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tween 0 and 0.2. An average dimensionless figure-of-merit (Z7) for the material
canbe greater than or equal to about 0.80 as calculated by an integration method for
temperatures between 300 and 973 K. A ZrCoBi-based »-type half-Heusler mate-
rial can have a formula: ZrCo;_«NixBi)Sby, where x can vary between 0.01 and
0.25, and y can vary between 0 and 0.3. The material has an average dimensionless
i figure-of-merit (£7) is greater than or equal to about 0.65 as calculated by an inte-
gration method for temperatures between 300 and 973 K.
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ZrCoBi BASED HALF HEUSLERS WITH HIGH THERMOELECTRIC
CONVERSION EFFICIENCY

CROSS-REFERENCE TO RELATED APPLICATIONS

6861} This apphcation claims the benefit of and priority to U.S. Provisional Apphication No.
62/690,256, filed on June 26, 2018, the disclosure of which is ncorporated herein by
reference in its entirety.
STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT
{6662} This invention was made with govermment support under Contract No. DE-
SC0001299 awarded by the U.S. Department of Energy. The Government has certain rights
in the invention.
BACKGROUND
{8863} Thermoelectric materials are capable of converting waste heat into electricity. The
dimensionless figure-of-merit (ZT), as an important measure for the material’s thermoelectric
performance, plays a role i the energy conversion efficiency. Half-Heusler materials, as one
of the most promising candidates for thermoclectric power generation, have relatively low
ZTs compared to other material systems.

SUMMARY
[30884] In an embodiment, a ZrCoBi-based p-type half-Heusler material can have a formula:

ZrCoBi,.y5n,8by,
where x can vary between 0.01 and 0.25, and y can vary between 0 and 0.2, An average
dimensionless figure-of-merit {Z7) for the material can be greater than or equal to about .80
as calculated by an integration method for temperatures between 300 and 973 K.

[6085] in an embodiment, a ZrCoBi-based n-type half-Heusler material can have a formula:

ZxCo i- XNI\BX _ySby,
where x can vary between 0.61 and §.25, and y can vary between 0 and 0.3. The material has
an average dimensionless figure-of-merit (£7) is greater than or equal to about 0.65 as
calculated by an integration methed for temperatures between 300 and 973 K.
180846} In an embodiment, a thermoelectric module comprises at least ong first leg and at

least one second leg. The first leg comprises a first material having a formula:

-
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ZrCoBi;Sn,Sb,,
where x can vary between (.01 and 0.25, and y can vary between € and 0.2, and the second

leg comprises a sccond material having a formula:

Z}”COj_KNiXBiLySby,
where x can vary between (.01 and 0.25, and y can vary between 0 and 0.3, The at least one
first leg and the at least one second leg are connected thermally m parallel and clectrically in
series.

BRIEF BESCRIPTION OF THE DRAWINGS

166671 For a more complete understanding of the present disclosure and the advantages
thereof, reference is now made to the following brief description, taken i connection with
the accompanying drawings and detailed description, wherein like reference numerals
represent like parts.

[B008] FIGS. 1A-1B illustrate examples of the thermoelectric figure-of-merit £T of various
matertals. FIG. 1A shows a comparison of temperature dependent ZT values, and FIG. 1B
shows average ZTs between p-type ZrCoBigesSby 1s5ne, and other reported p-type half-
Heuslers.

166069 FIGS. 2A-2F illustrate the first-principle calculation of band structures. The
calculated band structures of ZrCoBi are shown in FIG. 2A, ZrCoSb are shown in FIG. 2C,
and TiCoSb are shown in FIG. 2E. The cross hnes in FIGS. 24, 2C, AND 2E ropresent
encrgy level of 0.1 eV below VBM. The corresponding iso-energy surfaces at 0.1 eV below
VBM in the Brillouin zone of ZrCoB1 are shown in FIG. 28, ZrCoS8b are shown in FIG. 2D,
and TiCoSb are shown in FIG. 2F.

160616] FIGS. 3A-3B illustrate the calculated band structure of ZrCoBi with spin-orbit
coupling effect in FIG. 3A and without spin-orbit coupling effect in FIG. 3B.

{6881} FIGS. 4A-4C illustrate the X-ray diffraction patterns of ball-milled ZrCoBi powders
in FIG. 4A, and hot pressed ZrCoBi;x.ySbySny pellets i FIGS. 4B and 4C.

[6012] FIGS. 5A-5D ilhustrate the electrical propertics of ZrCoBii«Sny. The temperature-
dependent electrical conductivity is shown in FIG. 5A, the Seebeck coefficient s shown in
FIG. 5B, the power factor of ZrCoBi 80, (x = 0, 0.05, 0.10, .15, and 0.20) 1s shown in FIG.
5C, and the band-degencracy-dependent power factors for 15% Sn doped TiCoSh, ZrCoSb,
and ZrCoBi at different temperatures with carrier concentration of 1.62 x 107, 1.47 x 10%,

: 23 . . c
and 2.20 < 107 cm”, respectively, are shown i FIG. 5D.

2
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{6813} FIG. 6 illustrates the composition dependent Hall carrier concentration of ZrCoBiy.
xSt

[B014] FIGS. 7TA-7F illustrate the thermal conductivities and Z7Ts of ZrCoBiy «Sn,. FIG. 7A
illustrates a Relationship between Young’s modulus (E) and mean sound velocity (vy,). The
temperature dependent thermal conductivity and the lattice thermal conductivity of
ZrCoBi; «Sny are shown in FIG. 7B. The accumulated room temperature lattice thermal
conductivity of ZrCoBi and ZrCoBigsSng» with respect to phonon mean-free-path are shown
in FIG. 7C. The notations of acoustic and optical represent acoustic and optical branches of
phonons, respectively, are shown in FIG. 7D. The temperature-dependent ZT of
Z1CoBi; «Sny and ZrCoBig ¢sBbg 1550020 are shown i FIG, 7H. The reproducibility of the
thermoelectric performance of ZrCoBig ¢s5by. 15500 20 18 shown in FIG. 7F,

[6015] FIGS. 8A-8F ilustrate SEM images of the hot-pressed ZrCoBi.,Sb,Sn, with
different doping and alloying concentration. Undeoped ZrCoBi is shown in FIG. 8A,
ZrCoBig.os8n0,05 1s shown in FIG. 8B, ZrCoBiyoeSng 1o is shown in FIG, 8C, ZrCoBipssSng 15
is shown in FIG. 813, ZrCoBiggeSngze 18 shown in FIG. RE, and ZrCoBigssShe 1s8ng 50 18
shown in FIG, &F. The SEM image of ZrCoBigss5bg 1sSneae in FIG, 8F 1s taken from the
sample after repeatedly measurement and ten times of thermal shock cycles form room
temperature to 973 K.

[BBEi6] FIG. 9 illustrates the lattice constants of ZrCoBi,Sn,,.

0017} FIGS. 10A-10F illustrate the thermoelectric performance of ZrCoBigse,SbySnga
(where y = 0, 0.05, 0.10, 0.15, 0.20). The clectrical conductivity is shown in FIG. 10A, the
Seebeck coefficient is shown m FIG. 108, the power factor is shown in FIG. 10C, the total
thermal conductivity is shown in FIG. 16D, the summation of lattice and bipolar thermal
conductivity is shown in FIG. 108, and £7T is shown in FIG. 10F.

[B018] FIGS. 11A-11D illustrate the reproducibility of the thermoeleciric performance of
ZrCoBig 655bg 15516 20. Electrical conductivity is shown in FIG. 1 1A, the Seebeck coefficient
is shown in FIG. 11B, the total thermal conductivity is shown in FEG. 11C, and Z7T is shown
in FI1G. 110 for the four samples.

[66319] FIG. 12 illostrates the dimensionless figure of ment for a series of thermoelectric
materials {also including their solid solutions) with n-type and p-type conduction.

[6628] FIGS. 13A-13B illustrate the relationship between the asymmetrical thermoelectric

performance and weighted mobility ratio, where the relationship between the Z7T ratio (n-type

(%}
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versus p-type} and weighted mobility ratio is shown in FIG. 13A, and the predicted
thermoelectric performance for a number of materials is shown in FIG. 13B.

[6021) FIGS. 14A-14D illustrate the calculated electronic structure of ZrCoBi, where the
band structure s shown i FIG. 14A, the calculated nertial effective mass for u- and p-type
ZyCoBi at 1000 K is shown in FIG. 148, the valence band carrier pockets are shown in FIG.
14C, and the conduction band carrier pockets are shown in FIG. 14D.

166221 FIGS. 15A-15B illustratc the phase composition of n-type ZrCoBi-based half-
Heuslers, where the X-ray diffraction patterns of the prepared ZrCo Ni Bi (x = .05, 0.10,
0.15, 0.20, and .25} arc shown in FIG. 15A, and the Zr{CogeNig 1 Bi,,Sby (y = 0.10, 0.15,
.20, and 0.30} arc shown in FIG. 15B.

[6023] FIGS. 16A-16B illustrate the microstructures of n-type ZrCoBi-based half Heuslers.
[6024] FIGS. 17A-17D illustrate the electronic properties for the n-type ZrCoBi-based half-
Heuslers, where FIG. 17A illustrates the electrical conductivity, FIG. 178 illustrates the
Seebeck coefficient, FIG. 17C iflustrates the power factor, and FIG. 17D iflustrates 87n of
21Co 1 Ni B

[#025] FIG. 18 illustrates the room-temperature Hall carrier concentration of ZrCo (Ni,Bi
[6826] FIGS. 19A-19B illustrate a comparison of the density of state (DOS) effective mass
and carrier mobility between n-type and p-type ZrCoBi-based materials, where the Hall
carrier concentration dependent DOS effective mass 1s shown in FIG, 19A, and the carrier
mobility is shown 1 FIG. 198.

