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Thermoelectric Borides: Review and Future Perspectives

Kivanc Saglik, Busra Mete, llayda Terzi, Christophe Candolfi, and Umut Aydemir*

The conversion of waste heat into electricity plays a vital role in energy
harvesting since conventional non-renewable energy sources have been
rapidly approaching the limit of utilization. The thermoelectric (TE) technology
relies on converting temperature difference (or waste heat) into electricity or
vice versa. The performance of TE materials is gauged by zT = S*T/px,

where S, p, k, and T represent the Seebeck coefficient, the electrical resistivity,
the total thermal conductivity, and the absolute temperature, respectively.
Boron-based compounds are considered refractory materials due to their high
melting points and advanced chemical and mechanical stability. Besides high
thermal stability, many borides exhibit intrinsically low thermal conductivity.
The discovery of good TE efficiency in boron carbides, where unexpectedly
high Seebeck coefficients (S(T) ~ 250 uVK~') are observed at high charge

1. Introduction

Over the last decades, changes in living
standards, technological progress, and
economic growth have resulted in tow-
ering dependency on energy resources.
Extensively used carbon-based fuels yield
hazardous chemicals, and such sources
rapidly approach the limit of utilization.
In addition, around two-thirds of the
global energy is wasted during industrial
processes. Hence, the direct conversion
of waste heat into electricity enabled by
thermoelectric materials plays a vital role
in energy harvesting. This technology in-

carrier densities (~%10*' cm~3), has induced an intense curiosity for the TE
properties of other boron-based compounds. Intermetallic borides with high
boron content (>65 at%) are of particular interest among all known TE
materials due to their great potential in TE generators, which can operate
under extreme environmental conditions (T > 1000 K). This article reviews the
TE properties of borides and state-of-art TE materials upon boron/borides

doping.
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volves the use of n-and p-type semicon-
ductors connected electrically in series
and thermally in parallel.l!) In such a de-
vice (Figure 1), the temperature gradient
is converted into electricity by the mi-
gration of charge carriers.l?] The perfor-
mance of thermoelectric materials is eval-
uated by “the dimensionless thermoelec-
tric figure of merit,” zT = S*T/px, where
S, p, k, and T are the Seebeck coefficient
(or thermopower), the electrical resistiv-
ity, the total thermal conductivity, and the
absolute temperature, respectively.?! A good thermoelectric ma-
terial is a poor conductor of heat and a good conductor of elec-
tricity. Since electrons and holes are also heat carriers, decreas-
ing the electrical resistivity elevates the electronic contribution
to the thermal conductivity and decreases the zT.[?! This inter-
dependency of the three transport coefficients on the charge car-
rier density challenges the discovery and optimization of materi-
als with high zT values. Although state-of-the-art thermoelectric
materials with enhanced zT are available, they may deteriorate
at high temperatures and/or contain toxic elements.>*! Boride-
based materials are abundant, non-toxic, refractory, and mechan-
ically stable. Thus, they are utilized at very high temperatures
(typically above 1200 K) where commercially existing materials
cannot be used.’] This target temperature range is shown in Fig-
ure 2. The combination of unique properties allows borides to
be employed in different applications, for example, batteries, nu-
clear energy, wind turbines, armor production, solid fuels, super-
conductors, biomaterials, and propellants.[®’] In this review, the
properties of several families of boride-containing compounds
are discussed as possible candidates for thermoelectric applica-
tions in power generation.

Research on thermoelectric borides focuses on three main
groups: metal borides (MB,, MB,, and MB;), alpha-borides
(B,C, and B,,), and beta-borides (B,qs). Some higher borides,
namely REB;, and REB, have also been studied extensively

© 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 1. Operation principle of thermoelectric generators (TEGs).
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Figure 2. Commonly used families of thermoelectric materials with their peak zT values. [1) BigsSbysTes,l’l 2) GeygsPbgq13Te,l4l 3)
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3]
[28]
28) Mgy 08Si03645M0,6Sbo.03e*2! 29)

Mg, 16 (Sio.4SNg.6)0.97Big.03,13 30) B,C +25 mol% TiB,,[34] 31) SrB, 1331 32) B;5C,[%8]].

owing to their PGEC nature, making them good thermoelectric
materials.l*’] Metal borides mainly crystalize with a layered crys-
tal structure and are mostly p-type semiconductors with high
thermal conductivities, making them poor thermoelectrics.[383]
Among these, only divalent hexaborides have shown promise
owing to moderate S and ¢.[%%) On the other hand, diborides
are very effective dopants, especially when added to boron
carbides.['”) Due to the solubility of carbon in boron, boron
carbides exhibit various appealing compositions because of
superior mechanical properties, low thermal conductivities, and
small electronic bandgap.[***!l Additionally, their unexpectedly
high Seebeck coefficient, along with ultra-high melting point
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(~3036 K), support the utilization of boron carbides under
extreme conditions.[*®] Having structural similarities, homolo-
gous series of rare-earth borocarbonitrides such as REB,; ;CN,
REB,,C,N, and REB,,CN have drawn great attention as n-type
counterparts of boron carbides which are p-type.[*?] Alpha and
beta polymorphs of boron constitute the skeleton of various
compounds like B;,As, or B;s.**) Due to their excellent stability
and the presence of vacancies in their crystal structure that
enable tuning their physical properties, f-boron has been largely
investigated.*] In addition to high-temperature stability, they
are mechanically robust thanks to the presence of directional
B-B bonds.[*’! The most striking discovery in this family is the
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switching from p- to n-type conduction upon doping with V, Zr,
or Cr.[*6-*] In addition, elemental boron is a promising dopant
for commercially available thermoelectric materials.[**->*] This
review provides a detailed analysis of synthetic routes, ther-
moelectric properties of different families of borides as well as
studies on state-of-the-art TE materials that have used elemental
boron and boron compounds as dopants.

2. Synthesis Techniques of Borides

2.1. Polycrystalline Synthesis Methods
2.1.1. Direct Reaction of the Elements

Under a protective atmosphere, for example, inert gas or vacuum,
metal and boron powders are mixed in targeted stoichiometry
and then reacted by heating at high temperatures.!>>5¢!

