thermoelectric properties avoiding the use of hazardous or
scarce elements. Among these, we will review not only their
thermoelectric properties, but also other aspects like their
history, cost, thermal, chemical, and mechanical stability, fabri-
cation routes, and possible scalability, which are also important
for making this technology viable and widely used.

Among the earth-abundant thermoelectrics for commercial
applications, silicon and silicon-based materials stand out as
easily implemented in industrial applications, given the high
level of development of the microelectronics field. Nevertheless,
there are some recent reviews focused exclusively on these mate-
rials,?> and we will focus our review on other less reviewed
ones. In some cases, their thermoelectric performance is not
outstanding when compared to other more traditional scarce
thermoelectric materials, but even though not reaching the
highest performance possible, many applications require that
the materials are produced in an inexpensive way and at a large
scale. In this work, we will review their history and the best per-
forming thermoelectric materials composed of abundant earth
elements reported to date. We will consider earth-abundant ele-
ments those which have over 1 atom of the element per million
atoms of Si in the earth crust (see Figure 1) and we will try to
focus on non-toxic elements too (according to Figure 1). We will
start with sulfides, which although having lower efficiency than
the most used thermoelectric materials for room temperature
applications, are abundant, non-toxic and there is a high variety
of compounds that exhibit interesting properties that are being
studied nowadays for thermoelectric applications. Then, we will
turn to tetrahedrites, which are sulfosalts naturally present on
the earth’s crust and which have shown huge figures of merit,
in the order of 1, for different doping or nanostructures. Oxides
and silicides also form a very interesting group with promising
properties for high-temperature applications, and as a result,
they will be also considered. Although all these families of mate-
rials have more modest thermoelectric performances than the
more widely studied traditional thermoelectric materials, they
have the advantage of being based on earth-abundant elements.

Throughout this review, it will be shown that there is still
plenty of room for research in this area. In fact, Figure 3 shows
the huge impact of those compounds on the thermoelectric
figure of merit during the last 10 years. Whereas tetrahedrites
are able to provide zT near to 1 at RT, an extensive family of
sulfides is starting to be synthesized and thermoelectrically
characterized, exhibiting very high zT values. Those results
indicate that both families are very promising to find an effi-
cient environmentally friendly compound able to work at
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room temperature. Concerning moderate and high tempera-
tures, research has been focused on Half-Heusler (HH) com-
pounds, oxides, and silicides, which show the highest figure
of merit. Finally, we will review some other materials which
exhibit certain properties that make them good candidates for
thermoelectric applications, while being based on earth-abun-
dant and non-toxic elements, such as copper iodide, or nitrides.
After giving a perspective of the state of the art on all those
earth-abundant materials for thermoelectric applications, we
hope that we will have showed also the interest and possibilities
that the research of thermoelectric applications based on sus-
tainable and environmentally-friendly materials offer nowadays.

2. Sulfides

In the thermoelectric landscape, tellurides and selenides have
formed the archetypal thermoelectric compounds for more
than half a century. The reasons are attributed to their easy
synthesis, moderate zT, and prices, and well-established imple-
mentation.’l However, because of environmental reasons and
scarcity, they should be replaced in the future if the plan is to
have widespread applications. One possible way to accomplish
this is to consider the sulfides group due to their chemical and
structural resemblance to tellurides and selenides. They have
lower figures of merit than their scarce counterparts because
the mass of the sulfur atom is lighter than that of selenium or
tellurium, as well as most of them also exhibit an intrinsically
very high or very low charge carrier concentration (extreme
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Figure 3. Evolution of the zT obtained for different materials for different temperatures in recent years (from 2002 to today, 2021), based on the data
analyzed in this article. The different materials are sulfides (red), tetrahedrites (yellow), earth-abundant oxides (blue), silicides (green), and HH (grey).

concentrations normally due to defects). However, they have
recently given considerable attention to the thermoelectric
landscape because of their wide range of compounds, easy syn-
thesis, low toxicity, and abundance.

Sulfides are strongly linked to the origin of thermoelectricity.
Original works from T.J. Seebeck in the 19th century®® or in
the 1950s, M. Telkes*)l measured the thermoelectric proper-
ties (primarily electrical conductivity and Seebeck coeflicient)
of several sulfides in mineral form. Consequently, minerals
such as chalcocite (Cu,S) (S = 54 to 327 uV-K), galena (PbS)
(S = =290 uV-K! and between 150 and 340 pV-K* with “n”
and “p” type conductivities, respectively), chalcopyrite (CuFeS,)
(S = =280 to —425 uV-KY) and FeS, in pyrite form (S = —344
to 524 uV-K7) and in marcasite form (S = 280 uV-K7%) were
measured. For example, chalcocite has a power factor close to
~1.2 X 107 W-m™. K2, a similar value to those given by galena
(PDS).

Pyrite itself, (synthesized mainly in bulk), has been inves-
tigated as an archetypical thermoelectric sulfide. It has rela-
tively high Seebeck coefficient values (S = 300 uV- K at 300 K)
but moderate thermal conductivity (26 W-m™. K7 at RT
and 5 W-m™. K1 at 270 °C) and electrical conductivity (10 to
10* S-m™) leading to modest values of the figure of merit, that
is, from zT = 0.004 at room temperature to zT = 0.07 at 543 K.[*0!
However, recent ab initio calculations indicate that the figure
of merit value of FeS, can reach zT = 0.32 at 700 K by p-type
doping.[*!l With these values, an efficiency of 4% (obtained con-
sidering a temperature difference of 300 °C and the cold focus
at room temperature) could be obtained, which is close to the
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=6% shown by Bi,Te;. However, considering that the cost of
extracted pyrite (=1 $ kg™) is much lower than that of Bi,Te;
(50 $ kg™, together with its low toxicity, it has led to a renewed
interest in improving its thermoelectric properties by different
means, that, nanostructuration, dimensional effects, or doping.
For instance, their power factor has recently been doubled by
doping with cobalt.?

In addition to the “classical” pyrite, many “antique” metal
sulfides have recently emerged as promising thermoelectric
materials. It is remarkable, the case of Cu,_,S that shows very
high values of figure-of-merit, that is, =1.4 for Cu, o3S and =1.7 for
Cuy 7S at a temperature of 1000 K primarily due to its extremely
low thermal conductivity (k= 0.6 W-m™-K ™)) induced by its
special properties. Also, Cu,; gS has shown values of zT of 0.5 at
673 K when consolidated at high temperatures (973 K, by Spark
Plasma Sintering (SPS)), because it produces a lower thermal
conductivity.*! Moreover, sodium doping showed an improve-
ment in the figure of merit, reaching zT of 1.1 at 773 K for
the NagCuygS composition.®] Another way of reducing the
thermal conductivity in the material is to fabricate nanocom-
posites of Cuy ¢S with nanoparticles of graphene, for instance,*!
which increases the scattering at the nanocomposite interfaces.
This sulfide exhibits a superionic conductivity above a moderate
temperature (thanks to an order/disorder transition) which is
based on the coexistence of two crystal lattices: a rigid lattice and
a disordered lattice (reviews on Cu based thermoelectric mate-
rials can be found in references?*#l). Whereas the disorder sub-
lattice can strongly scatter phonons (and therefore, reduce the
thermal conductivity), the rigid lattice contributes to the electrical
properties by liquid-like ionic conductivities (values 1 S-cm™).")