{6627 F1G. 20A-20B illustrates the thermal conductivity of n-type ZrCoBi-based half-
Heuslers, where the total thermal conductivity is shown in FIG. 20A, and the lattice thermal
conductivity of ZrCo) 4 Ni,.B1 is shown mn FIG. 208,

{0028} FIGS. 21A-21F illustrate the thermoelectric properties of ZrCogoNig 1By (Sby (v = 0,
0.10, 0.15, 8.20, and 0.30}, where the electrical resistivity is shown in FIG. 21A, the Seebeck
cocfficient is shown in FIG. 21B, the power factor is shown m FIG. 21C, the total thermal
conductivity 1s shown in FIG. 21D, the lattice thermal conductivity is shown in FIG, 21E, and
the £T 1s shown n FIG. 21F.

16628] FIGS. 22A-22D illustrate the thermoelectric figure of merit of ZrCeBi-based half-
Heuslers and measured heat-to-clectricity conversion efficiency, where the thermoelectric
figure of merit of ZrCo,Ni,Bi {n-type} and ZrCoqoNig 1Big ¢sSbe 15 (n-type) are shown in

FiG. 22A, a comparison of the Z7s between ZrCogoNig 1 BiggsSbe 5 (n-type) and the other
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state-of-the-art n-type half-Heuslers are shown in FIG. 22B. the measured heat-to-electricity
conversion efficiency for single legs is shown mm FIG. 22C, and the umicouple of
Z1Co0oNig 1 BigssSho s {n-type) and ZrCoBigesSbhy 58ng, (p-type) are shown m FIG, 22D,
The nset in FIG. 22C illustrates the ratio of the measured efficiency of p-type to n-type legs.
[6638] FIGS. 23A-23D illustrate the reproducibility of the thermoelectric performance of
ZrCoosNig 1 BiggsSbo1s.  Thermoeleciric  properties  of  four different batches of
L1009 Nig 1 Big 25Sbg 15 were measured where the electrical resistivity is shown in FIG. 234,
the Seebeck coefficient is shown in FIG. 238, the thermal conductivity is shown i FIG. 23C,
and the Z7 is shown in FIG. 32D.

[6831] FIGS. 24A-24D illustrate a measurement of output power density and thermoelectric
conversion efficiency. The experimental setup of a single-leg device is shown in FIG. 24A.
The measured voltage, output power, input power and efficiency of the device with varying
current are shown in FIG. 24B where the cold-side and hot-side temperature of the device are
fixed at ~323 and ~823 K, respectively. The hot-side-temperature-dependent output power
density {(normalized to the length of 2 mm) is shown in FIG. 24C and heat-to-electricity
conversion efficiency is shown in FIG. 24D. The cold-side temperature is fixed at 298 K for
the calculation of output power density and conversion efficiency.

[BO32] FIGS. 25A-25D llustrate an  evaluation of the heat recovery ability of
ZrCoBig 655bg 1551620 by practical indicators including the calculated hot-side-temperature-
dependent engineering power factor as shown in FIG. 25A, the engineering Z7T as shown in
FI1G. 258, the output power density as shown mn FIG. 25C, and the conversion efficiency as
shown in FIG. 25D.

{6833} FIGS. 26A-26D illustrate a thermal stabihity test in which repeated measurement of
elecirical conductivity and Seebeck coefficient arec shown in FIG. 26A, total thermal
conductivity is shown in FIG. 268, Z7 15 shown in FIG. 26C for the ZrCoBig¢sSbe 1581020
samples. Repeated measurement of the cwrent-dependent voltage and output power are
shown in FIG. 26D for the ZrCoBigss8hg 1550y 30 leg maintained at a cold-side temperature of
~368K and a hot-side temperature ~803K.

16634 FIG. 27 illostrates the thermogravimetric analysis of ZrCoBiggsSbe1sSnga 10 Ar

atmosphere in which no decomposition of the sample was observed up to 1273 K.
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[68358] FIGS. 28A-238C illustrate thermal transport properties including the temperature-
dependent diffusivity as shown i FIGS. 28A and 28B, and the specific heat of ZxCoBiy,
vSbySny as shown in FIG. 28C.
[6036] FIGS. 29A-290 ilustrate the microstructure of the hot-pressed ZrCoBig 65500155110 20,
where the SEM images are shown in FIGS. 29A and 29B, and the TEM images are shown in
FiG. 29C and 29D, which indicate the specimen is highly dense with an average grain size of
~200 nm,
{8837} FIGS. 30A-30F illustrate the elemental mapping and chemical composition of the hot-
pressed Zr{CoBig 9581005, Where the SEM image is shown in FIG. 30A and the corresponding
EDS elemental mapping of Zr is shown in FIG. 30B, Co 1s shown in FIG. 30C, Bi is shown
m FiG. 30D, Sn s shown in FIG, 30E, and the EDS spectrum is shown m FiG. 30F,
[6638] FIGS. 31A-31F illustrate the clemental mapping and chemical composition of the hot-
pressed ZrCoBigseSng a0, where the SEM image is shown in FIG. 31A and the corresponding
EDS clemental mapping of Zr is shown in FIG. 31B, Co is shown i FIG. 31C, Bi is shown
i FIG. 31D, Snis shown in FIG. 31E, and the EDS spectrum is shown i FIG. 31F.
[6839] FIGS. 32A-32H illustrate the elemental mapping and chemical composition of the
hot-pressed ZrCoBig esabg 1590020, Where the SEM image is shown in FIG. 32A and the
corresponding EDS clemental mapping of Zr is shown m FIG. 32B, Co is shown n FIG. 32C,
Bi1s shown in FIG. 32D, Sn is shown in FIG. 32E, and Sb is shown in FIG. 32F. The EDS
spectruim is shown in FIG. 32G and the enlarged EDS spectrum focused on Fe peak is shown
m FIG. 32H. The analysis is taken from the sample after repeatedly measurement and ten
times thermal shock cycles form room temperature to 973 K.
[@048] FIG. 33 illustrates  the energy  dispersive  spectroscopy  mapping  of
ZrCog 9Nio 1 Big ss5ba 5.
[G04%] FIG. 34 llostrates  fransmission  electron  microscopy  images  of
Z1CoyoN1g 1 Blg xs8be 15,
1B042}) FIGS. 35A-35C illustrate the theoretical prediction of Z7 value, where. {A) Z7 plotted
agatnst reduced Fermd energy # for different material quality factor 8 as shown in FiG. 354,
LT plotted against B in log-log graph form as shown 1 FIG. 358, and fitting the Hnear model
to the Z7 valoe for # = 0.6 as shown in FIG. 35C.

DETAILED DESCRPTION



WO 2020/006021 PCT/US2019/039139

{8843} It should be understood at the outset that although an iHustrative tmplementation of
one or more exerplary embodiments are provided below, the disclosed compositions,
methods, and/or products may be implemented using any number of techniques, whether
currently known or in existence. The disclosure should in no way be hmited to the
illustrative implementations, drawings, and technigues iHustrated hercinbelow, inchuding the
exerplary designs and implementations illustrated and described herein, but may be
modified within the scope of the appended claims along with their full scope of equivalents.
{8844} The drawing figures are not necessarily to scale. Certain features and components
herein may be shown exaggerated in scale or in somewhat schematic form and some details
of conventional elements may not be shown in interest of chmy and conciseness.

[3845] In the following discussion and in the claims, the teoms "inclading” and "comprising”
are used in an open-ended fashion, and thus should be interpreted to mean "including, but not
fimited to... "

16846} Disclosed herein are p-type and n-type ZrCoBi based half-Heuslers along with
structures and methods using the disclosed materials, The disclosed p-type ZrCoBi based
half-Heuslers demonstrate a 27T of ~1.4 at 973 K and a thermoelectric conversion efficiency
of ~9% at a temperatare difference of ~500 K. Such thermoelectric performance originates

from its unique band structure offering a high band degeneracy (M.} of 10 1n conjunction with

i
¥ ,

a low thermal conductivity benefiting from the low mean sound velocity (v ~2800 ms’
The average 27T of ~0.81 (calculated by integration method between 300 and 973 K) for
ZrCoBig ssSbg 15505 29 18 also the highest value among all the p-type half-Heusler compounds,
In addition, output power density and conversion efficiency of ~9.3 W em™ and ~9% were
realized with cold-side and hot-side temperature being 323 and 823 K, respectively. |
addition, a good thermal stability for the ZrCoBi-hased half-Heusler has also been confirmed.
The results demonstrated herein indicate that ZrCoBi-based half-Heuslers are promising
candidates for high-temperature thermoelectric power generation.