M +nB — MB, (1)

2.1.2. Fast Heating and Sintering Methods

Since borides have high thermal stability, aside from commer-
cial furnaces, other novel heating processes need to be employed
to reach elevated temperatures such as arc-melting, inductively
heating, hot press (HP), and spark plasma sintering (SPS). In
the arc-melting process, metal and boron powders are melted in
an argon atmosphere. Afterward, samples are annealed or ball-
milled to obtain the target phase. Since boron is non-volatile and
has high thermal resistance, arc melting is a prevalent method
to obtain borides such as boron carbides,*®! tetraborides,>’]
hexaborides,*® f-boron,[*! and YB,,Si,.>! In induction heating,
an electrically conductive material is heated by electromagnetic
induction with a high-frequency alternating current, leading to
heat generation by Eddy current. Stable boron nitride or graphite
crucibles under vacuum or inert gas are preferred to minimize
impurity formation. Induction heating provides a high-power
outlet under a protective atmosphere. Therefore, it is preferred
chiefly instead of commercial electrical furnaces, providing a rel-
atively lower temperature for reactions.[®”) Hot-pressing is a high
pressure, high temperature, low strain rate process that densifies
powder within graphite mold. In contrast to HP, heat generation
is internal in SPS with pulsed current directly passing through
the graphite die.[°!] Joule heating provides higher densification,
yielding densities comparable with the theoretical density of the
compound. SPS has also been used for direct synthesis of borides
(reactive SPS) such as f-boron!®] or AIMgB, 193¢ and densifica-
tion of powders before transport properties measurements. %]

2.1.3. Borothermal Reduction Method

Metal oxides and boron itself37%°! or a boron source (e.g.,
B,C)[¢7%8] are mixed and heated to obtain MB,,. By the borother-
mal synthesis method, production on large scales and cost-
effectiveness can be obtained with moderate-quality products.
With an additional ball milling step, submicron particle size
can be obtained. REB, can also be synthesized by this method.
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Hexaborides, ] REB,,[”! borocarbonitrides’®’!l are generally
synthesized by the borothermal method, according to the follow-
ing generalized chemical reactions:

M,O0; (s) + (2n + 3) B(s) = 2MB,, (s) + 3BO (s) 2)
2MO, (s) +B,C (s) +4C (s) — 2MB, (s) +4CO (g) 3)
MO, (s) +B,0; (s) +5C (s) — MB, (s) +5CO (g) (4)
MO, (s) +4B (s) — MB, (s) +B,0, (s) )

2.1.4. Flux Method

As in the role of flux for crystal growth, a relatively high amount
of a low-melting-point element (e.g., Al, Cu, Sn, Pb, In) is mixed
with raw synthesis materials in a suitable crucible under a protec-
tive environment.[** The flux method provides a liquid environ-
ment; thus, it decreases reaction temperature. After cooling, flux
material is removed by an acid or alkali leaching, thus leaving the
crystals as a solid residue. The flux growth mechanism is espe-
cially versatile to synthesize high-quality and large single crystals
of B,P, and B;,As, by using elemental boron as the source and
nickel as the flux.l”?]

2.1.5. Molten Salt Electrolysis Method

The molten salt electrolysis method provides the reaction of
borides at relatively lower temperatures by applying current
density.[”*] Electrochemical cells contain suitable cathode and an-
ode with generally fluoride or chloride electrolytes and a refer-
ence electrode. The experiment is held in a protective environ-
ment in which boron and metal are added into electrolyte in
stoichiometric quantities. Deposition on the cathode surface is
controlled by refining parameters such as temperature, current
density, etc.[%®] Although this method is not efficient in obtain-
ing products on large scales, it is preferred to reduce relatively
medium reaction temperatures of di- and tetra- borides./”*]

2.2. Single Crystal Synthesis Methods

To determine their physical properties, various crystal growth
methods are preferred to synthesize single-crystalline borides. A
schematic view of the most-preferred techniques is shown in Fig-
ure 3.

2.2.1. Floating Zone (FZ) Crystal Growth Method

The floating zone method is a crucible-free method that provides
a synthesis of high-quality and cm-long single crystals of borides.
Radiofrequency creates a melting zone between a single crystal
seed and a high-purity polycrystalline material above the float-
ing zone. The floating zone moves along the rod to contact the
melt drop, which is formed at the bottom of the polycrystalline
feed rod due to the relative motion of the heating device. After
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Figure 3. A schematic representation of single crystal growth techniques. a) Floating zone method; b) Czochralski method; c) Bridgman—Stockbarger

method.

neck formation, dislocation-free molten material solidifies into
a single crystal in limited dimensions due to the gravity effect
on the liquid. The most common heating systems for the float-
ing zone method include induction coil, resistance heater, optical
heating (halogen lamps with mirrors). FZ method is one of the
most employed techniques for growing single crystal of BCs3+7°]
and REB;¢,.377677]

2.2.2. Bridgman-Stockbarger Method

The Bridgman method is commonly used to grow a single crys-
tal boule or ingot by temperature gradient and polycrystalline in-
gots if a seed crystal is not employed. Stockbarger method con-
tains some additions such as high and low-temperature zones, or
adiabatic loss zone. Therefore, these two methods are generally
referred together in the literature. The polycrystalline material is
melted thoroughly and then contacted with the single-crystal seed
at the hot zone. Finally, the material is slowly cooled from one end
of the container where the seed crystal is located.!”®! This method
has been used successfully to grow single crystals of YB[”°! and
AlFe,B,®% from the melt.

2.2.3. Czochralski Method

This method employs induction or resistance heating with cylin-
drical crucibles. After the feed material is wholly melted at tem-
peratures slightly above its melting point, a seed crystal is dipped
into the melt. Under rotation, the seed is slowly withdrawn from
the melt; the feed melt crystallizes at the interface with a re-
duced temperature above its freezing point.”®! Transition metal
diborides (for example, VB, 8! TiB,, ZrB,[#?! and HfB,),[® rare
earth tetraborides (for example, YB,, TbB,, ErB,)!®* and Ni, B
are few examples in which the single crystals have been grown
with this method.

2.3. Thin Film Synthesis Methods
2.3.1. Chemical Vapor Deposition Method (CVD)
The CVD method controls thin films’ formation with chemical

reactions; hence, it is more versatile than traditional methods.
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In a typical CVD, the substrate is heated and exposed to volatile
precursors that react on the surface. Heated substrate thermally
activates a chemical reaction with a flowing precursor gas in
the chamber, resulting in a uniform deposition. By-products and
unreacted precursor gases are exhausted from the chamber.[¢]
Some of the B,P,[¥”] and B,,As,#¥! articles mentioned in this re-
view have employed the CVD technique to obtain homogeneous
thin films.

2.3.2. lon Beam Evaporation Method

An intense pulsed ion beam is used to sputter a target, trans-
forming the beam into thermal energy on the surface. Produced
high-density ablation plasma is deposited on the substrate sur-
face and produces thin films.[*!#] Since ions have equal energies,
this method provides homogeneously distributed formation for
thin films. Boron carbide thin films(“1#9] in this review have been
synthesized by the ion beam evaporation method.