One of the main problems of copper sulfides is the Cu-ion
diffusion, which turns into stability problems. Therefore, an
alternative is to look at ternary compounds. For instance, the
n-type mineral chalcopyrite, CuFeS,, has greater stability, but
also, rather modest thermoelectric properties.*®%1 However,
theoretical calculations predict an increase of zT to 0.8 at 700 K
if the grain size is reduced to 20 nm and the material is prop-
erly doped.’” This has been tried by partial substitution of
copper with iron, for example, where values of zT of 0.33 at
700 K have been reported for Cug g;Fe; 3S,.5Y Also, an enhance-
ment has been found for sulfur deficient chalcopyrite, with
2T 0.21 at 573 K reported for CuFeS; ¢*? or when introducing
a magnetic cation to substitute part of the copper, with zT of
0.2 at 673 K for Cuy 45C0g o2FeS; 05.>! Another ternary compound
that exhibits low thermal conductivity at its stoichiometric com-
position is bornite, CusFeS,, where values of zT of 0.55 at 543 K
have been reported for ball-milled samples.’ Out of the stoichi-
ometry, much higher values have been achieved, such as zT =
0.6 at 550 K for variations between copper and ironl*! or even
zT of 0.79 at 550 K if the hole concentration is also adjusted.
Substitution of iron and copper sites has also been investigated
with cobalt (zT = 0.5 at 590 K for Cuy 05C0g4FeS4°%) and cobalt
and zinc (2T = 0.6 at 590 K, Cuyo5C000sFe0.06Z10 04S4"”). The
Cu—Sn—S ternary compounds are also promising thermoelec-
tric materials, with a zT of 0.5 at 759 K for the stoichiometric
composition Cu;Sn;S;o, which can be increased to values of zT
around 1 at 750 K when doped with Br.>®!

Finally, among the copper sulfides, the family of synthetic
coulosites (Cu,sA,ES3,, being A =V, Ta, Cr, Mo, and E = Sn,
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Figure 4. Crystal structure of SnS. Reproduced with permission.[%3 Copy-
right 2016, The Japan Society of Applied Physics.

As possible earth-abundant components) has emerged recently
as a promising source of cost-effective and sustainable thermo-
electric materials. A recent thorough review on coulosites by
Guélou et al. is available in reference.l®! Values of zT of 0.56 at
663 K has been found for Cu,¢V,SnS;,,°% 0.78 at 660 K for Cu
26T2,51453,,1%% and even as high as 0.93 at 675 K for CuyeV,S
1S3,/ or 0.96 at 670 K for Cu,Ta,Sns 5S5,.10%

Within the same group are the orthorhombic compounds of
groups IV-VI such as GeS and SnS (see Figure 4 for its crys-
talline structure). Thus, first-principles calculations predict
Seebeck coefficient values for SnS of =668 uV-K* at 650 K
and very low thermal conductivity values (k= 0.1 W-m™- K™
leading to figure-of-merit values of zT = 1 up to 700 K. Experi-
mental work to date supports those theoretical expectations by
demonstrating that polycrystalline Ag-doped SnS exhibits a
figure of merit values of =0.6 at 873 K[62]. More recently, higher
values for SnS have been obtained, with a zT of 0.8 at 873 K.[63]
The GeS compound was found to have slightly lower thermo-
electric properties than SnS.[*4

It should be noted that in recent years there has been increasing
interest in sulfides with a layered structure. This structure pre-
sents thermoelectric advantages. For example, the compounds
typically exhibit low thermal conductivity (<10 W-K™' m™), allow
easy intercalation of atoms between the layers, and show ani-
sotropy in different properties such as thermal conductivity or
optical properties. These compounds, therefore, have “a priori”
good prospects to be explored as thermoelectric compounds. The
best known are those belonging to the disulfide family, such as
MoS,, WS, and TaS,,1% though the reference compound is tita-
nium disulfide (TiS,). This sulfide has a value of S=-170 uV-K,
the electrical conductivity of 5.5 x 10* S-m™ at 300 K[l and the
thermal conductivity of 6.8 W-m™'K™\. So, TiS, shows a figure
of merit of zT = 0.16 at 300 K,%8l which makes it a compound
of considerable interest for thermoelectric applications, moreover
taking into account that nanostructuration is known to reduce
the thermal conductivity®! To reduce the thermal conductivity
and improve the electrical properties, different substitutions
of Ti with elements that can provide charge transfer to the TiS,
have been studied. Values of zT slightly higher than those of
TiS, were found for Tij5Tag 0555,/ while an effective reduction
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Figure 5. Summary of the highest reported zT values for different sulfide materials. The temperature at which the samples are measured is indicated on
the label. Red represents materials with have the maximum zT at temperatures higher than 700 K and orange for medium-range temperatures between
400 to 700 K (data from the documents reviewed in this section and Refs. [51,74-76]).

of the thermal conductivity was obtained when introducing Co,
obtaining an n-type material of zT = 0.30 at 573 K.'% The highest
value for these compounds, when using earth-abundant dopants,
was obtained by copper substitution, with a zT of 0.46 at 825 K
for Cuy;TiS,.”" Furthermore, these compounds can be exfoliated,
which has become an interesting playing field to study the funda-
mental and applied thermoelectric properties of 2D compounds
as a recent review has shown.(¥

In this respect, recent attention has been given to a new
family of layered sulfides, the metal trisulfides (MS;, M = Tj,
Zr, Hf, Nb, W). Work going back over 30 years has shown
that they typically have high Seebeck coefficient values
(500-800 pV-K™) but also moderately low electrical conduc-
tivity values (1-100 S-m™). The most investigated is the bulk
titanium trisulfide TiS; which exhibits S = —625 uV-K™! and
o= 61 S-m™ at 523 K, with which solid solutions have been
made with Niobium in the ratio x = 0.1 allowing to obtain an
S=-340 uV-K'and o= 123 S-m at 523 K./

Chalcogenide perovskites have recently been considered
promising thermoelectric candidates.l>”?! These materials have
an ABX; crystalline structure and good optical and electronic
properties, but they have barely been explored. Perovskite struc-
ture allows adjusting the band structure by varying the chem-
ical composition due to the high tolerance of the stoichiometry.
Additionally, different defects (A-cation deficient, B-cation defi-
cient, anion deficient) could provide different types of conduc-
tivity. For instance, calculations®® have shown that zT near 1
with ultralow thermal conductivities is CaZrSe; opened new
routes for their sulfides counterparts. Figure 5 summarizes the
best-reported zT values measured in these materials.

Finally, it is remarkable that many sulfides have high
values of energy gap (more than 2 eV) which are generally
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discarded for thermoelectric applications show interesting
photo-thermoelectric properties. For instance, ZnS thermo-
power values could be adjusted under illumination, due to a
photoexcited transport carrier effect,””) which could lead to new
pathways for these compounds.

Sulfides are synthesized in different ways (see Figure 6).
The most traditional method is via solid-state techniques with
thermal or mechanical energy input. In the first group, the ele-
ments are mixed with sulfur and heated at high temperatures
(>500 °C) for long periods (weeks to even months). Heating
is performed in an inert atmosphere to prevent reaction with
oxygen, which considerably slows down the reaction. Further-
more, this method is only capable of reaching stable phases,
which considerably limits the possibility of synthesizing new
compounds. To overcome this problem, other techniques which
may produce metastable phases such as milling/mechanical
alloying are used.”®l In this case, the elements and sulfur are
milled by using different mills able to reach different input
energies from 0.01 W g ball to 1 W g! ball (planetary, Spex).
During milling, the material is subjected to different phe-
nomenology such as compression, deformation, local heating,
etc., resulting from the impact of the balls. Consequently, a
nanocrystalline (with a huge amount of grain boundaries), or
even an amorphous structure, could be synthesized. Moreover,
the high pressures (GPa) to which the material is subjected
during the milling process could generate new metastable
phases. Both methods are easily scalable and can be imple-
mented in the industry.’”! These structures can be made by
SPS, a widely used method that contributes to agglomerate the
milled powder preventing the crystallite size growth./?!