18647} Thermoelectric generators enable a direct encrgy conversion from heat to electricity.
This solid-state energy conversion fechnigue has advantages of reliability, simplicity,
compactness, and environmentally friendliness. However, the application of thermoelectric
modules is currently limited to niche market due to the relatively low efficiency comparing to
the traditional heat engines. The conversion efficiency of the thermoeleciric modules is

jointly determined by the Camot efficiency, as well as the material’s figure-of-merit (£7T):
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Ther— Teold
pe (D
Tnot

where The 18 the hot-side temperature, Teue is the cold-side temperature, and T, is the

average temperature. Z7T is the thermoelectric figure-of-merit, which is the critical measure

~

for the materials’ performance that defined as:

5%

KitKe

LT =

T (2)

where S8, o, K1, K., and T are the Sechock coefficient, electrical conductivity, lattice thermal
conductivity, electronic thermal conductivity, and absohite temperature, respectively, At a
given temperature difference (Tho—Tewa), the improvements in thermoelectric conversion
efficiency entirely rely upon the ZT enhancement. Therefore, improving the performance of
existing materials and identifving new compounds with intrinsically high 27T are two basic
concepts m the research of thermoelectric materials.

{6848} However, sunultaneous optimization of the thermoelectric transport parameters
remains a challenge owing to their intricate interdependences. The 8, o, and x. are closely
correlated with cach other via the carrier concentration, while x is relatively independent.
Therefore, improving the power factor (5%) and reducing the lattice thermal conduetivity are
two main strategies for enhancing the thermoelectric performance. On the one hand, the
power factors can be traproved by tuning the carrier concentration, and further enbancement
can be achieved by band engineering, modulation doping, introducing the resonant level, and
tuning the carrier scattering mechanism.  Among these approaches, band engineering via
increasing the degenerate band valleys (V,), either by alloying or exploiting the temperature
dependence of the electronic bands, has been demonstrated to be particularly effective in
enhancing the power factor. In this case, a high electrical conductivity can be obtained with
the presence of multiple conducting channels enabled by the high number of band valleys. In
the maeanwhile, the Seebeck coefficient can still be maintained since the high electrical
conductivity does not mmvolve any increase in the carrier concentration. On the other hand,
reduction of the lattice thermal conductivity has been proven guite effective in enhancing the
ZT. According to the kinetic theory, ki = 1/3 Covid, where C, is the heat capacity, vy is the
phonon velocity, and [ is the phonon mean free path.  Extensive results have demonstrated

that shortening the phonon mean-free-path via phonon scattering by microstructural defects

and nanostructures can noticeably reduce the lattice thermal conductivity. In addition,
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phonon velocity as another important parameter for lattice thermal conductivity can also be
tailored for phonon engineering. Usually, the phonon velocity is simply approximated by the
low frequency sound velocity (v is proportional to .\,/"5‘75), where B is the elastic modulus and
& is the density of the compound. Therefore, sound velocity, which is closely associated with
the crystal structure, chemical composition, and bonding, can play a decisive role in the
Jattice thermal conductivity. More specifically, the materials with a low sound velocity
usually tend to have a low lattice thermal conductivity. Therefore, a compound that
simultancously possesses a high band degeneracy (i.c., high power factor) in combination
with an infrinsically low sound velocity (i.e., low thermal conductivity) is likely to
demonsirate a promising thermoelectric performance.

18049) Among the various thermoelectric materials, half-Heusler compounds, with large
power factors, robust mechanical properties, and good thermal stabilifies, are promising
candidates for high temperature thermoeleciric power generation. However, due to the
relative high lattice thermal conductivity (usually on the magnitude of ~10 W m ™ K™ for the
pristine compounds), the ZTs {especially the average ZTs) of the state-of‘the art half-
Heuslers remains relatively low comparing to other wel cstablished material systems.
Consequently, future development of the half-Hesulers thermoclectric module depends on
wdentifying a new compound with high thermoelectric performance.

[68568] In some cmbodiments, a ZrCoBi-based p-type half-Heusler material having a
formula:

ZrCoBix,BnSby,

where x can vary between (.01 and 0.25, and v can vary between 0 and (.2, In some
embodiments, x can be about 0.2 and v can be about 0,15, An average dimensionless figure-
of-merit (27} can be greater than or cqual fo about 0.80 as calculated by an integration
method for temperatures between 300 and 973 K. In some embodiments, a peak
dimensionless figure-of-merit (Z7) of greater than or equal to about 1.4 at 973 K, and/or a
thermoelectric conversion efficiency can be greater than or equal fo about 9% at a
temperature difference of about 500K. The material can have a band structure with a high
band degeneracy (N} of at feast about 10. The material can have a room temperature power
factor is at least about 20 pW ent! K, and/or a peak power factor of at least about 40 pW
e’ K™ In some embodiments, X can vary between 0.15 and 0.2 and v is 0 such that no

antimony 1s present m the material while the material can still demonstrate good properties.
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In some embodiments, the material can have a room temperature lattice thermal conductivity
of less than 3 W K’l, and/or a mean sound velocity {vy,) of less than about 2800 m st In
some embodiments, some portion of the Zr can be replaced by Ti, Hf, V, Nb, Ta, or any
combination thereof. For example, the Zr can be replaced up to about 5%, 10%, 15%, or
20%, all on a molar basis.

{6851} The p-type ZrCoBi-based half- Heuslers can possess a high band degeneracy (W, =

-1
L

10) m conjunction with a low mean sound velocity (v, ~2800 ms ') relative to the state-of-
the-art half-Heuslers.  Benefiting from the combination of the appealing electronic and
thermal properties, a peak £T of up to about 1.4 at 973 K can be achieved. Such a high
thermoelectric performance is further vahidated by the efficiency measurement and a high
thermoelectric conversion efficiency of up to about 9% achieved at a temperature difference
of about 500 K. As disclosed hevein, the Bi-based half-Heuslers, which have long been
ignored for thermoelectric application, open up a new avenue for designing advanced half-
Heusler thermoelectric materials.

16652} Various comparisons demonstrate the relatively high thermoelectric performance of
the ZrCoBi-based half-Heuslers, compared to other half-Heuslers. For example, the
temperature-dependent ZT between ZrCoBiy :She 158100 25 and other p-types of half-Heuslers
{e.g., HfCoSb-based, ZrCoSb-based, and NbFeSb based hali-Heuslers) is shown in Fig. 1A
As shown, ZrCoBig ¢s8ba 1581920 outperforms all the other p-type half-Heuslers in the whole
temperature range with a peak ZT of approximately 1.4 at 973 K. The average £7T is further
calculated by the ntegration method in the temperature of 300 to 973 K, where
ZrCoBig55bp 1s8ng 20 demonstrates the hghest average 27T of approximately 0.81, whereas
the ZT is only ~0.69 for NbggsHfoizFeSh, ~0.57 for NbosTigoFeSbh, ~0.54 for
Hf 447 v0.44 Tl 125bg s8ng0, and ~0.53 for HizsT1s2CoSbgsSnao.

[B053] With the half-Heusler materials, high band degeneracy can lead to high power factor.
To understand the origin for such a high thermoelectric performance of ZrCoBi-based half-
Heuslers, the first-principles calculation on the band structure of ZrCoBi (e.g., as shown in
FI1G. 2A) was employed to evaluate its clectronic thermoclectric performance. The valence
band maxima (VBM) locates at I point, while the valence bands at L point show a negligible
energy difference (AE) of ~0.001 eV lower than that of I’ pomnt. The valence bands converge
at " point and split shightly at L point due to spin-orbit coupling effect as shown in Fig. 3.

Due to the neghigible energy difference, all the valence bands that converge at L and I poinis

10
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will contribute jointly to the hole-transport. Since the two bands converging at L point give a
band degeneracy of 8 and those at I’ point provide an additional band degeneracy of 2,
therefore in total yielding a high band degencracy of 10 for p-type £rCoBi {¢.g., as shown in
FIG. 28). To highlight such a high band degeneracy m ZrCoBi, band structures for the
isostructural half-Heuslers ZrCoSb (e.g., as shown in FIG. 2C) and TiCoSb (e.g., as shown in
FiG. 2E) were also calculated for comparison. In countrast, therc is an appreciable energy
difference of L and {" points for ZrCoSb (AE ~0.13 ¢V} and TiCoSh (AE ~0.11 eV}, which
means only the valence bands at one of the points will contribute to the hole transport. To
better illustrate the differences m band degeneracy among the three compounds, iso-encrgy
surface at 6.1 eV below VBM is plotted (c.g., as shown in FIGS. 2B, 2D, 2F). The band
degeneracy equals & for ZrCoSb and only 3 for TiCoSb, both of which are noticeably lower
than that of ZrCoBi. According to the above-mentioned relationship between the band
degeneracy and power factor, it strongly suggests that p-type ZrCoBi-based compounds could
demonsirate an increased electronic thermoelectric performance.

18054] The p-type ZrCoBi-based half-Heusler materials disclosed herein can conprise a
ZrCoBi-based material that can be doped with Sn and/or alloyed with 8b. The p-type
ZrCoBi-based materials can be synthesized by the ball-milling and hot-pressing technigue as
described in more detail herein. The disclosed materials can demonstrate a single half-
Heusler phase having an exemplary X-ray diffraction pattern as shown in FIG. 4. FIG. §
shows the electrical conductivity of ZrCoBi,,Sn,, where x equals 0, 0.05, 0.16, 0.15, and
{820}, where a monotonic increase of electrical conductivity with the Sn concentration can be
observed. The room temperature electrical conductivity is ~1.14 x 10° Ohm™' m™' for
ZrCoBi and it is ~1.66 x 10° Ohm ™' m™ for ZrCoBiosSngs.  The enhancement in electrical
conductivity may be mainly attributed to the effectively increased Hall carrier concentration
(1), as shown in the FIG, 6,

[8653] The almost linear jncrease of Hall carrier concentration with respect to the Sn

. . -3 P
concentration (e.2., ~0.75 x 107 em ~ for ZrCobBiposSuges and ~2.75 » 10

21
<

e for
ZrCoBiggSng ;) demonstrates the high doping efficiency of Sn in p-type ZrCoBi. FIG. 5B
shows the temperature-dependent Seebeck coefficient of ZrCoBi; (Sny. It is noteworthy that
the pristine ZrCoBi shows an infrinsic n-type fransport characteristic and Sn-doping (Sn

concentration as low as ~5%) successfully converts it into fully p-type. At relatively low Sn
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concentration (x = (.05}, the bipolar conduction can be observed at high temperature and it
disappears when the Sn concentration is increased.