3. Families of Known Borides

3.1. Di-, Tetra-, Hexa- Borides
3.1.1. Diborides

Diborides are comprised of metal atoms sandwiched between 2D
boron layers, as illustrated in Figure 4. The layered crystal struc-
ture determines the thermal and electrical properties such that
the metal in the center provides electronic stability.[>*°! Diborides
have attracted significant attention as superconductors (MgB,) or
dopants.>*2] However, they are poor thermoelectric materials
due to their very low S and ¢ along with high «. A study on 10
wt% PVA (polyvinyl alcohol) added TiB, reports a zT of 0.06 at 550
K.l Computational studies validated by experimental measure-
ments revealed a metallic nature with Sranging from —2to +8 pV
K1 with the lowest thermal conductivity of 51.9 W mK~1.[93-%I
Doping studies are promising, considering that reduction in the
thermal conductivity from 100 to 30 mW K~! was achieved by
incorporating SiC into TiB,.

On the other hand, diborides are pretty effective as dopants.!*’!
An interesting study reveals that the lattice thermal conductivity

© 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 4. VB, structure as a representative of AIB, structure type.

(x1) of ZrB,-SiC composites is strongly reduced at high temper-
atures. In such a case, ZrB,-SiC composites attain high power
factors, PFs > 1 mW mK~2, despite their metallic nature.**! Sim-
ilarly, HfB, addition into B,;C, reduces the density, resulting in
lower k. The metallic nature increases the charge carrier den-
sity of B;;C,-HfB, composite, resulting in improved zT values.[8
High o of TiB, has also been found to increase the zT of PbSe and
HfB, to 5 X 10~* and 0.12, respectively.[**?299] For FeSi and ZnO,
the increase in the thermoelectric efficiency has been reported to
be linearly dependent on the TiB, concentration.®?l Despite be-
ing poor thermoelectric materials, diborides can be considered
as promising dopants due to their metallic and refractory nature.

3.1.2. Tetraborides

Tetraborides have a 3D boron skeleton in which the electron-
donating metal atoms stabilize the electron-deficient boron
sublattice.[19-192] Classified as MB, (M is mostly rare-earth or
transition metals) or REMB,, tetraborides embrace nearly all
the rare-earth metals inside their 3D crystal structure.'] Tetra-
borides have been extensively studied for magnetism and super-
hardness.[104-10¢]

REB, compounds are metallic because one of their three va-
lence electrons (RE**) resides in the conduction band.%1%7]
However, only MgB, has a bandgap of 1.6 eV, showing n-type
semiconducting behavior.[””! Since metallic compounds such as
UB,, CrB,, and MnB, have relatively high carrier concentra-
tions resulting in low S, they have been reported to be poor
thermoelectrics.[1%>1%-111] An interesting experimental study has
uncovered the semi-metallic character of UB,, which can be en-
hanced by utilizing 'B. Hence, an increase in the power fac-
tor to 7.2 X 10~ Wm~! K2 has been achieved for U B, at 850
K.[121 This value is two times larger than the PF of natural boron-
containing UB, and even higher than some boron carbide and
a-AlB, compounds Such an increase has been attributed to in-
troducing the impurities that optimize the carrier concentrations.

Ternary tetraborides, REMB, (RE: Y, Gd, Ho; M: Transition
metals such as Cr, Mo, W) are classified as ThMoB,-type and
YCrB,-type, in which the latter is the most common.}12113] Ag
illustrated in Figure 5, these compounds are characterized by

Adv. Physics Res. 2023, 2300010 2300010 (5 of 17)
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Figure 6. The crystal structure of SrBg, representative of hexaborides.

three-bonded boron atoms making up 2D layers of five- and
seven-membered alternating planar rings.[''*-11¢] REMB, ma-
terials are n-type semiconductors, which is an interesting fea-
ture due to the lack of n-type borides compared to their p-type
counterparts.l’”1'7 Despite having moderate S values ranging
from =70 to —115 pV K1, their low PF limits their use as TE
materials. Thanks to the narrow bandgap of REMB, compounds,
the substitution of Fe for B yields a two-fold enhancement in PF
in YMoB,.’”l However, the obtained value of 2.4 uW cmK—2
still far below those achieved in state-of-art TE materials, calling
for further optimization.l”’! A recent study on Y, Ce CrB, has
obtained a zT of 0.06 at 800 K. Although too low for practical ap-
plications, this outcome widens the borides’ application temper-
ature (900-1700 K) and surpasses prior results reported for other
borides such as CoB, s, B;O, or YB.[4>77:118:119]

3.1.3. Hexaborides

Hexaborides, MBg, have a CsCl-type cubic structure in which By
octahedra are located at the corners of the cube and surround
the metal atom in the center.33117120] A representative crystal
structure for hexaborides is shown in Figure 6. The smallest
rare earth metals do not form hexaborides, and stabilization of

© 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAII8D) 8|qeo!dde ay) Aq pauiencb afe sejone VO ‘8sn Jo s 1o} Ariqi8uluO A8|1M UO (SUOTHIPUOD-PUe-SLLIBIAL0D" A3 | 1M Afelq 1[eUT|UO//SdNY) SUORIPUOD Pue SWB | 8U}88S *[£202/70/z2] Uo AriqiTauliuo 8|1 ‘80Ul sUeyod A 0TO00EZ0Z 1xde/z00T OT/I0p/Wod" A3 (1M Akeid i jpuljuo//Sdiy Wiy papeojumod ‘0 ‘002TTS.Z



ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

Open Access,

www.advancedsciencenews.com

these compounds gets trickier when the average size of the rare
earth decreases.['%] Electronic conduction characteristics of hex-
aborides differ according to the valence state of the metal atom.
Divalent (M = Ba, Ca, Sr, Eu, and Yb) and trivalent hexaborides
(M = La, Gd, Dy) show semiconducting and metallic conduction
behavior, respectively.®38121] Mixed-valent hexaborides such as
SmB, (M = Sm, Ce, Nd) exhibit a more complex electrical con-
duction behavior, which is still yet to be fully understood.

Most of the TE research on hexaborides has been focused on
the divalent hexaborides since they possess high S and o, whereas
trivalent and mixed-valent ones possess small S due to their
metallic nature.[1?212] Especially, alkaline-earth hexaborides are
promising as n-type analogs of p-type TE borides.['?* The contin-
uing interest in AEB; (AE = Ca, Sr, Ba) derives from the donor
defects in those structures, probably owing to cation vacancies or
unintended impurities. The effect is that the electron concentra-
tion and mobility in the AEB, structures vary weakly in tempera-
ture and pressure.['?] Studies show that AEB has similar nega-
tive S and o for various AE elements.['26-128] The highest PF with
a zT of 0.3 was obtained for SrB,, which is the highest value ob-
tained among divalent hexaborides studied hitherto.[!?] Follow-
ing those studies, a similar zT value of 0.3 has been also achieved
in CaB, %] corresponding to a threefold increase with respect to
prior work.[®]