To synthesize thin films, layered or 2D sulfides, other
methods are required. A simple sulfur-solid reaction is an easy
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Figure 6. Scheme of different sulfide synthesis methods along with the typical temperatures and conditions used: a) Synthesis in a close system,
b) mechanical milling and spark plasma synthesis, c) ink-jet or pencil printing methods, d) CVD, and e) liquid-phase exfoliation by sonication.

way of producing films. The gas-film reaction occurs in a sealed
ampoule under temperature (RT-1000 °C) and controlled sulfur
pressure (up to several atmospheres). Reactive sputtering could
also be performed to obtain sulfide films.3>6574

Sulfides are often synthesized via chemical vapor deposition
(CVD). The technique consists of mixing reacting elements such
as metals or compounds such as carbonates and oxides with gas or
vapor streams, typically H,S, CS, or even sulfur gas. This method
has been one of the most promising (and simplest) methods of
producing 2D materials of large-area and high-quality,”>#81 such
as GaS, MoS, or WS,. Other synthetic methods include mechan-
ical exfoliation, chemically assisted exfoliation, atomic layer depo-
sition, and screen printing deposition.l°'7>#2

Due to the low figure of merit, most of the applications that
have been developed based on sulfides are placed on prelimi-
nary prototypes.”®%3l Moreover, many of them have low melting
points which improve different phenomena such as sulfur dif-
fusion, phase segregation, or even decomposition. These cir-
cumstances should promote low-temperature applications in
this family of compounds.

3. Tetrahedrites

Tetrahedrites were originally named due to their tetrahedrical
morphology in 1845.%4 Nowadays, tetrahedrite minerals are the
major source of Cu, Sb, and S. Tetrahedrites (along with ten-
nantite, Cuy,As,Sy3, which crystallize into an isomorphous cubic
structure) have a rather high thermoelectric performance.’!
Although tetrahedrites have been known as minerals for a long
time, they were identified as good thermoelectric materials
around 2012.84 In the case of synthetic stoichiometric tetrahe-
drites, zT values around 0.6 for 723 K have been reported.[3¢%7]
With the highest reported value of 0.76 at 623 K.[¥ Even though
they contain Sb, which is quite scarce on the earth-crust, being
the tetrahedrite composition Cu;,Sb,S13, Sb represents 30%
of the weight, and it is usually considered an environmentally
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friendly compound.™ Out of the stoichiometry, there have
been studies on copper-rich tetrahedrites, which show a mix-
ture of two different phases, with the excess of copper reducing
the thermal conductivity and showing a phonon liquid electron
crystal behavior.®!

The tetrahedrites are a particularly important type of nat-
ural minerals. They have the general chemical formula of
A1oB,X,Y13, being A either Cu or Ag, B a transition metal (for
instance, Ni, Fe, Zn, Mn, Co or Hg), X either Sb or As (and
sometimes Bi or Te) and finally, Y is S, that can be partially
substituted by Se.’” It has a complex crystallographic struc-
ture, being the Cuy,Sb,S;3 a body-centered cubic structure,
sometimes described as a complex defective sphalerite struc-
ture, with the transition-metal cations localized in tetrahedral
and trigonal planar sites and the pnictogen atoms in trigonal-
pyramidal sites (see Figure 7).5%1l Tetrahedrites are based on
earth-abundant, non-toxic, and non-expensive elements. These
characteristics are essential for the development of large-scale
applications. Natural occurring tetrahedrite (Cu;oZn;As,S3)

(b)

Figure 7. Crystal structure of Cuy,Sb,S3 tetrahedrite a) along [100] with
the CuS, tetrahedra in red and the CuS; trigonal units in blue, b) the
sodalite cage created by the linkage of the CuS, tetrahedra. In both cases,
the Cu(1) and Cu(2) atoms are indicated in red, S, in yellow, and Sb atoms
in magenta. Reproduced with permission.l™ Copyright 2019, American
Institute of Physics.
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Figure 8. Summary of the highest reported ZT values for different tet-
rahedrites. The maximum zT temperature is shown in the label (around
room temperature in blue, over 400 K in orange, and over 700 K in red).
The different tetrahedrites are those without dopants (stoichiometric
composition), with different earth-abundant dopants (Ni, Co, Cr, Mn, and
co-doping of Ni and Zn), and when Nb,Os nanoparticles or SiC are used.
The references to these values are given in this section.

and the synthetic Cuy,Sb,Sy; are p-type thermoelectric materials
that have a degenerate semiconducting electronic struc-
ture, with the Fermi level lying in the valence band®?>%¥ and
a pseudo-gap of around 1.2 eV.® Tetrahedrites are attractive
for thermoelectric applications because they have a very low
intrinsic thermal conductivity, which is sometimes related
to the large anharmonic vibrations of the Cu(2) atoms in the
structure, which act as rattlers.?

Tetrahedrites have attracted much attention lately from the
thermoelectric community, and therefore, reviews discussing
this material can be found in the literature.>#84%4 In this
work, we will concentrate on the latest developments in their
thermoelectric properties. The most usual way of improving
the thermoelectric performance of tetrahedrites has been the
substitution of transition elements in Cu, generating materials
with the formula Cuy,_,M,Sb,S;3, where M can be earth-abun-
dant cations such as Cr, Mn, Fe, Co, Ni, Cu, Zn, or the element
Mgl (see Figure 8). Results of Ni substitution showed an
increased Seebeck coefficient and reduced thermal conductivity,
with an improved zT value of 0.8 at 700 K for Cuyo4Ni; ¢ SbySy3
in the case of solid-state fabrication methods,®”) and a little lower
in the case of mechanical alloying preparation.””! In a similar
study, Heo et al. found that the highest power factor is that of the
un-substituted tetrahedrite, Cu;,Sb,S;3, while the ones with cer-
tain substitution presented reduced thermal conductivity.”® The
highest measured zT values for tetrahedrites doped with earth-
abundant elements have been those reported for Cuy;sCoqs
SbySy3, with 2T of 0.98 at 623[97], Ciyy 6sCro 35SbySys, with 2T
of 1.0 at 700 K, CuyMnSb,S;3, with zT of 1.13 at 575 K.
Co-doping with Ni and Zn was also tried,® obtaining a 30%
increase in the zT of CuysNiZnSb,S;; which reached values of
1.03 at 723 K. It is worth saying that the zT values obtained when
the doping was performed with rare earth elements have only
reached those listed here, but not exceeded them, with a max-
imum reported value of zT of 0.92 at 723 K for Te doping.!'>1%
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To further increase the thermoelectric properties of the tetra-
hedrites, different studies have been carried out by introducing
dopant atoms at SbI*) or SV sites, obtaining a reduction in
the thermal conductivity when introducing Te due to a certain
phase separation in the first case, and Bi in the second case.