6856} By changing the Sn concentration, high power factors can be obtained for ZrCoBi,.
Sny (e.g., as shown in FIG. 5C). The room temperature power factor is ~25 pW cm ' K72
and the peak power facior reaches ~40 pW em ' K2 for ZrCoBig seSng . In addition, Sn-
doped TiCoSb and ZrCoSb (both preparcd in the same way) with similar Hall carrier
concentration are also plotted for comparison. As shown in FIG. 5C, ZrCoBiy7sSng 5 and
ZrCoBig goSnp20 show noticeably higher power factors than that of Sn-doped Zr{oSb and
TiCoSh. Band-degeneracy-dependent power factor at different teraperatures is further plotted
for the three compounds, as shown in FIG. 5D. The power factor increases monotonically
with the band degeneracy across the temperature profiles. This demonstrates that band
degeneracy can play a pivotal role in the power factor. In other words, the high power factor
achieved in ZrCoBi-based compounds should be mamnly attributable to the high band
degeneracy for this compound as indicated by the theoretical calculations (e.g., as shown in
FiG. 2B).

16657) With the half-Heusler materials, a low sound velocity can lead to 2 low lattice thermal
conductivity.  Sound velocity can play a role m the lattice thermal conductivity. The
relationship between the Young’s modulus (E) and the mean sound velocity (v, for other
half-Heuslers is shown in FIG. 7A. Compared to the Sn-based and Sb-based half-Heuslers
{(NbFeSh, MNiSn, and MCoSb, where M= Hf, Zr, T1), the ZrCoBi-based compounds possess

the lowest mean sound velocity ~ 2850 ms™’ and Young’s modulus, as shown in Table 1.
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[B858] Such a low mean sound velocity and Young’s modulus can originate from the weaker
chemical bonding and heavy atoimmic mass of Bi. For the ZrCoBi-based conmpounds, the
strong relativistic effect of B1 contracts the 6 s shell and increases its ineriness for bonding.
Therefore, the low mean sound velocity and Young's modulus can jointly contribute to an

intrinsically low lattice thermal conductivity for ZrCoBi. The temperature-dependent thermal

-
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conductivities of ZrCoBiBn, are shown mn FIG. 7B, In addition, the thermal conductivities
of the undoped TiCoSb, ZrCoSh, and NbFeSh are also plotted, where the pristine ZrCobi
shows a lower thermal conductivity compared to the other half-Heuslers. The room
temperature thermal conductivity is ~19 W m™ K™ for TiCoSb, ~19 W m™ K for ZrCoSh,
and ~17 W m "K' for NbFeSh, but ~9 W m " K" for ZrCoBi, which is only half of the
other p-type half-Heuslers. Importantly, the thermal conductivity of ZrCoBi; Sn, decreascs
noticeably with Sn concentration, which should be mamly ascribed to the reduction in the
lattice thermal conductivity. As shown i FIG, 7C, the lattice thermal conductivity of
ZrCoBi, «Sny 18 greatly suppressed with the increase of Sn concentration. The room
temperature lattice thermal conductivity of ZrCoBi is ~9 W m” K but only ~2.6 W m’’
K for ZrCoBigseSnose, where a reduction of ~71% is achieved after Sn doping. It is
noteworthy that the minimum lattice thermal conductivity of ZrCoBiggeSngse can reach as
fow as ~1.6 W m ' K at 973 K. Such a significant phonon scattering by Sn-doping should
be mainly attributed to the substantial atomic mass difference between Sn (atonuc weight:
~118.71) and Bi atoms (atomic weight: ~208.98) that leads to an intense point defect
scattering. The accumulated lattice thermal conductivities with respect to the phonon mean-
free-path for ZriCoBi and ZrCoBiggeSnie o are calculated and shown in FIG. 7D, The
calculated lattice thermal conductivity of ZrCoBiggesngze 15 lower compared to that of
ZrCoBi.  The reduced acoustic phonon contribution leads to the much lower thermal
conductivity of ZrCoBigeeSng . Such a seattering of acoustic phonon should be mainly
attributed to the point defect scattering induced by Sn-doping.

166591 A reduced grain size after Sn doping has also been observed and the average grain
size is ~250 nm for ZrCoBig g5y 50 (€.2., a5 shown in FIGS. 8A-8F). The reduction in grain
size should be atiributed to the suppressed gram growth during the hot-pressing process. Such
a reduced average grain size is beneficial for inducing additional grain boundary scattering to
decrease the lattice thermal conductivity., However, as shown in FIG. 7D, the phonon with
mean-free-path lower than 1006 nm dommates the lattice thermal conductivity. Therefore
compared to the alloying scattering, the grain boundary scattering plays a secondary role i
reducing the thermal conductivity of ZrCoBi based materials.

166661 Owing to the simultancously enhanced power factor and reduced thermal conductivity
via Sn doping, £T can be noticeably improved mn ZrCoBi; Sy (e.g., as shown in Fig. 7E).

A high peak 2T of ~1.3 at 973 K can be achieved by ZrCoBig geSng.20. However, according to

[
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the composition-dependent lattice constant of ZrCoBi; Sn, (e.g., as shown m FIG. 9), the
maximum solubility of Sn at Bi site of ZrloBi is ~20%. Therefore, in order to further
minimize the lattice thermal conductivity, Sb alloying at the Bi site can be conducted. In
some embodiments, the Sb alloying can be based upon a composition of ZrCoBig 2081020,
though alloying Sb with the ZrCoBi4Sny can be conducted at other Sn concentrations as
well. As shown in the FIG. 10D and 10F, a noticeable reduction in thermal conductivity can
be successtully achieved by Sb alloying. The room temperature lattice thermal conductivity is
~26 W P K for ZrCoBiggeSngse and 1t is ~2.2 W m K for ZrCoBig 55bg 15510 20,
which represents an additional reduction of approximately 15%. The power factors of
ZrCoBig g0y SbySug 20 remain quite simiar (as shown m FIG. 10C). Collectively, an even
higher peak £7T of ~1.4 at 973 K is achieved in ZrCoBigs58bg 1581020, To demonstrate the
reproducibility of the high performance of ZrCoBig ¢5Sbg 15515 29, four samples were prepared
from different batches and quite comparable results were obtained, as shown i FIG. 7F.
Detailed theomoelectric properties of the four samples are shown in FIG. 11,

[6861] In addition to the p-type materials, n-type materials and thermoelectric modules
employing the p-type and n-type materials are also disclosed herein. In some embodiments, a
ZrCoBi-based n-type hali-~Heusler material can have a fornwla:

ZrCoNiB11..ySby,
where x can vary between (.01 and 0.25, and v can vary between 0 and (.3, In some

-

embodiments, x is 0.1 and y is §.15. The material can have an average dimensionless figure-
nd for

temperatures between 300 and 973 K, and/or a peak dimensionless figure-of-merit (27) of

of-merit (Z7) greater than or equal to about 0.65 as calculated by an integration meth

greater than or equal to about 1.0 at 973 K. A thermoelectric conversion efficiency of the
material can be greater than or equal to about 7% at a temperature difference of about 650K.
6862} in some embodiments, a ZrCoBi-based m-type half-Heusler material can have a
formula:

ZYL_ZCONiXBi 1 —x—ySbyAz;

where x can vary between 0.01 and .25, v can vary between 0 and 0.3, z can vary between 1
and about 0.2, and wherein A can represent one or more of Ti, Hf, V, Nb, Ta, or any
combination thereof. In some embodiments, x 15 0.1 and vy 1s 0.15 {e.g., where z 15 0).

13863} Solid-state energy conversion from heat to electricity and vice versa can be realized

by a thermoelectric module enploying a thermoelectric material. The conversion efficiency

4
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of the module can be governed by the Carnot efficiency and by the material’s figure-of-merit
(27). Generally, the thermoelectric module can be formed from multiple pairs of n-type and
p-type legs that are connected thermally in paralie]l and electrically in series. To achieve a
high energy conversion efficiency, high thermoclectric performance for both types of legs is
highly desired. In addition, in order to minimize the thermal stress that originates from the
mismatch of thermal expansion coefficients between n-type and p-type legs, it can be useful
to adopt the same base compound for both types of legs.