There are still some concerns about the high x of diva-
lent hexaborides, which spans the range 10-40 W mK™!. As
an alternative strategy to lower «,, the production of thin
films was investigated.l3*131] For high-temperature applications,
the formation of solid solutions was studied to obtain ternary
hexaborides with lower k,, because of their similar lattice
parameters.['32] For the mixed crystals of SrBy, CaB; and BaBg,
Kk, Was effectively reduced without significantly decreasing the
electrical properties. For the compositions of Ca,,;Ba,,sB; and
Cag 551y 55Bs, 2T values of 0.2 and 0.25, respectively, were ob-
tained at 1073 K.['2 zT around 0.35 was obtained in Ca, s St s B,
which is the highest value reported so far for n-type boron-rich
solids.['?128] [n the same principle, the substitution of Yb for Ca
in CaB, lowered k,, by 20% while maintaining the high negative
S values around 200-300 pV K1 ,[66]

P-type hexaborides with large positive S also exist and an in-
crease in S with increasing temperature due to the hopping con-
duction has been reported. A study on p-type SiB, revealed an
S value of 900 pV K~! at 1100 K, yielding a zT of 0.2.58] For p-
type B4O, twice as much of S and similar zT around 0.62 X 10~3
at 1000 K were achieved compared with BC.'"! In the case of
YbB,, positive S was observed as high as those of AEB, up to 800
K, but thermal excitation of n-type carriers turned it negative.[**]
Thus, YbB, may be a p-type counterpart to n-type hexaborides.
Similarly, SrBy arises as an n-type counterpart of BCs.

3.2. Higher Borides
3.2.1. Dodecaborides
Icosahedral boron, or dodecaboron, forms the common unit cell
of many thermoelectric borides such as a- and p-rhombohedral

polymorphs, BC, YAl B,,, and YB.['**) Except for the smallest
a-boron, all dodecaborides are promising thermoelectric materi-
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als due to their high thermal and mechanical stabilities and scal-
able electronic properties.['3%] The mechanical and thermal prop-
erties depend on the combination of various bonding types such
as ionic, covalent, and metallic. Unique hybridization between
the d orbitals of metals and p orbitals of boron is responsible for
their enhanced transport and mechanical properties.[!*¢]

The scalability of electronic properties results in a variety of
dodecaborides formed by filling the electron deficiency in the
crystal structure. The most suitable elements for this purpose
come from groups 15 and 16 in the periodic table, such as B, As,,
B,,S,, By,P,, and B}, N,.*¥"] Applying different synthesis routes
or adding other impurity atoms enhances the electrical conduc-
tivity (o) and Seebeck coefficient of these compounds. For in-
stance, despite the wide electronic band gap of B;,As,, its elec-
trical resistivity could be reduced by doping with Si.[37]

The single-crystal synthesis is an effective strategy to improve
transport properties as well. Compared to polycrystalline B;,As,,
the single crystalline version was reported to have higher thermal
conductivity (120-27 W mK~!) due to the limited number of grain
boundaries.[''”] In the same study, electrical transport properties
were also enhanced by annealing.''712% Although B, P, is a less
toxic alternative to B;,As,, it has a higher thermal conductivity
value.l'*] Doping with Si with the composition By, (Si,)(P,)1.
further increases thermal conductivity and lowers zT.l”2%] Dop-
ing S into B,, seems to reduce resistivity, but the optimum dopant
concentration has not been found yet.

AlMgB,, has an orthorhombic crystal structure enabling dop-
ing of intrinsic vacancies to switch the p-type electrical conduc-
tion to n-type with Seebeck coefficients varying between +600
and —600 uV K~1. Co and Ni are effective dopants for this pur-
pose, both of which enhance electrical conductivity as well.[13-140]
Density of states (DOS) calculations also reveal that increas-
ing the number of electrons exchanged between the metal and
boron atoms enhances electrical properties.[®®l On the other
hand, MgAl,O, and BO, can form during the synthesis of un-
doped AlMgB,,.[* Since impurities influence electrical prop-
erties, powder mixture ratios of starting materials need to be
controlled.l®* An interesting feature of AIMgB,, is that although
o and S are in between those of f-rthombohedral boron and boron
carbides, its PF is the lowest."*!] Since YB,, have the same crys-
tal structure as AlMgB,,, different techniques were applied to
change the conduction behavior of YB,, to create n-type semi-
conductors. Because of the lower absolute values of the Seebeck
coefficient and high thermal conductivities, the zT of the n-type
counterpart is lowered than that of the p-type. Because the me-
chanical properties of MB,, compounds are superior to those of
state-of-art thermoelectric materials, they are worth studying to
enhance thermoelectric performance.[122142.143]

Computational studies help reveal some new environmentally-
friendly icosahedral borides like ZrB,,, HoB,,, ErB,,, TmB,,,
and LuB,, Although these are generally superconductors,
the unique crystal structure allows for modifications of their
electronic properties.[17:115116] The crystal structure of this com-
pound can be thought of as a representative of dodecaborides.
Here, the structure is composed of 8 B, icosahedra located at the
edges and 2 B, icosahedra at the faces of the unit cell. Because
of the 1/8 contribution coming from edges and 1/2 from the
faces, the unit cell holds two complete B, icosahedra. For clarity,
these atoms are invisible in Figure 7a, and a B,, icosahedron
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(b)

B,, icosahedra

Figure 7. a) LiAIB,,, representative for dodecaborides. b) A schematic showing B, icosahedra.

is shown in Figure 7b. There are 4 B atoms separate from the
B,, icosahedra. On the other hand, 4 Al atoms are shared by 4
unit cells, and 1 Al atom is totally inside the unit cell resulting
in 2 complete Al atoms. Finally, 2 Li atoms are located inside the
unit cell. 2Li, 2Al, 4B, and 2B, icosahedra can be considered as
AlLi(B,,)B,, that is, AlLiB,,.

Since B,, is ordered as layers in which metals can be inserted
to donate electrons, AlLiB,, has been studied as a possible ther-
moelectric material. Experimental studies revealed a zT value of
0.5 at 1000 K, in agreement with the predictions of Density Func-
tional Theory (DFT) calculations.'**] Considering the low x and
high mechanical properties of icosahedral borides, they are at-
tractive for future research.

3.2.2. Boron Carbides

Boron carbides (BC) have outstanding refractory, mechanical,
and chemical properties enabling applications in a wide range
of areas, such as reactor technologies and thermoelectric power
generation.['¥] Similar to other boron-containing compounds,
boron carbides have a low density (2.52 g cm~?), high melting
point (T,,, > 2700 K), along with high mechanical hardness be-
tween 30 and 38 GPa.l**1%] The crystal structure of boron car-
bides is complex. The arrangement of C and B atoms changes
depending on the chemical composition. A representative struc-
ture with a thombohedral unit cell described in the R3m space
group (No. 166) is shown in Figure 7.1 Although a hypotheti-
cal structure consists of B;; C icosahedra and C-B-C chains with
a composition of B, C;, the actual structure comprises B,,, B}, C,
C-B-C, C-B-B, and C-vacancy-C chains.['*”] BCs have a wide ho-
mogeneity range from B-rich to C-rich. Nevertheless, B-rich com-
pounds are more stable and appropriate for thermoelectricity due
to their lower k values.[#0:65137.146-148] Eor this reason, we will here-
after provide a more detailed discussion on B-rich BCs while only
a brief summary will be given on C-rich compounds.