Furthermore, the approximation of improving the thermo-
electric performance by nanostructuring has also been studied
in the case of tetrahedrites. A work by Sun et al. in 2019 showed
a fine-grained nanostructured composite based on tetrahedrites
with Nb,Os nanoparticles dispersed on it.%? In this way, the
thermal conductivity was reduced and a zT as high as 1.2 at
273 K was achieved. More recently, in 2020, the combination of
modified tetrahedrite nanoparticle composites, showed reduced
thermal conductivity maintaining a relatively high electrical
conductivity, achieving values of zT of 1 at 273 K when a small
quantity of SiC was introduced.[%3!

Even though tetrahedrites have been known for a long time,
some of their properties are not fully understood. Indeed, in
2020 the low-temperature structure, that is, the stable one
below its metal-to-semiconductor transition, was studied for
the first time.l'"l This is an example of how there is still room
for research in understanding the physical relations between
phonon transport, crystal structure, and electronic proper-
ties, which are necessary to improve their thermoelectric
performance.

Given the fact that metal sulfides are difficult to synthesize
due to the volatility of sulfur and its easiness to oxidize, the
most used synthesis methods require a sealed tube or solvo-
thermal conditions under an inert atmosphere. Therefore, the
most common method for producing synthetic tetrahedrites is
by solid-state reactions under a controlled atmosphere, usually
in a glovebox filled with argon. The starting materials or pre-
cursors are placed in quartz tubes and sealed under vacuum,
and then the ampoules are heated at temperatures over 700 K
for a certain time (even days) and then quenched down (see for
instance®) or cooled down, then grounded and then annealed
again.®% In other cases, subsequent annealing periods at dif-
ferent temperatures are performed, and the single crystals
are selected from the obtained ingots.’5 In some cases, the
obtained ingots are then grounded and hot-pressed under
vacuum.610L101 Another method used is the solvothermal
method, but it requires expensive solvents and leads to long
processes with low yields.”!

In the case of nanocomposites based on tetrahedrites,
the fabrication method combined mechanical alloying and
SPS.[102103] Tt i also possible to obtain large amounts of pure
and non-toxic tetrahedrite compound by high-energy mechan-
ical-alloying from the elemental precursors, as presented by
Barbier et al.'%l In this case, the pure powdered elements were
stoichiometrically mixed and place in tungsten carbide jars con-
taining tungsten carbide balls, and then high-energy ball-milled
under controlled atmosphere (argon) and also in air. Then, the
resulting powder was compacted using SPS. Or, in other cases,
the mechanical alloying of the elements can be hot-pressed.['"’]

Synthetic tetrahedrites for thermoelectric applications can be
also obtained in great quantities if previously synthesized mate-
rial is mixed with the natural mineral tetrahedrite, as it was
presented in the work of Lu et al.'® In this work, they pulver-
ized synthetic tetrahedrites to powder with a mortar and pestle,
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and then, these powders were mixed with natural mineral pow-
ders and milled together with stainless steel balls. Different
proportions of synthetic and natural tetrahedrites were then
charged onto a vial and sealed in a glove box filled with argon
and milled for 30 min. The fine powder was then loaded into
a graphite die and hot pressed in an argon atmosphere. This
manufacturing method reduces the cost by using the natural
mineral as a source, which is highly abundant in the Earth’s
crust, with zT obtained up to 1 at 700 K.

Tetrahedrites, which have a maximum thermoelectric
efficiency conversion for applications at temperatures around
700 K, can be used in industrial heat recovery, for instance. There
was a company, Alphabet Energy, which took advantage of the
naturally occurring tetrahedrites and used them as p-type mate-
rial in their modules (the n-type material used was magnesium
silicide).'® The company operated from 2009 to 2018 and devel-
oped industrial-scale thermoelectric generators that converted
heat from the exhaust gases from large industrial engines. It was
capable of producing up to 25 kWe from a 1000 W motor.

Anyway, the development of devices based on tetrahedrites,
thermal stability, mechanical properties, thermal barriers,
contact resistances, etc. demands an additional investigation.
Besides, a compatible n-type material should also be found and
the appropriate contact resistances optimized.

4, Earth-Abundant Oxides

Oxide-based materials are used in a wide variety of applications
at high temperatures, such as energy generation, conversion,
or storage (solar cells, fuel cells, nuclear reactors, batteries,
catalytic converters, etc.).'% They are generally inexpensive and
easy to prepare, and they overcome some problems with metal-
based materials at high temperatures, such as their tendency
to corrosion, thereby reducing their electrical conductivity. Dif-
ferent transition metal oxides can be used for different tem-
perature ranges, from cryogenics to high temperatures. Some
of the elements which are abundant in the earth’s crust and
industrially produced in large numbers such as Ti, Mn, Cu,
Zn, Mo, or W, form oxides that have interesting thermoelectric
properties, as other abundant and non-toxic elements, such as
V and Co (see Figure 1). As a result of their extensive use in dif-
ferent technologies, it is known how to adjust their electronic
properties by doping, stoichiometric control, or morphological
changes. However, their presence in the thermoelectric arena
is relatively new, and it was triggered by the work of Terasaki
et al. in 1997 on NaCo,0,." In principle, oxides have quite
high thermal conductivities, which is the main reason why they
have not been taken into account for thermoelectrics applica-
tion until NaCo,0, was presented as a promising material.
Apart from these narrow bandgap semiconductors that can be
grouped under the denomination of non-stoichiometric cobalt
oxides (or layered cobaltites) composed of earth-abundant ele-
ments, such as Na,CoO, and Ca;Co,0y, there is also another
family of wide bandgap semiconductors, those formed by the
transition metal oxides, which have shown promising thermo-
electric properties.

Starting with the element with the lower atomic number
of the above-cited transition metal oxides, Ti, its oxide, that
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is, TiO, is a widely investigated material for its applications in
photocatalysis, biosensing, solar cells, etc. It exhibits a band-
gap around 3.2 eV and it presents many polymorphs, of which
anatase, brookite (orthorhombic), and rutile (tetragonal) are the
most common. At room temperature, anatase is the dominant
polymorph, turning into brookite and then rutile at high tem-
peratures (over 1275 K).

The next one would be manganese oxide, which has a
smaller bandgap of about 1.3 eV and is used in electrochem-
ical batteries, electrodes for supercapacitors, etc. It has dif-
ferent polymorphs, like -MnO, psilomelane, with monoclinic
structure and fMnO,, with pyrolusite-rutile structure (see for
instance Ref. [112]).

Copper presents two phases which occur quite commonly
in nature: cuprous oxide or cuprite Cu,O (indirect bandgap
around 1.9 to 2.2 eV), with applications in catalysis, sensing and
solar cells, and cupric oxide or tenorite, CuO (direct bandgap
around 1.2 to 1.5 eV), with is the basis for different high-
temperature superconductors. The first has a cubic crystalline
structure while the second has a monoclinic crystalline struc-
ture, which is almost an electrical insulator in its stoichiometric
composition.

From the family of metal oxides, it can be said that ZnO is
the most studied because it has applications in photovoltaic,
optoelectronic, piezoelectric, detection, and thermoelec-
tricity.'3 It has a direct band-gap of about 3.3 eV and can have
several structures, such as cubic zinc-blende, wurtzite (which is
the stable polymorph at room temperature).