{8864} However, there are quite a few materials that can only be synthesized as one of the
types, e.g., MgAgSh, SnTe, GeTe, ZnySbs, efc. This can be atiributed to the presence of
native defects that pin the Fermi level {o cither the conduction or the valence band, and
therefore the matenials show persistent n-type or p-type conduction. Among the materials for
which the ambipolar doping can be realized, most show high thermoelectric performance
{e.g., having a Z7 > 1} in only one of the types: e.g., Mg,Sn, Mg;8b,, ZrNiSn, and NbFeSb-
based compounds. Even for other thermoelectric materials, e.g., BiyTes-based materials, lead
chalcogenides, skutterudites, and 5iGe, in which mgh thermoelectric performance can be
achieved in both types, the thermoclectric performance s often asymmetrical as shown in
FiG. 12, The specific reason for such an asymmetry varies among the different compounds. It
could be attnbuted to the difference in the electronic structures between the conduction and
valence bands, e.g., density of state effective mass (m) ), inertial effective mass (), and
band degencracy (V). It can also be ascribed to the difference m carrier mobility due to the
different degree of carrier scattering. In addition, disparity in the dopability, e.g., difficulty in
identifying an efficient dopant for one of the types, can lead to asymmetrical thermoelectric
performance as well.

[6865] Asymmetrical thermoelectric performance of previously reported materials has been
merely viewed as an observation, while a more general relationship between the asyrometry
and infrinsic material parameters i3 seldom discussed.  Generally, the lattice thermal
conductivity of p-type and n-type compositions of a given material system are similar, while
the clectronic fransport propertics of the materials can be different.  The electronic
contributions to thermoeelectric performance can be given by a power factor, which can be
modified and tmproved by chemical doping. The thermoelectric performance of a given

compound can be estimated by the dimensionless material quahity factor 5:

-
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u(m)”
()Wb \ ‘“/ -]‘u‘fz (3)
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where g is the carrier mobility, This formula captures the essential aspect that heavy effective
mass {for the thermopower), high carrier mobility {which typically accompanies light mass,
and is needed for conductivity), and low lattice thermal conductivity are all useful for
thermoelectric performance. When asymmetrical thermoelectric performance is observed for

a cortain compound, this asymmetry (n-type versus p-type) can then he estimated as:
/2
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where n denotes the n-type and p denotes the p-type. In general, k. and the temperature for
peak Z7 are considered similar for both n-type and p-types of the compound. 4 is the
dimensionless n-type to p-type weighted mobility ratio. The density of state effective mass is
refated to the band effective mass (m, ) via the relation of i, = N¥m, . In addition, in the
case when carriers are mainly scattered by acoustic phonons, the carrier mobility depends on
the band effective mass as well as the inertial effective mass according to the relation of
g ocm'm, . For an isotropic single parabolic band system these masses are identical, and
in the general case, they are decoupled, and are also dependent on doping and temperature.
Eq. {4} can thus be rewritten as

NnmLp

A~

¥
17\/})!7![’1}

5

{6866} It can be understood from EHg. (5} that a large band degeneracy and a low inertial
effective mass can be beneficial for high thermoeleciric performance. As a result, the
difference in the band degeneracy and inertial effective mass between the conduction and
valence bands will lead to a noticeable asymmetrical thermoelectric performance. According
to Eg. (4}, the asymmetrical thermoelectric performance can be estimated by the weighted

o

mobility ratio. The weighted mobility ratio for different materials could in principle be

jroet

calculated by Eq. (4). For estimation of 4, this can be done at similar electron and hole

carrier concentration. The relationship between the n-type to p-type Z7 ratio (Z7,/Z7,) and

the n-type to p-type weighted mobility ratio is shown in Fig. 13A.  As illustrated, there s a
i6
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general trend that Z7,/Z7, increases with the weighted mobility ratio, ie.,

10g( VAN / ZE;/}ZC 10g( A}+Cz, where Cy and O are fitted as 0.69 and -0.039, respectively.
It should be noted that the experimentally obtained relation between iog(Z?; /ZZ; } and
log(\ A) is in a reasonably good agreement with the theoretical calculations as deseribed 1n
the Examples herein. Specifically, when the weighted mobility ratio is larger than unity, the
n-type material will outperform the p-type counterpart (Z7,/Z7, > 1). Conversely, when the
weighted mobility ratio is smaller than unity, the p-type compound will demonstrate better
thermoelectric performance (Z7,/Z7, < 1). When the thermoelectric performance for one type
of a material has been experimentally studied, while the other type has not yet been
mvestigated, it may be possible to predict the Z7 by using the identificd relationship hetween
the asymmetry and weighted mobility ratio. In this case, since the carrier mobility for the
anreported type cannot be obtained, Eq. (5) can be adopted to estimate the weighted mobility
ratio since it only involves the material’s basic parameters that can be determined by
calculation. However, it should be noted that Eq. (5) is simplified by assuming that the carrier
scattering 1s stmilar for electrons {(n-type spectmen) and holes {p-type specimen). Therefore,
the estimated weighted mobihty ratio by Eq. {5) could be different from the value
experimentally determined by Eg. (4). As an exanple, the thermoelectric performance for
several materials are predicted as shown i Fig. 13B.  The predictions mdicate that
reasonably high Z7 can possibly be achieved in n-type SnTe, n-type GeTe, and n-type
ZrCoBi.  Additionally, n-type TaFeSb and p-type NbCoSn are possible candidates for
thermoelectric performance. However, SnTe and GeTe have been proven as very persistent
p-type materials. Based on this data, this disclosure focusses on the thermoelectric properties
of n-type ZrCoBi-based materials.

18667] In order o investigate the electronic structure of Zr{"oBi materials, theoretical
calculations of the electronic structure of ZrCoBi provide preliminary msight mto its
thermoelectric performance. The caleulated band structure of ZrCoBi is shown in Fig. 14A.
The valence bands show practically degenerate maxima at [ and L, which is a band
convergence. It can be noted that there are strong splittings i the bands as one moves away
from I'. These include the splitting into a beavy hole and hight hole band along I'-X, and an
additional splitting of the upper heavy hole band along I'-1.. The latter splitting is forbidden

without the combination of spin-orbit and non-centrosymmetry, which arises due o the
v o
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difference between Co, Zr, and the heavy p-electron clement, Bi, breaking parity symmetry.
Although I has the full cubic symmetry, and the verse effective mass tensor of a cubic
material is isotropic, the bands at T are evidently highly anisotropic. This anisotropy with
different curvatures in different bands and dircections at [ provides a mechanism for
decoupling the electrical conductivity and the Seebeck coefficient, in particular with the high
curvature areas leading to high electrical conductivity. Even more strikingly, at the other
pocket L there is a pair of 2-fold degenerate bands separated by 0.06 ¢V, Both are relevant
for the thermoelectric transport due to this small sphitting. The upper band is scen to be very
strongly spin-split from L to W and somewhat more weakly so along L-I'. This splitting
would be forbidden by the combination of parity and time reversal in a centrosymimetric case.
This is iroportant because, in addition to the anisotropy allowed in a parabolic system around
the L peint (7.e., a transverse and a longitudinal mass, which can be different, as in GeTe),
there is an additional separation into a light and heavy band duc fo spin-orbit. This is highly
favorable as it again decouples Secbeck coefficient and electrical conductivity. In contrast,
the conduction band structure is apparently simpler, although it alse shows strong influence
of spin-orbit. This band shows a significant spin-splitting along X-W, but not X-I'. This
Dresselhaus spin-sphitting shifts the conduction band minimum away from X perpendicular to
the X-I" hne, and importantly can also decouple the Seebeck cocfficient and electrical
conductivity, although the decoupling is less pronounced than in the valence bands.

16668} Visualization of the carrier pockets 0.1 eV from the band edges for the p-type and n-
type ZrCoBi are shown i Fig. 14C and Fig. 14D, respectively. The band degencracy (V) s
10 for the p-type ZrCoBi but only 3 for its n-type counterpart. In addition, the calculated
inertial effective mass is shown as a function of carrier concentration for n-type and p-type
ZrCoBi in Fig. 148, It should be noted that the nertial effective mass (m) 1s very simatlar for
n-type and p-type ZrCoBi. As a result, the value of Nfm, is~5.3 my” for p-type ZrZoBi and

P
-1

only ~2.2 mg " for its n-type counterpart, which corresponds to a n-type to p-type weighted
mobility ratio of ~0.42. By using the experimentally determined thermoelectric performance
of p-type ZrCoBi-based materials {i.e., peak ZT of ~1.4) and the weighted mobility ratio of
~0.42, the predicted Z7 for n-type ZrCoBi 15 about ~0.71 (Fig. 2B). In other words, despite
the asymmetrical thermoelectric performance of ZrCoBi (J.e., the p-type outperforming the n-
type), reasonably high thermoelectric performance could possibly be achicved in the n-type