BCs near the B saturation limit have higher mobility and car-
rier concentration than other boride-based compounds.*!l More-
over, k decreases with increasing B content, and for a fixed B con-
tent, decreases with increasing temperature, making these com-
pounds appropriate for high-temperature applications. 3675124149
A high concentration of valence electron deficiencies results
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in a prediction of metallic character for BCs; however, exper-
imental studies reveal a p-type semiconducting nature with a
high Seebeck coefficient of 300 uv K-1.[124] Attaining such a
high value in a non-toxic compound attracted scientists to ex-
plore the electronic conduction mechanism of boron carbides,
and two mechanisms were proposed:[®*1°°] Thermally activated
small bipolaron hopping conduction, and combination of hop-
ping between localized states and thermally activated band
conduction.'?*137] The former is explained by assuming the
presence of pairs of holes as the charge carriers that move
by thermally-activated, phonon-assisted hops between electronic
states of B, C icosahedra.[1?#137.150] The observed increase in the
electrical conductivity with temperature supports this idea.!!>1:1>2]
On the other hand, the latter disproves the former by experi-
mentally showing that the high concentrations of gap states in
the valence band result in p-type conduction and low electrical
conductivity.’¥”) Studies conducted by Sauerschnig et al. were
found to be consistent with this mechanism and reported S be-
tween 225-280 uV K~! along with a zT of 0.027 — 0.046 at 973 K
for B-rich BCs.[1*’]

C behaves as an electron donor for BCs near the C saturation
limit to compensate for the electron deficiency and lower the elec-
trical conductivity. Thin-films of those materials were found to
have a higher Seebeck coefficient and power factor. Various stud-
ies found the C content with the minimum Seebeck coefficient
as ~13%.11371%] Further studies also revealed that the B/C ratio
is essential in optimizing grain boundary barrier height to obtain
larger grains with a large electrical conductivity. However, such
materials have deteriorated Seebeck coefficient values resulting
in a lowered power factor.

Thermoelectric properties of B-rich BCs can be further im-
proved by doping with various elements or compounds like Ni,
Fe, Si, P, TiB,, SiB,, or HfB,.[1>>-1¢] The addition of Si with four
valence electrons increases the electrical conductivity and the
Seebeck coefficient, resulting in a zT value of 0.15 at 1500 K (Z
of 1 x 10~* K1).133] Nevertheless, P insertion reduces the hole
concentration, giving rise to lowered electrical conductivity.!>*
This study aimed to synthesize an n-type material, which could
be reached by inserting 25.4 vol% TiB, into B,C.1"*”] The conduc-
tion mechanism shifted from small bipolaron hopping to elec-
tronic transport for this system, and x was reduced by one-half of
the undoped sample. One of the highest zT values of 0.29 at 1100
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Figure 8. The crystal structure of B;C,, a representative of boron car-
bides.

Kwas found in SiC/B,C composite. This relatively high value was
attributed to the high Seebeck coefficient reaching up to 400 uV
K-1.118] Feng et al. reported that B,C-Si-B composites consoli-
dated by SPS exhibit lower « but reach a low zT value of 0.036 at
1000 K for the sample with 10 wt% Si and 5.6 wt% B. Qin et al.
doped B,;C, (Figure 8) with Fe and calculated a band gap of 0.51
eV, suggesting that the extended states of 3d band of Fe could
increase the electrical conductivity.>>*°] Fan et al. reported by
DFT calculations that when Ni preferentially substitutes the C
atoms in BC at the end of the C-B-C chain instead of the B atoms.
The weaker Ni-B covalent bond decreases x.[*°®! Innocent et al.
reported HfB,/BC(13.3 at% C) composite with optimum HfB,
content of 10 wt% with a peak zT of 0.20 at 1000 K. HfB, addi-
tion reduces «; however, since HfB, is a poor sintering additive
leading to a lower density, no significant improvement in the ther-
moelectric properties was observed. Since HfB, is metallic, the S
is reduced with increasing the HfB, content.[%] Finally, Cai et al.
reported higher ¢ and « combined with lower S for W,B,/B,C
composite by hot-pressing. The zT is higher than that for B,C
and is about 1.03 x 10~ K~* at 1500 K.[*¢"]

3.2.3. Borocarbonitrides (REBC(N))

In borocarbonitrides, B, and B, units are connected to C-
B-C chains, while rare-earth atoms form layers, as shown in

RESEARCH

www.advphysicsres.com

Figure 9.161162] The B, icosahedra and C-B-C chain layers
rise in the order of REB;CN, REB,,C,N, and REB,;C,.l1%]
These compounds are homologous to B,C with B,, icosahedra
layers.3>3%164] Multiple sintering routes can be followed to syn-
thesize them in phase-pure polycrystalline form. Nevertheless,
the densification processes (pressing and then annealing) are
only successful up to 50% of the theoretical density, which in-
fluences the results quite significantly.164]

REB,,C,N (RE: Y, Er, Lu) and HoB,,CN samples are the first
examples of unmodified boron-rich compounds showing n-
type conduction.['®] Compared to other well-known borides,
their p was higher, and their k was lower due to their low rela-
tive density. The comparison of the k values of these compounds,
which possess relatively low but similar densities, shows that
HoB,,CN and ErB,, C,N exhibit similar very low values of around
1 W mK-!. Both are lower than the « values reported for YB,¢ ;C,.
These tend to be dependent on the homologous sequence with «
increasing as the number of boron cluster layers increases, sug-
gesting that heavy rare-earth atoms in the light boron matrix may
be a key ingredient to influence «.1*]

SPS technique increased the relative density of YB,,C,N up to
75% and even 95% with the addition of additives such as YB, and
YB,;C.[5%164] The addition of YB,;C increased the absolute value
of S besides the densification improvement.[**! Even with the
75% relative density, grain growth induced by SPS led to lower p
and slightly higher «, which enhanced the zT value 12 times but
led to a low peak value of 2.5 x 107> at 1000 K.['**) Later, REBC(N)
compounds were found to have very large anisotropy in the x
values, which are low along the boron cluster layers along the c-
axis but comparatively higher in the rare-earth layers.[”®! Such a
behavior may be used in future studies for controlling the mi-
crostructure of those materials and hence, tuning their thermo-
electric efficiency.