Molybdenum oxides are present in different stoichio-
metries, being MoO; the most widely reported, with an indirect
bandgap of 3 eV and an orthorhombic structure, with a more
stable phase, the o-MoOj; layered structure which is reached
at temperatures above 620 K. In the case of tungsten oxides,
the most commonly reported is WO3, which is an n-type mate-
rial with a perovskite-like structure, with a bandgap between
2.6 and 3.25 eV,'™ and it is usually found in its hydrated form
PH,0-WOs;. In the case of vanadium, from its different oxides,
only V,0s, which has an orthorhombic structure,™ has prom-
ising thermoelectric properties. This is an n-type semicon-
ductor with a direct bandgap of about 2.4 eV, which has been
used as an electrode in energy storage systems and has a lay-
ered structure.

Finally, cobalt oxide is also widely studied due to its different
applications in catalysis, energy storage, detection, and so on.
There are two main stable forms of cobalt oxide: Co;0,, which
exhibits a cubic lattice, it is a spinel with both Co?* and Co**
and with a bandgap between 1.4 and 1.8 eV; CoO also has a
cubic structure, with a bandgap between 2.2 and 2.8 eV. Both
are usually found in excess oxygen compositions, resulting in
p-type semiconductors.

Transition metal oxides and their applications as thermo-
electric materials have been the focus of different studies and
reviews.o1211 Ag it has been said, in this work, we will focus
only on those based on earth-abundant elements, but even with
this requirement, there are many possible oxides with inter-
esting thermoelectric properties.

In the case of TiO,, its non-stoichiometric form showed
promising thermoelectric properties for different applica-
tion ranges. In 2006, values up to S = -518 uV-K! and
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0=2x10* S-m at 350 K were reported for TiO; ¢,.122 A few
years later, in 2009, exceptional properties at cryogenic temper-
atures were found, with a zT of 0.1 at 10 K.'?l Another way of
improving the thermoelectric properties is to use dopants, such
as Na, along with nanostructuration, fabricating nanotubes,
obtaining zT values up to 0.3 at 745-1032 K.['?4

Manganese oxide is an n-type material. The most well-
known stoichiometry for thermoelectric applications is that of
CaMnO;, with zT values of 0.15 for 1173 K.'¥%] This value can be
improved by doping with different rare-earth elements. Never-
theless, in the same work of Thiel et al., they reported tungsten
doping, obtaining a zT value of 0.25 at 1223 K.%]

Cuprous oxide, Cu,0, has a Seebeck coefficient as high as
1050 uV-K! at temperatures of 923 K.I'®l In the form of thin-
films, with both the copper oxides mixed in it, Seebeck values
up to 204 pV-K! were reported, along with an electrical con-
ductivity of 50 S-m™ at room temperature,’?/l but the thermal
conductivity does not appear reported in those works, so in this
case, there is still room for studying the material for thermo-
electric applications.

Zinc oxide can be synthesized in a wide variety of morphol-
ogies, such as bulk ceramics,?®! thin films,1?*13% and a wide
variety of nanostructures.!'®! At room temperature, ZnO shows
a power factor, S2-0 quite high, of around 800 uW.m™.K2,
but the thermal conductivity exhibited is also high, of around
40 W-m1.K7}, which is reduced for increasing temperatures,
reaching 5 W-m™ K at 100 K.® A means of reducing the
thermal conductivity that has been widely used in the case of
ZnO, as it will be discussed later for metal oxides, is through
nanostructuration. Nevertheless, an important improvement
of the thermoelectric properties can also be obtained through
doping, for instance with AL 1327134 Ge 135 Ni,[130] Ga '] or Ti
(all of them, earth-abundant elements). The best results, as far
as thermoelectric efficiency is concerned, have been obtained
when co-doping has been done, obtaining for a composition
of ZnggAly03Gag O zT values of 0.45 and 0.65 at 1000 and
1247 K, respectively.[38l

Molybdenum oxides, both doped and non-stoichiometric,
showed high power factors, but low figures of merit, such as
that reported for Moy;O4 of 0.039 at 690 K.**) The best ther-
moelectric properties to date for molybdenum oxides have
been found when rare-earth elements were used for doping, to
introduce heavy transition metals, which is out of the scope of
this review, due to their scarcity on the earth-crust according to
Figure 1.

Tungsten oxide is also n-type, and there is little work dealing
with its thermoelectric performance. Non-stoichiometric tung-
sten oxide, prepared by SPS, showed moderate thermoelectrical
properties, with a maximum zT = 0.061 for WO, g at 963 K.[40!
Something similar is happening with vanadium, where low
values for relevant thermoelectric applications have also been
reported for vanadium oxide, without relevant results for this
material so far.*!

Finally, non-stoichiometric cobalt oxides are among the metal
oxides with the highest zT values have been reported. Some
have layered structures, such as Na,CoO,,1*2] or Ca;Co,04.1]
NaCo,0, has been studied for thermoelectric applications,
with a reported zT of 0.05 at room temperature, but it has
the drawback of the volatility of Na and its degradation above
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Figure 9. Summary of the highest reported zT values for the different
earth-abundant oxides, with the temperature at which they are measured
added on the label (room temperature and lower, blue, 400-700 K orange,
and over 700 K, red). The metal that forms the oxide is shown in the
x-axis, and when different earth-abundant elements are introduced into
their structure, these are shown with a blue label. References are included
in Section 4.

1173 K. Ba has resulted in a better dopant, with reported zT
values at room temperature of 0.11 for layered Ba, ;CoO compo-
sition,! or Ca, with a 2T of around 0.3 at 100 K for the compo-
sition Ca3Co0404.1 Moreover, measurements in single crystals
of Ca;Co,09 have reported values of zT of 0.87 at 973 K.
Further improvements of cobalt oxides rely on the addition of
precious metals or rare earth as dopants (such as Ag, Gd, La,
etc.), which will not be discussed in this review for their scar-
city. Also, 2D confined systems such as whiskers of single crys-
tals of Ca;Co,09 have been estimated to have zT values of 1.7 to
2.7 at 873 K (taking the thermal conductivity of a polycrystalline
sample).'] These predictions have encouraged the research of
2D configurations with these kinds of layered oxides, in which
the confinement in one direction can give rise to a reduction
of the thermal conductivity due to enhanced phonon scattering
and also quantum effects that enhance the electrical properties.
Figure 9 summarizes the best-reported zT values for the dif-
ferent earth-abundant oxides described in this section.

One way of engineering the transition metal oxides for
obtaining higher thermoelectric performance is through sub-
structuring (or segmentation), which is a route to decouple the
lattice and electronic contributions to the thermal conductivity.
It consists of a periodic arrangement of layers of different char-
acteristics, as far as electron and phonon transport is concerned.
This results in complex material structures, that ideally include
a high mobility material along with a phonon scattering mate-
rial.*¥l Some transition metal oxides may be found as superlat-
tices in their natural state, such as doped cobalt oxide.!

Another way to increase the thermoelectric performance of
the above-mentioned metal oxides is by nanostructuring,2!
as was done for TiO,,?*l manganates, ZnO, or cobalates.
A review of the effects of nanostructuration in different oxides
can be found in reference.”! With the fabrication of nano-
structures of these materials, the phonon scattering in the sur-
faces is enhanced while the electrical transport is for the most
part unchanged. Other transition metal oxides, such as iron
oxides (which exhibit interesting power factors, as reported
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in%) could be also target materials for thermoelectric appli-
cations if their thermal conductivity could be reduced via
nanostructuration.