ZrCoBi.
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[8869] In order to test the electronic properties of the materials, the n-type Ni-doped ZiCoBi-
bascd materials were prepared by the ball-milling and hot-pressing method, as described in
more details in the examples. All the samples were single-phase (¢.g., as shown in FIGS.
15A-15B) and highly dense (e.g., as shown in FIGS. 16A-16B). The measured electronic
properties of the n-type Zr{"oBi-based half-Heuslers are shown in FIGS. 17A-17D. The
undoped ZrCoBi shows a low elecirical conductivity and afier Ni-doping at the Co site the
clectrical conductivity is substantially improved (e.g., as shown i Fig. 17A). Such an
enhancement should be mainly attributed to the mcreased Hall carrier concentration.  As
shown in Fig. 18, the camrier concentration increases monotonically with the Ni
concentration. This indicates that Ni is an efficient dopant for supplying clectrons to Zr(CoBi,
similar to the case of ZrCoS8b. Accordingly, the Seebeck coefficient of ZrCo; N3, Bi
decreases with the increase of Ni concentration {e.g., as shown in Fig. 17B), with the
exception of the undoped ZrCoBi. By improving the carrier concentration, a reasonably high
peak power factor {8%0) of ~27 pW em™ K can be realized by ZrCogoNia; Bi (c.g., as shown
in Fig. 17C). The power factor of p-type ZrCoBinsSne2 18 also plotted for comparison and it
is noticeably higher than that of the n-type specimens over the whole temperature range. The
average power factor between 300 and 973 K can be calculated by the integration method and
itis ~20.8 pW em™ K7 for n-type ZrCo0oNig 1 Bi and as high as ~33.6 uW e’ K for p-type
ZrCoBig sSnp2. Such a marked difference in the power factor between the n-type and p-type
ZrCoBi-based materials should be mainly ascribed to the difference in band degeneracy and
pocket shape between the conduction and valence bands. Therefore, despite the similar
mertial effective mass between the n- and p-type ZrCoBi, the density of state effective
masses of p-type ZrCoBi-based materials are notably higher than those of their n-type
counterparts (e.g., as shown in FIG. 19A). More importantly, since the inertial effective
masses are comparable between the n-type and p-type ZrCoBi (e.g., as shown in Fig. 14B),
the carrier mobility of the p-type ZrloBi-based materials remains similar to that of their n-
type counterparts (e.g., as shown in FIG. 19B). To further reveal the effect of electronic
structure on the thermoelectric propertics, the product of carder concentration and the square
of Seebeck coefficient { Szn) 1s calcalated for ZrCoBi-based materials as shown in FIG, 17D,
It can be clearly observed that the §%n value of the p-type ZrCoBiggdng, is substantially

higher than that of its n-type counterparts over the whole temperature range.
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[86878] The thermal conductivity of the n-type ZrCoBi-based half-Heuslers is shown in FIGS.
20A-20B.  The room-temperature thermal conductivity of ZrCo NiBi is reduced
considerably with the increase of Ni concentration (e.g., as shown in FIG. Z0A). The roont-
temperature thermal conductivity of the undoped ZrCoBi is ~8.9 W m™ K and it is only
~43 Wmt K for Zr{C0075Nig25B1, a reduction of ~52%. This can be attributed to the high
concentration of substitutional point defects (i.e., Ni at the Co site} that disrupt the phonon
propagation.  To reveal the phonon scattering effect by Ni doping, the lattice thermal
conductivity is further calculated as shown i FIG. 20B. The room-ternperature lattice
thermal conductivity is ~8.9 W m™ K™ for the pristing ZrCoBi and it is ~3.4 W o’ K for
Z1C00 75Nl 2581, a reduction of ~62%. In addition to the Ni doping, thermal conductivity can
also be largely reduced by alloying ZrCoBi with ZrCoSb (e.g., as shown i FIGS. 21A-21F).
Compared to the heavy Ni-doping that leads to the mferior power factor {(e.g., as shown in
FIG. 17C), alloying ZrCoBi with ZrCoSb can effectively reduce the thermal conductivity
while maintaining a relatively high power factor (e.g., as shown in FIG. 21C}.

[8671] The dimensionless thermoelectric figure of merit 27 of the n-type £rCoNiBi s
shown in FEG. 22A. As shown, Ni-doping can effectively enhance the Z7 and a peak Z7 of
~0.74 can be achieved by ZrCogsNig;Bi at 973 K. By further alloying ZrCopoNig1Bi with
ZyCo3b, the thermoelectric performance can be further improved (e.g., as shown m FIG.
21F), and a reasonably high peak Z7 of ~1 at 973 K can be obtained by
ZrCooNig 1 BiggsSbg1s. To demonstrate the reproducibility of this result, four different
batches of ZrCogoNio (BiassSho s have been prepared. The measured thermoclectric
properties are similar between the different batches and the Z75 are quite comparable (e.g., as
shown in FIGS. 23A-23D). To demonstrate the asymmetrical thermoelectric performance of
the ZrCoBi-based materials, the Z7 of p-type ZrCoBiy s5Sbo 155002 is also plotted in FIG. 22A
for comparison. [t should be noted that the thermoelectric performance of the p-type
ZrCoBig 655bp, 15510 2 18 noticeably better than that of the n-type ZrCogoNip (BiggsSbe 5 over
the whole temperature range, which is in good agreement with our prediction {(e.g., as shown
in FIG. 13B). In addition, comparison of ZrCooMNig 1 Biggssby s with other n-type half-
Heusler materials is also made as shown m FIG. 228, Although the ZrNiSn-based materials
show a higher Z7 in the lower temperature range, their Z7 is reduced at elevated temperature
due to the bipolar effect. In contrast, the Z7 of Zr{ogoNio BiossShe s increases

monotonically within the studied temperature range, and therefore ZrCoooNig.1BiggsSbe.1s is
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comparable with the ZrNiSn-based matenials at elevated temperature. In  addition,
ZrlogsNig 1 BigssShe s shows noticeably better thermoelectric performance than all of the
other n-type half-Heuslers, e.g., ZrCoSh-based and NbCoSn-based materials, over the whole
temperature range. It should be noted that the ZrCoBi-based compound can achieve Z7 above
unity at 973 K for both carrier types. This indicates that the ZrCoBi compound is suitable for
mid- and high-temperature thermoelectric power generation. To evaluate the potential of
ZrCoBi-based materials for thermoelectric application, the heat-to-electricity conversion
efficiency of the single-leg ZrCoqoNig 1BiggsShy ;s was measured. A maximum efficiency of
~7.9% can be obtained at the cold-side temperature of ~303 K and hot-side temperature of
~%53 K {e.g., as shown in FiG. 22C). The reported conversion efficiency of p-type single-leg
ZrCoBige55by 1s8ng 2 1s plotted in FIG. 22C for comparison. More importantly, a unicoupie of
n-type Zr0gNip 1 BigssShy s and p-tvpe ZrCoBigesSby 58ng, was further prepared. The
dimension of each leg was improved by considering the differences in electrical resistivity
and thermal conductivity between the materials. Our results showed that a maximum heat-to-
electricity conversion efficiency for the unicouple can be as high as ~10.6% at the cold-side
temperature of ~303 K and hot-side temperature of ~983 K (e.g., as shown in FEG. 22D
{6872} For the materials disclosed herein, the relationship between the asymmetrical
thermoelectric performance and the weighted mobility ratio can be seen to be mmportant. The
weighted mobility ratio depends on the difference in electronic structires and the different
scattering of carriers. The thermal stability difference may also lead to the asymmetrical
performance in real applications. For example, the low stability of the Fe-based p-type
skutterudites i3 a major limitation 1o achieving high efficiency in skutterudite modules. The
relationship between the asymietrical thermoelectric performance and the weighted mobility
ratio can be used to predict the thermoelectric performance of the materials. However, both
n-type and p-type semiconductors heavily depends on the dopability, which relates to the
solubility limit as well as the defect level (i.e., shallow level or deep level) of the dopants. In
addition, identifying and controlling the intrinsic defects that pin the Fermi level can also be
mportant for realizing the ambipolar doping. Therefore, the prediction of thermoelectric
performance of unreported materials via the weighted mobility ratio can be roughly
considered as an upper lmit.

18073} As disclosed herein, the thermoelectric performance of ZrCoBi-based half Heuslers is

illustrated. By improving and/or optimizing the carrier concentration and reducing the
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thermal conductivity, a ZT of ~1 at 973 K or higher can be achieved for
ZrlogsNig 1 BiggsShg s, Compared to other n-type ZriNiSn-based half-Heuslers, the ZrCoBi-
based materials demonstrate comparable thermoelectric performance at elevated temperature.
In addition, the ZrCoBi-based materials significantly outperform all of the other n-type half-
Heuslers over the whole temperature range. The heat-to-electricity conversion efficiency is
further measured for a unicouple consisting of the n-type and p-type ZrCoBi-based materials.
An efficiency of ~10.6% can be obtained at the cold-side temperature of ~303 K and hot-side
temperature of ~983 K. This demonstrates that the ZrCoBi-based half-Heuslers can be used
for mid- and high-terperature thermoeleciric power generation.

6874} in some cmbodiments, the n-type and p-type materials can be used to form 2
thermoelectric conversion module. The thermoelectric module can coraprise at least one first
leg and at least one second leg. For example, a plurality of legs can be formed from the
materials within the thermoelectric module. The first leg can comprise a first p-type material
-

having a formula:

ZrCoBiix B Sy,

where x can vary between (.01 and 0.25, and y can vary between 0 and 0.2, and the at least
one second feg can comprise an n-type material having a formula:

ZxCo 1 XNI\Bl 1 }bby

where x can vary between (.01 and 0.25, and v can vary between 0 and 0.3, The at least one
first leg and the at ieast one second leg can be connected thermally in parallel and clectrically
in series. The rvesulting thermoelectric module can have a thermoclectric conversion
efficiency of 10% or greater at a temperature difference of about 650 K. As described herein,
a peak dimensionless figure-of-merit (Z7) of the p-type material can be greater than or equal
to about 1.4 at 973 K, and a peak dimensionless figure-of-merit (Z7) of the n-type material
can be greater than or equal to about 1.0 at 973 K. A thermoelectric conversion efficiency of
the p-type material can be greater than or equal to about 9% at a temperature difference of
about SO0K, and a thermoelectric conversion efficiency of the n-type material can be greater

than or equal to about 7% at a temperature difference of about 650K,
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{8875} The embodiments having been generally described, the following examples are given
as particular embodiments of the disclosure and to demonstrate the practice and advantages
thereof. It is understood that the examples are given by way of illustration and are not
mtended to bmit the specification or the claims in any manner.