In order to decrease the relatively high p of borocarbonitrides,
metal borides or transition metals have been selected as dopants.
ErB, and ErB, doping into ErB,,C,N and ErB,,CN resulted in
a significant reduction of p by up to two orders of magnitude.
For the ErB,,C,N:ErB, sample, the increase in « calculated to be
close to 20% was outweighed by the reduction in p. Therefore, PF
was successfully increased, and a zT of 1.7 x 107> was achieved at
1000 K.[163] Rh, Cu, Ni, Co doping in YB,,C, N resulted in slightly
lower negative S and lower p values, leading to an increase in
PF by two orders of magnitude for the Co-doped sample. VB,

Figure 9. The crystal structure of YB,,C, N, representative of borocarbonitrides.
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B, icosahedra

Figure 10. The crystal structure of YB,3;, representative of rare-earth
borides.

addition to YB,,C,N decreased the p and showed S of -89 uV K1,
whose absolute value is 2.2 times larger than that of the undoped
YB,,C,N.[%

The p-type conduction in YB,¢C, was first explained by its
metal-poor nature.[1%] Later on, however, YB,¢ ;C, samples were
found to contain BC clusters, which switch the n-type conductiv-
ity into p-type.['®] Therefore, the negative S of the other REBC(N)
compounds is relatively low in absolute values compared to other
boron cluster compounds. The zT of the “pure” YB,, sC, samples
was very low (below 1073), which again is due to the lack of high
relative densities. Additionally, the S showed an increase in the
absolute values upon decreasing the carbon content, which can
be a promising route to boost negative S.[1%]

Research on this family is quite important due to their n-
type electrical conduction. Focusing on better densification meth-
ods while enhancing their relatively lower o values by seed-
ing/doping experiments might further increase the thermoelec-
tric performance of these types of higher borides.

3.2.4. Rare Earth Borides (REB;;—REB ;)

Rare-Earth Borides contain a rare-earth metal such as Yb, Y, Tb,
Dy, Ho surrounded by B,, icosahedra along with B, units.l17] A
representative structure belonging to YbB,; is illustrated in Fig-
ure 10. Here, B,, units comprised of the same B atoms are shown
with the same color, that is, there are five different B,, icosahe-
dra. Furthermore, REB,, REBy, and REB,,Si, are other common
examples of rare-earth borides having many similarities in their
crystal structures. REB,, compounds have one of the most com-
plex structures among all-known boron compounds with ~1600
atoms in the unit cell resulting in extremely low, glass-like x.[18]
This is the reason why these compounds are considered as strong
candidates for the well-known PGEC concept.’”) REBy, com-
pounds have an orthorhombic crystal structure described in the
P2,2,2 space group with lattice constants similar to those of y-
AIB,,.1*%] Isostructural families of REBs, such as REB,,Si, crys-
tallize in the Pbam space group.!1¢170]

Glass-like «x values of REB, are attributed to their crystal
complexity, possible rattling phenomena of the RE atoms typi-
cally observed in cage-like compounds such as skutterudites or
clathrates,!'”1172] symmetry mismatch effect, or occupancy disor-
der in the structure.['’?] On the other hand, large S values around
800 uV K~' were obtained for SmBgg, YB(, YbB, and ErBg at
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room temperature. Although these values are higher than those
of the best room-temperature TE materials Bi, Te;, the extremely
large resistivity of REB, compounds results in a very poor PF
and zT. Indicative of degenerate semiconducting behavior, elec-
trical resistivity, and Seebeck coefficient decrease with increasing
temperature, resulting in a higher PF at high temperatures. For
instance, a very recent study on YbB, reported the zT to be 0.1
at 973 K.['7 Another study on YB, and ErB, gave rise to a zT of
0.13 at 1050 K, extrapolated to 0.4 at 1500 K.[”! For YbB4, C dop-
ing reduced thermal conductivity and enhanced zT by about two
orders of magnitude.”’! The k values of SmBg, and SmB, are
even lower than that of YB,, due to the much larger molar mass
of Sm. The mixed valency in the REB type compounds, which
is assumed to be the main reason behind their enhanced ¢ while
maintaining similar S, was first reported in the same study.

While boron-rich borosilicides, REB,,Si,, have low x and S
values similar to REB, they have significantly higher electrical
conductivity.”l REB,,Si, shows comparatively superior PF than
ErB,, while maintaining a similar low «, which is characteristic
of rare-earth B, icosahedral compounds.l'’?! The peak zT of 0.2
can be extrapolated for REB,,Si, (RE = Tb, Er, Tm, Yb), and dop-
ing yielded a 30% increase in the PF to reach 1.2 x 10~* V2 K2
Q7! m~! while improving the crystallinity.[”711%6:175] Other tran-
sition metals such as Mn, Fe, Cu, Rh, Mo, and Ti decreased the p
of YB,,Si, but did not result in a net gain in zT. Among all dop-
ing elements, the addition of Mo and Ti readily resulted in the
presence of their corresponding diborides.'*"l As a result, it was
suggested to utilize smaller concentrations of doping elements to
enhance zT.'*% One interesting outcome is the negative S (—20
pV K1) of Rh-doped YB,, Si, regarding the need for n-type coun-
terparts of boride-based thermoelectric materials./17>176]

3.2.5. Betaboron

Boron has two allotropes referred to as @ and g in which the a-
allotrope is unstable and dissociates into f-boron at high temper-
atures. The peak zT of f-boron is obtained at high temperatures,
so that it may be used at temperatures above 1700 K.*6*8] The rest
of this review deals with f-boron and its possible thermoelectric
applications.

The complicated crystal structure of g-boron [(Bi;)4(B,g),B]
with 105 B atoms and five vacancy sites determines its thermo-
electric and mechanical properties. The structure reported in Fig-
ure 11 includes 8 B,, icosahedra at the edges and 12 of them at
the sides of the unit cell. The former is shared by 8 UCs, whereas
the latter is shared by 4 UCs resulting in 4 complete B,, icosa-
hedra. On the other hand, 2 B,g units reside totally inside the
unit cell. These units are formed by the fusion of 3 B, icosahe-
dra in which three of them share one atom, and two icosahedra
share two atoms. Each icosahedron has seven unshared atoms.
In the structure of B, (5, various elements can be inserted into va-
cancies to tune the electrical properties, and a summary chart is
reported in Table 1. Results indicate that the nature of the doping
element, its location, concentration, and remaining vacancies are
critical in determining the electrical conductivity and the Seebeck
coefficient of f-boron. Moreover, atoms tend to fill some specific
vacancies depending on the size of the vacancy and the charge of
the dopant.[*6177] For example, occupation of A, sites is directly
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(a) D Site H Site (b)

B,, icosahedra

E Site
F site B, units

B,g units

Figure 11. a) The crystal structure of g — boron, b) A detailed schematic of B,g units.

Table 1. Possible doping sites of g-rhombohedral boron with correspond-
ing thermoelectric properties.