Several different methods can produce metallic oxides. The
most commonly used are vapor chemical-based techniques,
but also chemical synthesis such as sol-gel hydrolysis, solvo-
thermal™" or electrochemical methods,"¥ such as Ti anodiza-
tion, and hydrothermal synthesis are widely used for producing
different oxides. Vapor deposition techniques such as atomic
layer deposition, sputtering,'*”) molecular beam epitaxy,!'**!
or pulsed laser deposition!*3> can also be used to form highly
crystalline oxides. Finally, sintering methods such as SPSI
or solid-state reactions!!3® have also been used to form certain
metal oxides

There is one manufacturer that uses calcium and man-
ganese oxides as thermoelectric materials in their modules:
TECTEG."! This company produces modules working up to
800 °C, claiming high stability and durability for up to 50 years
with little or no degradation. If the cold side is maintained at
50 °C, the modules with 32 couples should deliver 12.3 W. The
price for this module (CMO-32-62S) is 375 $ in 2021, which
is above what would be expected if production were substan-
tial.l%! With these modules, studies such as the performance
of a system for harvesting thermoelectric energy from asphalt
pavement were presented in 2019,3% concluding that the con-
version efficiency of the thermoelectric generators should be
further improved to optimize the performance of such a har-
vesting system.

Thermoelectric materials, such as nanocrystalline ZnO,
grown in large area cotton fabrics have also been proposed as
low-cost flexible thermoelectric power generators.>]

5. Silicides

The research on metal silicides as thermoelectrics was started
in 1958 by Nikitin.'®) Mg,Si attracted initially important
research attention due to their easy preparation by a solid-state
reaction between silicon and the metal™ 15815 and the pos-
sibility to tailor its thermal properties and electronic structure
by the formation of a solid solution with the general formula
(Mg,Ca),(Si,Ge,Sn). Values of zT of 0.8 were reported by Mar-
chuck et al.'%% in 1989. The Mg,Si remains stable until 850 K.18%!

Silicide-based thermoelectrics are one of the most promising
alloys for the medium temperature (ranging from 500 to 800 K)
for power generation, because of their reliable physicochemical
properties. Silicon is cost-effective and environmentally sus-
tainable. Among the silicides, Mg,Si based (n-type) and higher
manganese silicides (HMS) (as p-type) are the most studied
materials.

As for the n-type, Mg,Si as grown usually forms black
colored crystals, with a Fluorite structure with a cubic Fm-3m
space. Mg?* is bonded to four equivalent Si* atoms to form
a mixture of edge and corner-sharing MgSi, tetrahedra. All
the Mg—Si bond lengths are 2.76 A. Si* is bonded in a body-
centered cubic geometry to eight equivalent Mg?* atoms, as
shown in Figure 10.

Regarding the p-type, known as higher manganese sili-
cide (HMS) or MnSi, (with 1.71 < x < 1.75) crystals are made
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Figure 10. Crystal structure of a) Mg,Si, showing the Mg (green) and of
Si (orange); and b) the incommensurable MnSiy ;5 also known as Mn,Si;
phase showing the Mn (purple) and of Si (orange).

of compositionally homogeneous regions separated by layers
of MnSi, oriented along the c-axis. They present a complex
chimney-ladder crystal structure of tetragonal cells.'®] One of
the main advantages of these HMS compounds is that they can
be obtained with many different compositions, while one of
their main drawbacks is the difficulty of synthesizing them as
a single phase. They typically have MnSi or Si precipitations as
secondary phases, which generally lead to a significant decrease
in the power factor and/or increased in k. Initial investigations
on HMS reported zT values of 0.3 at 673 K.[12 The stability of
HMSs depends on the metal ion/s present in the silicide and
they can be stable up to 950 K.1®3!

The performance of n- and p-type silicides has evolved con-
currently. A noticeable improvement in the efficiency of Mg,Si
was achieved in 2011 by Fedorov et al.19 by partially substi-
tuting Si for Sn. The Mg,Si-Mg,Sn solid solutions have been
obtained with a zT value as high as 1.2 at 750 K. Ternary Mg,Si-
SipesGeg 1, and FeSi,-SiggsGeg 1, systems were also proposed
in 2009. In these materials, silicides form nanoinclusions that
reduce x by a factor ranging between 4 to 8, thus improving the
L TI164]

To achieve similar results for the p-type HMS, additional
efforts were made due to their complex structure and the com-
plex phase diagram.l'®-1¢] Adding or generating inclusions is
one of the strategies to enhance the performance of these com-
plex compounds. These inclusions have served as a means of
reducing thermal conductivity, as they are centers for phonon
scattering. The efforts in obtaining nanocomposites led to an
improvement in the HMS efficiency in 2009 when Itoh and
Yamada reported that MnSi; 73 mechanically alloyed with MnSi
and then submitted to SPS presented a zT of 0.47 at 873 K.[168]
Within a year, Zhou et al.l%*17 found that addition of SiGe to
polycrystalline HMS resulted in partial substitution of Ge in Si
sites together with the precipitation of SiGe, generating a reduc-
tion of #,;, down to 1.6 W m™- K™ at 450 °C, without modifying
the initial power factor. As a result, a zT of 0.5 at 823K was
achieved in the MnSi; 73;-SiGe composite. The use of nanopre-
cipitates has also been reported by Luo et al.l®® in p-type HMS
by obtaining MnSi nanoinclusions. The energy filtering led to
an increase of 30% in the electrical conductivity, without modi-
fying the Seebeck, and to a reduction in the thermal conduc-
tivity of almost 3 times (from 3.0 to 1.3W-m™.K}). Because of
that, a zT of 0.62 at 800 K was achieved. In addition to the gen-
eration of nanoprecipitates to boost the zT, in 2011 Luo et al.
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Figure 11. Summary of the highest reported zT values reported for dif-
ferent silicides. The temperature at which the maximum zT is reached is
indicated by the label. Some of the data has been extracted from Ref. [83]
or available in the text of this section.

reported a zT of 0.65 at 850K by substituting Si by Al in
obtaining the phase Mn (Al go15Sio.9085)1.50-""

In 2012, with the help of theory, the increase of Mg,Si by
doping was studied.l”?l The doing with Al (2.0% mol) gave a
zT up to 0.47 at 823 K."3l While Sb doping with 1.5% mol was
shown to increase the zT up to 0.46 at 810K.["4 Battiston et
al.”! reported in 2013 a 2T of 0.50 at 873K for the 1.0% mol
Al-doped in Mg,Si. In the same year, a 2T of 1.4 at 800 K was
reported for Bi-doped and of zT = 1.2 for Sb-doped.

In the more recent years, SiGe inclusions in Mg,Si have
been studied yielding a zT 0f 1.3 at 1250 K for Sij gsGe1,-Mg,Si
nanocomposites.[”?l In 2014, Gelbstein et al. described nano-
structured n-type Mg,Si;_,Sn, and p-type HMSs with a max-
imum zT of 1.1 and 0.6 at 723 K, respectively.”’ And, the effect
of the addition of nanowires to the HMS has been also tested
in 2017 Where tellurium nanowires were embedded in HMS
with an increase of zT from 0.41 to 0.70 at 800 K.I"8 Figure 11
summarizes the best-reported values of zT in silicide.

Other studies that are of importance in the field are the
studies on the critical mechanical stability of the silicides.[”")
Although powders of Mg,Si may react with water and moisture
if they are not encapsulated, it was found that the reaction does
not drive crack growth. This is beneficial for the production
of devices based on Mg,Si because the microcracks induced
during the operation of the device will not lead to the failure of
the thermoelectric generator.