EXAMPLE 1

6876} The p-type materals disclosed bherein can demonstrate a high thermoelectric
conversion efficiency. To further wvahidate the high thermoelectric performance of
ZrCoBig 655bg 15516 20, heat-to-electricity conversion efficiency (n) and output power density
{@) were measured on a single-leg device with a homemade system (e.g., as shown in FIG.
24A). The thermoelectric material (which is referred as a “leg” in some contexis herein) was
polished to a size of 1.5 x 2.4 mm” in cross-section and ~ 4.65 mm in thickness. The cold
side of the leg was electroplated with copper, nickel, and gold layers sequentially, then
soldered (Ins;Snus, melting point 391 K) to a copper plate, and the hot side of the leg was
directly brazed {AgselCunsingCds, liquidus point 923 K) with a copper plate. The temperature
of cold side was manained by water circulation and temperature of hot side was controlled
by PID. The experiments were conducted under high vacuum (below 10-6 mbar) to reduce
the heat conduction. To measure conversion efficiency (v}, the input power from hot side
(Qi,} and the generated power (P) were measured at the same time. The direct measurement
of Qi 18 of great challenge due to the heavy heat loss at high temperature. According to
Fourier’s Law, a bulk polycrystalline graphite with measured geometry and thermal
conductivity was placed below ceold side to measure the heat flow out of cold side (Quy). The
thermal conductivity of the bulk polyerystalling graphite was confirmed before in the same
way as described in the methods section. In order to measure temperature differences of the
leg and graphite bulk, K-type thermocouples were embedded at the interfaces. It should be
noticed that the hot-side temperature of graphite can be regarded as the cold-side temperature
of the leg 1f the setup 1s working under a large pressure as shown in FIG. 24A. The total Qp
imchides Quy, P, and radiation loss from the leg (Qg). Therefore, the conversion efficiency
{1} can be written as the following:

P P

- Qin h Qaut + P+ Qrad

n

[B077] Since Qg cannot be directly measured, in real measurement (Qy, 1s composed of Qg

and P which leads to the measurement error of . By tuning the current in the circuit, a series
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of (0. P can be measured at the same time. Therefore, both maximum n and P can be found.
To minimize the radiation loss, copper foil working as a radiation shicld 1s brazed with
copper plate of hot side. Since this radiation shicld is at higher teraperature than the leg, it
will add additional heat flow into the leg, therefore the measured Qoy will actually be higher
than without the shield. This should lead to a more conservative value of efficiency. In this
exarmple, all the parameters for the single leg device of ZrCoBigesBba1sSng e, including
temperature difference, electric current (1), voltage (V), output power (P}, and input power
Qi) can be obtained simultanecusly, as shown i Fig. 24B. Due to the limited heating
power of the system, the hot-side temperature (Ty) could only be raised to ~823 K. The
measured hot-side temperature- dependent maximum output power density (@) and
maximum efficiency (Mumax) are shown in FIGS, 24C and 24D, respectively. The peak output
power density is ~9.3 W em™ and the efficiency is ~9% at the hot-side temperature of ~823
K {c.g., as shown i FIG. 24D). It is noted that the obtained resulis are slightly lower than
that of the theoretical calculations, cspecially at high temperature. This should be mamly

ascribed to the radiation heat, the nise of cold-side temperature, and parasitic electrical and
heat loss. By minimizing these adverse effects, it is expected that the measured maximum
cfficiency and output power density will be closer to the calculated values ~12% and
~11Wem™ at hot-side temperature of ~823 K. Even higher values of maximum output power
density and efficiency can be possibly achieved by increasing the hot-side temperature, as
shown in FIG. 25.
EXAMPLE 2
Thermal stability

6878} Since the potential applications of the half-Heusler materials are usually associated

with a high temperature difference and repeat thermal shocks, the thermal stability of the

-ty

materials was verified. As shown in FIGS. 26A-26D, the thermal stability for
ZrCoBiges5bg. 180020 Was tested. Repeat thermoclectric measurements between 300 and 973
K for this sample was conducted and the thermoelectric properties remained similar for cach
cyele (FIGS. 26A-26C). Afterwards, the sample was then sealed in an evacuated guartz
ampoule and directly heated in the furnace with the termperature of 973 K for 10 min and then
rapidly cooled to room temperature by air quenching. Such a thermal shock treatment was
repeated for ten times. The thermoelectric propertics were then measured again and the

results still remained similar. In addition, to evaluate the effect of large temperature gradient
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on the stability of thermoelectric performance for ZrCoBi-based half-Heuslers, the
ZrCoBig ss8bg 15505 29 leg was maintained at a cold-side temperature of ~368 K and a hot-side
temperature of ~803 K (corresponding to a large temperature gradient of ~100 K mm ™) for
6 h. The current-dependent voltage and output power were measured for cach hour and the
resufts were comparable (FIG. 26D Furthermore, a thermogravimetric analysis was
conducted for ZrCoBigssSbg 1550520 and no decomposition of the sample was observed up to
1273 K in the Ar atmosphere as shown in FIG. 27. Therefore, all the results indicate the good
thermal stability of the prepared ZrCoBi-based half-Heuslers.
EXAMPLE 3
Synthesis.
[86879] ZrCoBi samples as discussed herein were prepared by ball-milling and hot-pressing
methods. In these methods, pure elements (Zr sponges, 99.2%; Co powder, 99.8%; Bi ingots,
99.999%; Sb ingots, 99.999%; and Sn powder, 99.8%; available from Alfa Aesar) according
to the composition of Zr{CoBi; Sn, (where x = 0, 0.05, 0.10, 0.15, 0.20, and .25}, and
ZrCoBig soSbySngan {(where y = 0.05, 0.10, 0.15, 0.20) were loaded in a stainiess-steel jar
under an argon atmosphere m the glove box. The ball milling process was conducted on
SPEX 8000M Mixer/Mill for 20 h. The ball-milled powders were compacted to disk by a
direct current induced hot press at about 1173 K for 5 min and under the pressure of ~50
MPa.
EXAMPLE 4

Transport properties measurement.

{6888} The Secbeck coefficient and electrical conductivity were obtained simultaneously by
a commercial (ZEM-3, ULVAC) system under a helium atmosphere. The thermal
conductivity ¥ = DCpp was calculated from the thermal diffusivity I as shown in FIGS. 28A
and 288, specific heat C;, as shown in FIG. 28C, and mass density p, which were measured
by laser flash (LFA457, Netzsch), a differential scanning calorimeter (DSC 404 C; Netzsch),
and an Archimedes’ ki, respectively. Hall carrier concentrations ny were measured on a
commercial system (PPMS, Quantum Design), with a magnetic field of £3 T and an electrical
current of & mA.

EXAMPLE 5

Microstructural characterization.
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{6681} Phase identification was carried out by X-ray diffraction (XRD)} on a PANalytical
multipurpose ditfractometer with an X Celerator detector (PANalytical X Pert Pro). The
morphology and microstructures were characterized by a field enission scanming electron
microscope (FESEM, LEO 1523} and a high-resclution transmission electron muicroscope
(HRTEM, JEOL 2010F) as shown in FIGS. 20A-29D. SEM and EDS were performed by
encrgy-dispersive  X-ray speciroscopy (JEOL JSM-6330F) as shown in FEGS. 30-32.
Thermogravimetric analysis was camried out by the simultancous thermal analyzer
(NETZ5CH STA 449 F3 Jupiter).
EXAMPLE 6

Sound velocity measurement,

[6082] Sound velocity measurements were carried out by a RITEC Advanced Ultrasonic
Measurement System RAM-50060. The system realizes pulse-echo method of time
propagation measurcments with an accuracy of about 107 ps. To generate longitudinal (L)
and shear (S) ultrasonic bulk waves, Olympus transducers VI29-RM (10MH2z) and V157-RM
(5 MHz} were used. Propylene glyeol and SWC (both from Olymipus) were used as couplant
materials for L and 8 modes, respectively. Thickness measurcments were carried out using
Mitutoyo 1D-HOS30 device. All data were obtained at 300 K.
EXAMPLE 7

Theoretical calculation.

166831 The electronic structures were obtained using the lincarized augmented plane-wave
(LAPW) method as voplemented in the WIENZK code. The experimental lattice constants
were fixed for TiCoSb, ZrCoSh, and ZrCoBi and the internal atomic positions were relaxed
within the Perdew, Burke, and Emzerhof (PBE) functional by total energy minimization.
Then the modified Becke—fohnson (mBJ) potential was used for the band structure and
isosurface calculations. We used LAPW sphere radii of 2.4 Bohr for Ti, Co and Sh, and 2.5
Bohr for Zr and Bi. A basis set cut-off parameter Ry Ko 9 was used. We used well
converged k-point grids for the relaxation and self-consistent calculations, and denser k-
meshes 1o the isosurface calculations. Spin-orbit couphing (S50C) is inchided m all the
calculations except for the structural relaxations.