Doping Interstitial site S[uUV K™} «[Q'ecm™'] K[W mK™'] Radius [pm]
element

Cu A, D, E 200 13 2.1 140

Co A E 200 10 4 200

v A —450 - 6 205

Zr D, E —650 - - 160

Fe A, D 2350 - - 126

Mg A, H,D,FE - 10 - 173

Li F E - 0.05 - 182
Mn/Sc/Zr D,E - - - 161/230/160
/Al A, D - - - 200/184
i A, - - - 210

(Cu,Co,V,Mg,Li,Mn/Sc,Cr;["811 Al Si;[46] Fe;[46.179] 71451

correlated with o, while S is affected by the atoms in the D site. On
the other hand, by comparing the variations in the electrical and
thermal transport properties, the location of each atom can be de-
termined. When f-rhombohedral boron was doped with transi-
tion metals such as Cr, Fe, Co, Ni, Cu, 6 was increased, but S was
decreased except for Zr doping. A summary of the variations in
the transport properties induced by various elements is reported
in Table 1.[44,47,137,178]

The electronic conduction of f-boron is determined by vari-
able range hopping (VRH), which is indicated by increasing
electrical conductivity and Seebeck coefficient with increasing
temperature.l***] However, the hybridization of the holes in -
boron becomes significant when a transition metal is added. For
instance, the o of Fe-doped f-boron increases proportionally with
the Fe concentration, whereas no such behavior is reported for Al
doping.l'”%] Tt is worth noting that the A, site should be filled in
order to tune the electrical conductivity, and Al, Fe, Cu, and Cr are
suitable for this purpose.[*’] Solubility limits and coprecipitates
have an important effect on electrical conductivity as well. When
Cris doped to the A; site, the value of ¢ decreases with increasing
Cr content because of the formation of a secondary phase that de-
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creases the Cr concentration in the matrix. Moreover, in the case
of doping W and V into #-B, the concurrent increase in ¢ and de-
crease in S were probably the result of the metallic character of
the secondary phases WB, and VB,, or charge transfer from V to
boron icosahedra.l*:%2] Overall, the addition of Mo, Ru, and V re-
sulted in MoB,, RuB,, VB, as impurities. In all these samples, the
lattice thermal conductivity values were nearly the same. Hence,
the addition of VB, yielded the second-highest zT values reported
for all metal-doped p-rhombohedral boron materials with a value
of 7.91 x 1073 at 1079 K.[6%]

Boron has a huge affinity for carbon, allowing a combination
of interstitial and substitutional alloying to enhance the electrical
conductivity.'”®! Each boron icosahedra can accommodate two
carbon atoms to form an interstitial alloy. Moreover, the boron
atom in the center can be exchanged with a carbon atom, thereby
forming a substitutional alloy. Considering that the maximum
solubility of C into B is 9 C atoms per f-rhombohedral boron
unit cell, the linear relationship between electrical conductivity
and the amount of C can be expressed asl*>17818]

6=12x 107 em™ 4+ (1.1 x 10 em™)/at%C (6)

This formula results in reasonable room temperature electrical
conductivity which is invalid for concentrations higher than 1.1
at%. Between 900 and 1000 K, the electrical conductivity of 8.5
at% C doped p-boron was found to be 0.04 ohm= cm™! with a
corresponding zT of 0.01.[17%]

The reason behind the moderate zT values is the high S (950
pV K1) of g-boron compounds, indicating p-type character.[*:177]
Seebeck coefficient can be either changed from negative to pos-
itive, or its absolute value can be increased by doping.[*®! Since
Cr and Fe occupy A; and D sites, they can be both doped to
form Cr, sFe,,B,,s with enhanced Seebeck coefficient. Moreover,
CrB, s is n-type, which is promising for thermoelectric applica-
tions. Interestingly, VB, is n-type only if the concentration is
0.24 at%. When Zr is used as the doping element, however, S
continuously decreases from 400 to —670 uV K~! so that the semi-
conducting behavior changes from p-type to n-type with the most
negative value reported for metal-doped samples. This property
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is characteristic of f-boron compounds because of its intrinsic
semiconducting behavior dominant at high temperatures.[’]

The thermal conductivity of f-rthombohedral boron is around 8
W m~! K~1 at 1000 K, which is slightly higher than many state-of-
art thermoelectric materials. Due to interstitial vacancies in the
structure, phonon scattering can be increased to decrease the lat-
tice’s thermal conductivity. Separate studies in which Hf, Co, Zr,
St, W, or Cu were used as doping elements support this idea.[*’]
Among those, Cu inserted into D and E sites effectively reduced
the thermal conductivity and resulted in a peak zT of 0.038. The
application of different synthetic routes is also effective in reduc-
ing thermal conductivity. For instance, doping of Co by arc melt-
ing rather than hot press results in a lower x and higher zT.[181]

For practical applications of thermoelectric materials, hard-
ness is an essential criterion in which g-rhombohedral boron
is attractive with a microhardness value of 32 GPa. Consider-
ing the vacancies, hardness can be further increased by form-
ing new bonds with guest atoms and boron.’ A recent study
reveals that the increasing concentration of dopants such as Al
Cu, Sc, Mn, Mg, and Li increases the mechanical properties
of p-boron significantly up to 43 GPa.l’l Due to their mechani-
cal stability and tunable thermoelectric transport properties, f-
rhombohedral borides might be a promising family for future
thermoelectric applications.

4. Boron and Borides Incorporation into
Thermoelectric Materials

Due to its non-toxicity, abundance, and low atomic radius, nano-
boron is a promising dopant, especially for p-type semiconduc-
tors. In this respect, when nano-boron was inserted into Cu, Se,
grain boundaries were accommodated by boron to reduce the lat-
tice thermal conductivity and enhance zTup to 1.4 at X K.[’?] Sim-
ilarly, carbon-coated boron (C/B-NPs) inclusion into Cu,Se also
increased zT by 55%. Newly formed Cu:C:B interface here is re-
sponsible for the extremely low thermal conductivity of 0.28 W
m~! K~1.531 Bi ;Sb, ;Te, is another promising material for nano-
structuring. In this material, B precipitated into grain bound-
aries to reduce thermal conductivity without deteriorating elec-
trical transport properties. As a result, a significantly high zT of
1.6 at 375 K was obtained.[') The effect of boron on thermoelec-
tric properties can change depending on whether the material is
single-crystalline (SC) or polycrystalline (PC). Although the 2T of
B-doped SC Mg, Si showed a sixfold increase, B doping did not
change zT when the material was polycrystalline.>*183]

TiB, is another excellent phase to incorporate a thermoelectric
material because of its inherently large electrical conductivity.*’!
For instance, the addition of TiB, into YB,,C,N and PbSe in-
creased their zT up to 5 X 10~* and 0.12, respectively.[*®! In both
cases, the increase in zT was found to result from an enhanced
power factor.[*] Although zT of TiB,-incorporated ZnO is smaller
than that of TiB,, it is higher than that of undoped ZnO. How-
ever, the improvement is concentration-dependent and obtained
only if the TiB, concentration is 10%.°?] Another concentration
dependence was observed in the TiB,-FeSi system. Here, the best
concentration was 5 vol%, with a corresponding Z of 1.9 x 10~*
(1/K).o2!