The synthesis of silicide materials can be done by a
wide variety of methods, such as induction melting,®% arc
melting,®! mechanical alloying,® solid-state techniques,!®!
microwave,® vertical Bridgman growth,® etc. In most cases,
the samples obtained are then grounded and then densified by
methods such as hot pressing or SPS.118 [n this work, yields of
1 kg per batch were reported for this type of material.

To conclude this section, the most efficient thermoelectric
silicides up to date are based on the solid solution Mg, (Si-Sn)
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with a ZT of =15 for the n-type and MnSij 5%V or
ReSi; 751927194 both with a ZT of =0.7 for the p-type.

6. HH Intermetallic Compounds

Heusler compounds, with the formula X,YZ, were first
reported by Fritz Heusler in 1903,” and they have shown great
importance, due to their magnetic properties, in the field of
spintronics. HH materials are modified Heusler compounds,
with the formula XYZ, that is, with vacancies on the X site. In
this review, we are will be limited only to the earth-abundant
elements, and the HH materials present a wide variety of com-
positions that meet this requirement.

The first studies as far as thermoelectric properties were
concerned were done in HH based on MNiSn, being M = Ti,
Zr, or Hf. They showed a high Seebeck coefficient but also
high thermal conductivity, so Ni doping was used to reduce it,
without reducing their power factor, with a zT of 0.9 at 960 K
for Hfy sZr( 55NiSng ¢5Sbg 025, which was increased to zT of 1.5
at 700 K for a HH consisting of Hfy5Zr(,5NiSng 05Sbg 5.2
However, these values have not been reproduced since their
publication in 2005."1 Other interesting approaches are those
obtained when doping by tin, where a zT of 0.45 was obtained
for ZrCoSbyoSny; at 958 K,1%! excluding the results obtained
by introducing Ti or Pd.

In the case of HH compounds based on RFeSb, where R
stands for V or Nb, they also exhibit high power factors, as in
the previous case, but also high thermal conductivities. There-
fore, alloying or nanostructuring have been tried to improve
their performance, but not much improvement has been
achieved, with the best results obtained at 650 K with a zT of
0.33.%] This value was later improved by hafnium doping,
with values of zT of 1.47 at 1200 K reported in 201517 and 1.6
at 1200 K for a solid solution of an alloy NbFeSb with Ta, pub-
lished in 2018.11%¥]

Another interesting family of earth-abundant HH com-
pounds is the one called half-metallic Heusler, such as Fe,VAl
based, where different doping can induce n- or p-type semi-
conductor behavior. For the moment, low zT values have been
reported, due to the high thermal conductivity that they exhibit,
but they are promising for low-temperature applications, and
thus the research in these materials is still ongoing.”%% A
summary of the best-reported zT can be found in Figure 12 for
HH materials.

Given that HH compounds contain elements with high
melting points (over 1700 K, such as Hf, Zr, Ni, Co, or Ti) along
with others with relatively low melting points (Sn, 505 K),
high-temperature alloying methods are usually necessary, such
as arc-melting in Ar atmosphere,?® inductive heating, 2!
solid-state reaction,®! melt spinning,/?°? or SPS.? In most
cases, additional thermal treatments at high temperatures
(over 1100 K) for several days followed by rapid quenching are
required to obtain pure phases.

As it has been shown in the previous sections, the research
on HH materials is quite active and it holds the promise of sub-
stituting scarce and toxic materials for low-temperature appli-
cations with environmentally friendly, available, and low-cost
materials. There was an enterprise, Evident Thermoelectric,
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Figure 12. Summary of the highest reported zT values in HH materials
(references available in Section 7), maximum zT value temperatures are
indicated in the label. Red represents temperatures above 700 K, and
orange is zT in the medium range temperatures, from 400 to 700 K.

which developed two generators based on HH materials,
TEG-HH-8 and TEG-HH-15, which could produce 72 and
15 W respectively when a temperature gradient of 500 K was
applied.'% In addition, automotive applications with HH mate-
rials have been reported, with nearly 50 W produced when the
exhaust gas temperature is 600 °C.[204

7. Other Eco-Friendly Thermoelectric Materials

Finally, other Eco-Friendly thermoelectric materials can be
found among conventional inorganic compounds that have
high power factors but also high thermal conductivity. As it
is already assumed by the community, nanostructuration can
help to reduce the thermal conductivity while still maintaining
the power factor, if performed correctly. For instance, 2D struc-
tures, obtained from delamination of layered materials such
as layered sulfides or layered oxides are demonstrating great
capacities for thermoelectric applications, reducing the thermal
conductivity due to the reduced dimension and, even pre-
senting an enhancement of the power factor due to quantum
confinement.?829205] Other forms of nanostructuring materials
result in more conventional but eco-friendly semiconductors
are being revisited for thermoelectric applications recently.
The effect of nanostructuration in semiconductors is shown
for instance, in our work with CuNi,2%! where through nano-
structuring the material, fairly good thermoelectric properties
are achieved. Also through nanostructuration, the properties
of Silicon, which is a very poor thermoelectric material in
its bulk form, can be enhanced. And, they are very attractive
given their industrial use in microelectronic applications and
their easy integration, many works are dealing with both silicon
Si,37:207.208.23] or silicon-based materials, as SiGe alloys,!20%210]
to cite some recent reviews. In detail, we will briefly comment
here on two other types of materials that are being also explored
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Figure 13. A possible crystalline structure of Cul. Here, the Zincblende,
Sphalerite structure is represented. Cu'* in blue is bound to four equiva-
lents I'- atoms, shown in purple, to form corner-sharing Cul, tetrahedra.

for thermoelectric applications and have eco-friendly and non-
toxicity properties which are the focus of this review.

7.1. Copper lodide

Copper iodide (Cul) is a novel thermoelectric material that
presents, apart from a large thermoelectric figure of merit and
high Seebeck coefficient, the advantage of being optically trans-
parent in the visible range of the spectrum. Cul (see Figure 13)
was theoretically predicted based on the Boltzmann transport
theory combining, with first-principle calculations, a maximum
Seebeck coefficient of =250 uV-K™ and a carrier concentra-
tion of =1020 cm™ by Yadav and Sanyal in 2014.2M The fabri-
cation of Cul took place over the following years by different
groups.l?225] This is the most efficient transparent thermoe-
lectric to date. It behaves as an intrinsically direct p-type semi-
conductor because of the presence of copper vacancies and the
small effective mass (0.30 myg) of the light holes. It presents a
high bandgap E, = 3.1 eV and a large exciton binding energy of
62 meV similar to that of ZnO, as described in the oxide section
of this review.

Regarding the thermoelectric properties, the best values
so far have been obtained by Faustino et al.®! who reported
a power factor of 4.76 x 10* W-m™. K2 with a zT = 0.22 in
films prepared by solid iodization. The high values of zT for
this material have been explained by the energy filtering of
charge carriers at the interface and grain boundaries allowed
only high-energy holes to transfer through the energy barriers,
resulting in large Seebeck coefficients. This, combined with a
decrease in the charge carrier density, resulted in an increase
in the Seebeck coefficient in polycrystalline Cul films.?"l So
far, high-quality polycrystalline Cul films have been produced
using different deposition techniques up to now, such as sput-
tering, 2829 solid and vapor iodization,?2%221 and thermal
evaporation.[222223]

Due to their high transparency in the visible range of the
spectra this thermoelectric material is very interesting for the
development of energy harvesting in smart windows for its
transparency and wearable devices given its flexibility.?12l

7.2. Nitrides
Among the nitride family, different materials have been studied

for thermoelectric applications, among which Boron Nitride
(BN) based and III-Nitrides (which consist of GaN and its alloys
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with Al and In) are the most relevant when earth-abundant ele-
ments are taken into account. Boron nitride-based materials are
being thoroughly investigated lately, being firstly synthesized
in 1842. From the graphene analog of hexagonal boron nitride
(h-BN) to boron nitride allotropes and 2D nanostructures have
been proposed for thermoelectric applications. A review of
these materials and their thermal transport properties can be
found in.[*?4 In the case of I1I-Nitrides, they exhibit a hexagonal
wurtzite structure in most cases, and sometimes a zinc blende
one. They have a direct bandgap that can be tuned from 0.7 eV
(InN) to 6.2 eV (AIN). Also, they can be structured in 2D struc-
tures, such as B,_,ALN, Al,_,Ga,N, or Ga;_,In,N.[?*

Nitrides in general have high electron mobility and thermal
stability. Their applications include light-emitting diodes,
thanks to their wide direct bandgap range, solar cells, elec-
tronics, and RF applications, magnetism, nuclear detection,
and thermoelectric generation. A review of III-Nitrides and
their applications can be found in references.226-2%/]

I11-Nitrides have a high Seebeck coefficient, being the highest
reported value 500 uV-K! for a thin film of GaN with low car-
rier concentration(??!] and as it was already said, they are stable in
temperature thanks to their wide bandgaps, and therefore, they
are interesting candidates for high-temperature applications./2¢!
AIN and InN have been less studied for thermoelectric applica-
tions, with the highest theoretically predicted zT of 1.6 for an InN
nanowire at 1000 K.2% In the case of BN, most of the thermo-
electric properties have been studied theoretically.[?%!

Fabrication of GaN epitaxial layers by hydride vapor phase
epitaxy,??®l or metal-organic vapor deposition have been
reported.?2$2301 In the case of BN, h-BN can be obtained
by mechanical exfoliation or chemical vapor deposition, for
instance.[31

Most of the work developed to date on thermoelectric devices
based on nitrides has been conducted on GaN. For instance,
some works are reporting the fabrication of devices consisting
of GaN epitaxial layers for their integration in chips with a
maximum output power of 3.35x10°® W with 153 K of thermal
gradient!?3l or of 25 p-n pairs to obtain a maximum power of
2.1 nV with a gradient temperature of 30 K.[23%

8. Conclusions and Prospects

Over the last decades, it has been gaining importance the use
of materials based on earth-crust abundant, cost-efficient, and
sustainable elements that are competitive for thermoelectric
applications. To this end, numerous groups are focusing their
research on the synthesis and characterization of such com-
pounds. As we have seen, this is being reflected in a drastic
increase of publications in sustainable thermoelectric materials.
Of these abundant and sustainable elements, sulfur, oxygen,
and silicon, and their related-based compounds are the heart
of this review. They have a well-established extraction process,
developed over many decades, and some of them can be found
in minerals, occurring naturally. Moreover, those elements give
rise to an enormous variety of compounds that could be syn-
thesized on different architectures and dimensionalities: from
bulk to films, layered materials, 2D structures, etc., which could
be adapted to a variety of applications.
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Regarding sulfides, different binary sulfides such as CuS
have been revisited recently for thermoelectric applications,
and the figure the merit has been drastically improved. Indi-
cating that when the effort is set on a material the community
has the tools and the knowledge to improve it. The principal
breakthrough in this field was the discovery of a new phenome-
nology, the ion-liquid conductivity. Besides, unexplored families
such as sulfides perovskites, layered sulfides, or even copper-
based sulfides, provide an optimistic future to this family. This
together with the fact that the community is progressively
gaining expertise in building and designing sulfides based-
modules, opens the door to new devices based on these mate-
rials in the future. Tehahedrites may be also considered along
with sulfides, occurring as a natural mineral and exhibiting a
higher figure of merit than those found on sulfides.

Oxides are a family that has been well investigated in other
fields, and which have already been used in thermoelectric
prototypes, such as manganese oxide, with high reliability.
However, their figure of merit is still low for massive implemen-
tation. Non-stoichiometric cobalt oxide thermoelectrics have
been theoretically predicted to present better properties when
compared to what is already obtained due to their strong ani-
sotropy. This is a promising pathway to the near-future develop-
ments in thermoelectricity. Finally, silicides are an archetypic
example of success in sustainable thermoelectric compounds,
which have already been studied over several decades. Particu-
larly, Mg,Si shows a high figure of merit, around 1, and it is
widely used at moderate temperatures in several applications.
Research into this material is currently focused on increasing
the operating temperature and on its mechanical stability.
To this end, several attempts are being investigated to over-
come these problems. For instance, by doping with elements
such as Al or Sn, or using less brittle silicides, respectively.

Table 1 collects a general summary of the actual performance
of the discussed materials, not only as their efficiency is con-
cerned, but also taking into account their sustainability, versa-
tility, and implementation feasibility. In this context, whereas
sulfides and tetrahedrites seem to be two excellent families to
be used near room temperature, oxides and silicides are pre-
ferred to be used at higher temperatures, due to their stability.
In terms of synthesis and efficiency, sulfides can be easily syn-
thesized (and their production is scalable) in many structures
and morphologies, but they still exhibit low-efficiency values.
Tetrahedrites have a high figure of merit, but their synthesis
seems to be much more complex than those shown by sulfides.
Finally, oxides and silicides exhibit certain difficulties in their
synthesis, but some of the oxides show zT values relatively
high. Moreover, some silicides are being already used in high-
temperature devices.

In conclusion, there is still much work to be done in the field
of sustainable thermoelectric materials, but the current pro-
spective indicates that we are at the starting point to guarantee
a smooth transition to sustainable thermoelectricity in the near
future. As it has been seen, there is a wide variety of mate-
rials with promising thermoelectric properties which could
be synthesized (and in a scalable way) with a bunch of well-
established (and cost-efficient) methods. Furthermore, their
figures of merit could be further improved by using the knowl-
edge already acquired in more traditional thermoelectrics such
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Table 1. Current feasibility of different materials. Color code: green (fairly conditions), yellow (middle), and red (hard applicable).

Materials Characteristics

General comments

Sustainability Versatility

Efficiency

Implementation feasibility

Sulfides

Tetrahedrites

Oxides

Half-Heuser
alloys

Silicides

High number of low-cost, abundant, and versatile
compounds. Easy synthesis
Low ZT. Utilization recommendable at low T. They
hardly have been implemented

Long known materials, based on natural minerals.
Complex synthesis, High zT at room-medium T.

High number of low-cost, abundant, and versatile
compounds Easy synthesis
Moderate performance for a large range of
temperatures (from 100 to 1250 K)

Relative sustainability. High-temperature synthesis.
Very high performance for high temperatures (>800 K)

Complex synthesis.
High performance for high temperatures (>600 K)

as doping, nanostructuration, resonant levels, crystallographic
anisotropy, preparation methods, band theory, etc. In short, a
reshaping of the thermoelectric materials landscape towards a
more eco-friendly scenery is plausible to be implemented along
this decade, enhancing the global efficiency of the different
energy conversion systems and being a more important piece
of the green energy deal.
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