B doping can be applied to enhance the mechanical prop-
erties as well. It was found that a-MgAg,,Sbyq,B, has a
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higher thermal conductivity and a lowered zT compared to
MgAgSb. However, the microhardness of this compound was
increased from 282 to 396 Hv because of the strengthening
induced by adding B.[184]

5. Trends in Transport Properties and zT Values

Figure 12a,b shows the dimensionless thermoelectric figure of
merit zT as a function of temperature for various boron-doped
and boron-based compounds. While in the latter ones, the zT
values remain limited to around 0.4 above 1000 K, high thermo-
electric performance could be achieved in thermoelectric com-
pounds in which boron has been used as an additive element.
Divalent hexaborides, for example, CaB, and SrB, have shown
promising thermoelectric properties due to their semimetal or
small-gap semiconductor nature. Their somewhat large thermal
conductivity can be lowered when they are fabricated as films,
which may make them less suitable for large-scale thermoelec-
tric applications. As it is apparent in Figure 12b, nano-boron or
carbon-coated nano-boron is a promising dopant for p-type ther-
moelectric materials. When incorporated into materials such as
Cu,Se and Bi;;Sb; s Te;, boron can tune the electronic transport
properties by doping and reduce the lattice thermal conductivity
through, for example, scattering of phonons through interfaces
or multiscale hierarchical architectures, and thus, enhance the
thermoelectric figure of merit dramatically.

The trend in the lattice thermal conductivity x; as a function of
the unit cell volume (Figure 13) follows the basic expectation that
increasing the number of atoms per primitive unit cell should
tend to decrease k; due to the high number of low-velocity optical
modes. Going from B,C to YB,, through f-B results in a signif-
icant lowering of k| by two orders of magnitude, with the cage-
like compound YB exhibiting glass-like ;. Although the mi-
croscopic mechanisms governing the thermal transport in many
families of TE materials have been investigated in detail, little is
known about the lattice dynamics of boron-based compounds.
Future detailed studies of the low-energy region of the phonon
spectrum by inelastic neutron and/or X-ray scattering will be
helpful in determining the influence of the structural complex-
ity on k. In this regard, the possibility of growing large, high-
quality single crystals opens up an essential experimental win-
dow through which the lattice dynamics of these compounds may
be investigated in detail.

6. Conclusion and Future Prospects

For extremely high-temperature applications in the range of
1000-2000 °C, such as in jet engine exhausts and fusion power
generation, borides are among the few thermoelectric materials
that can withstand these temperatures and have the potential
to display relatively higher zT values than those reported in the
literature so far. With the use of various synthesis techniques,
boron-based compounds have been constantly discovered and
investigated over the last decades. Due to the peculiar chem-
istry of elemental boron, most of these materials feature high
structural complexity, culminating in the cage-like compounds
REB. This complexity, which can be manipulated by varying
the metallic elements, yields very low lattice thermal conductivity
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doping studies of elemental boron or boron compounds into promising thermoelectric materials.[3435:50,52,53,58,90,98,99,147,182-184,186-188] See Tables Al

and A2 in Appendix.
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Figure 13. Unit cell volume (A%) vs lattice thermal conductivity, x| (Wm™!

K’]), of selected borides at 300 K.

approaching that of amorphous solids. This appealing charac-
teristic, combined with high thermal and mechanical stability
up to very high temperatures, is a prerequisite that makes these
compounds a potential candidate for thermoelectric applications
in power generation. Both n- and p-type electrical conduction
could be achieved in several families of boron-based materials,
opening up interesting prospects for integration in thermoelec-
tric devices. Despite very high zT values have been obtained for
boron-incorporated compounds, significant efforts need to be
devoted to the optimization of the thermoelectric properties of
pure boron-based compounds (the highest estimated zT value
obtained so far remains limited to ~0.5 at 1500 K). The lack of
high-performing boron compounds is mainly tied to the rigid
covalent network that often results in high sound velocities and
hence, in high lattice thermal conductivity. Reducing the ability
of these compounds to transport heat is an important challenge
to overcome in future studies. In this regard, the search for
cage-like compounds might be an interesting line of research to
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pursue in addition to defect engineering and nanostructuring.
A second challenge will be related to the identification of semi-
conducting boron compounds, which will help achieve higher
thermoelectric performance than in metallic compounds. Ex-
tending the landscape of semiconducting materials would open
up novel opportunities for using the full arsenal of strategies that
have been particularly effective in optimizing the thermoelectric
properties of chalcogenide semiconductors. Band-structure
engineering tools such as band convergence or resonant levels
provide mechanisms that can enhance the PF and that are yet to
be investigated in boron compounds. Another important issue to
be addressed in future studies is the lack of systematic measure-
ments of the charge carrier concentration and mobility. These
physical parameters are particularly important for developing
structure/property relationships and guiding doping strategies.
This will also help determine whether the structural complexity
sought after for reducing heat transport can be achieved while
maintaining high carrier mobilities. Looking further ahead to the
future, the deployment of the full arsenal of synthesis techniques
and sophisticated strategies developed in the past decades to
optimize the thermoelectric properties may lead to the discovery
of boron-based compounds with thermoelectric performance
rivaling that of state-of-the-art thermoelectric materials.

Appendix

Table A1. Materials represented in Figure 12a with corresponding refer-
ence numbers.

Material Ref. Material Ref. Material Ref.
Y,,Ce,CrB, [118] AlLiB,, [185] YBgeCos [165]
SrBg 138] YAIB,, [143] Bios 162]
BsO [119] B, osC [149] Co4Bgs [45]
CaBy [66] SmByg, 137] Cu,Bigs [181]
Cag5Sro5Bs [128] SmBg, [37] Vi5Bios [45]
AlMgB,, [65] YBes [136] Zr10B1os B
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Table A2. Materials represented in Figure 12b with corresponding refer-
ence numbers (nB: nano boron, cB: carbon-coated boron).

Material Ref. Material Ref. Material Ref.
PbSe + TiB, [90] B,C + HfB, 98]  Cu,Se+nB  [52]
TiB, + PVA [90] B,C + TiO, [147]  Cu,Se+cB  [53]
SiB, + SiBg 58] B,C+Si+B [186]  (Mg,Si)100Boss  [183]
B,C + SiB, [188]  ErB,,C,N+ErB,  [35] BigsSb,sTe; +nB [182]
B,C +TiB, [187] YB,,C,N + VB, [99] Feg 995 Bo.00s Siz [50]

B,C+ 25 mol% TiB, [47] MgAgge7SbgossBooos [184]
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