18084} The lattice thermal conductivity of ZrCoBi; «Sny was calculated within the virtual

crystal approximation, where we averaged the harmonic and anharmonic inter-atomic force
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constants (IFCs) of ZrCoBi and ZrCoBn according to the doping level x. The three-phonon
scattering of Zr{oBi; (Sn was then calculated through the harmonic and anharmonic IFCs.
The scattering of the phonons by the Bi/Sn doping effect was imcluded with the mass-
variation approximation. The Peierls-Bolizmann equation was then solved iteratively to
compute the lattice thermal conductivity at different x and temperatures. All first-principles
calculations were carried out in the QUANTUM ESPRESSO package with the Perdew—
Burke-Emzerhof exchange-correlation functional. We first optinized the lattice constants of
ZrCoBi and ZrCoSn in the MgAgAs structure. The harmonic IFCs were then caleulated
within the density functional perturbation theory as implemented in QUANTUMESPRESSO
on a 6 x 6 x 6 q mesh. The anharmonic IFCs were computed with the finite difference
method ona 3 % 3 % 3 supercell. The MFP for a particular phonon mode A=(g, ¥} is defined as
b=vil e, Where 1y, 18 the phonon lifetime at reciprocal vector g and branch index v and ¢ is
the Cartesian direction.

EXAMPLE S

N-type Material Synthesis

[B085] In this example, n-type ZrCoBi-based half-Heuslers were prepared by the ball-mulling
and hot-pressing method. Zr sponges (99.2%, Alfa Aesar), Co powder {99.8%, Alfa Acsar),
Bi ingots {99.999%, Alfa Aesar), Sb imgots (99.999%, Alfa Aesar), and Ni powders {99.8%,
Alifa Aesar) according to the composition of ZrCo; NiBi (x = 0, 0.05, 6.10, 0.15, 0.20, and
0.25) and ZrCogoNig 181y, Sb, (¢ = 0, 0.10, 0.15, 0.20, and 0.30) were loaded into a stainless-
stecl jar under an argon atmosphere 1n the glove box. The ball-milling process was conducted
on a SPEX 8000M Mixer/Mill for 20 hours. it should be noted that due to the cold-welding
effect large pieces can form and stick to the jar in the early stage of the ball-milling process.
These picces were carcfully detached from the jar with a tool after the first 8 hours of ball
milling. After 20 hours of ball milling, highly uniform and fine powders were obtained
without any large pieces remaining in the jar. The 2.1 grams of obtamed ball-milled powders
were loaded into the carbon die and compacted into a disk by a direct-carrent-induced hot
press at about 1173 K for 5 minutes and under pressure of ~80 MPa. The inner diameter of
the carbon die is 12.7 mm, and the diameter of the carbon rods is 0.2 mm smaller.
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Thermoelectric properties measurement

16886] The Secbeck coefficient and electrical conductivity were simultaneously obtamned by
a commercial system (ZEM-3, ULVAC) in helivm atmosphere. The thermal conductivity x =
DCyp was calculated from the thermal diffusivity D (LFA 457, Netzsch), specific heat C
(DSC 404 C; Netzsch), and mass density p (Archimedes” kit). Hall carrier concentrations (#g)
were measured on a commercial system (PPMS Dynacool, Quantum Design), with a
magnetic field of 43 T and an clectrical current of 8 mA.

EXAMPLE 10

Heat-to-clectricity conversion efficiency measurement

[BO87] For the single-leg n-type £r00oNig1BigesShos, the thermoelectric materials were
polished for a cross section of 1.51 x 2.35 mm” and fength of ~8.54 mm. For the unicouple of
ZtCoBi-based materials, the dimensions are 1.51 x 235 x 854 mm’ for the n-type
Z1C009N191Bip35Sbg 15 and 1.61 = 2.42 x 8.54 mm® for the p-type ZrCoBig ¢s8by 158002, The
cold-side temperature was maintained at around ~303 K by water circulation. Due to the
increasing of heat flow, the cold-side temperature rose with the hot-side teraperature. The
difference between the measured efficiency and the predicted value increases with increasing
hot-side temperature since the predicted value is calculated based on the fixed cold-side
temperature (room temperature). The experiments were conducted under high vacuam
(below 10 mbar)} to reduce parasitic conduction and convection losses. To measure
conversion efficiency (#), the input power from the bot side (i) and the generated power (£}
from the thermoelectric leg were measured at the same fime. The direct measurerment of Oy, 15
greatly challenging due to the heavy heat loss at high temperature. According to Fourier’s
law, a bulk polverystalline graphite with measured geometry and thermal conductivity was
placed below the cold-side end to measure the heat flow out of the cold-side end (Qou). The
thermal conductivity of the bulk polycrystalline graphite was confirmed by the method
described above in the discussion on thermoelectric propertics measurements. In order o
measure temperature differences of the leg and graphite bulk, K-type thermocouples were
embedded at the interfaces. It should be noted that the hot-side temperature of graphite can be
regarded as the cold-side temperature of the leg if the setup is working under a large pressure.
The total Oy equals the sum of Qg P, and radiation loss from the leg (Qua). Therefore, the

conversion efficiency (i) can be written as the following
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l}f) !D

= = s
g, O +FP+0,

Zout

[B688] Since (g cannot be directly measured, in real measurement (4, is composed of Jo
and P, which leads to the measurement error of 7. By tuning the carrent in the circuit, a series
of O, F can be measured at the same time. Therefore, both maximum # and £ can be found.
The main sources of error in this system were the radiation heat, the rise of the cold-side
temperature, the Seebeck coefficient of copper wire, and the parasitic clectrical and heat loss.
In the measurement of p-type leg efficiency, to offset the radiation loss, copper foil working
as a radiation shield is brazed with copper plate at the hot side. Since this radiation shield is at
higher temperature than the leg, it was add additional heat flow into the leg, so that measured
Qow was actually higher than without the shield. This should lead to a more conservative
value of efficiency for the p-type leg, especially at high temperature.

EXAMPLE 11

Microstructural characterization

[6089] Phase compositions were characterized by X-ray diffraction on a PANalytical
multipurpose diffractometer with an X'Celerator detector (PANalytical X'Pert Pro}. The
morphology and microstructures were characterized by a field enission scanming electron
microscope (FESEM, LEO 1525). Elemental mapping was conducted by energy-dispersive
X-ray spectroscopy {(JEOL JSM-6330F) as shown in Supplementary Information, FIG. 33,
Selected area electron diffraction patterns and high-angle annular dark-field scanning
transnyission electron microscopy (HAADF-STEM) images were obtained by a JEM-ARM
200 F TEM operated at 200 kV (Supplementary e.g., as shown i FIG. 34). The microscope
was equipped with a Cold FEG source and double-sextupole Cs correctors for STEM and for
TEM (for probe and for imaging), respectively,

EXAMPLE 12

Theoretical calculations

{6698} Electronic structure and transport calculations were performed for the half-Heusler
structure ZrCoBi based on density functional theory (DFT). For this purpose, the general
potential bnearized augmented planewave (LAPW) method was used as implemented in the
WIEN2k code. Spin-orbit was inchided self-consistently for all states. The main results were

obtained using the modified Becke Johnson (imBJ} potential, and a lattice parameter of 6.186
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A. These calculations were done similarly to previously reported electronic structure
calculations for half-Heusler compounds. LAPW sphere radii of R = 2.3 bohr was used for all
atoms. Well converged basis sets were used consisting of an LAPW sector determined by a
cutoff, RK . = 9.0, plus additional local orbitals, where K, is the planewave sector cutoff.
Transport integrals were performed with the BoltzTraP code, and analyzed using the transM
code to obtain inertial effective masses and an electronic fitness function for thermoelectric
performance. The Brillouin zone sampling for the transport calculation was performed using
more than 40,000 points in the zone. Convergence of the Brillouin zone sampling was tested,
as were the basis sets and other parameters. Tests were also performed including the standard
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation functional, as well as
with the Vienna ab initio simulation package (VASP) using the Heyd-Scuseria-Ernzerhof
(HSE) screened hybrid functional. The main difference between the HSE and mBJ potential
is in the band gap, which is enhanced from 1.0 eV with the mBJ potential to 1.2 eV in the
HSE calculation.
EXAMPLE 13

Theoretical prediction of ZT value

[0091] The ZT value can be regarded as a function of reduced Fermi energy n = {/kBT (C is
Fermi energy) and the material quality factor B. When acoustic phonons dominate the

scattering, ZT can be predicted with the single parabolic band (SPB) model as:

(&=
L,+ 71 ©
BF, ()
Where
5= 25
Fy () @
— 3F’Z (77) _52
= R ®
and
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Fin) = I 1+exp(x n)d ©)

[0092] For the material with a given B value, ZT is a function of #, as shown in FIG. 35A.
Carrier concentration optimization is used to adjust # in order to realize the peak ZT. For
most of the thermoelectric materials, the B value is lower than 0.8. According to the position
of peak ZT for B = 0.1~0.8, the » value should be optimized at -1~0. It should be noted that
the window of 1 kgT in Fermi energy (+/- 0.5 kgT) corresponds to the variation of carrier
concentration by a factor of ~2.5 in experiment. We fix the » value at around 0.6 to
investigate the B value dependence of peak ZT. ZT is plotted against B for different # values
(0.4, 0.6, 0.8, and 1) in FIG. 35B. Clearly, the ZT value is not very sensitive to # because the
carrier concentration is around the optimized value. Interestingly, ZT as a function of B, when
shown in log-log graph form, is very nearly a linear relationship. The slope (first derivative)

of the curve is:
4, =1/(LyFy(m)B +1) (10)

[0093] Thus, peak ZT may be roughly estimated in this way. As shown in FIG. 35C, it works
well for fitting a linear model to the data, and a slope of ~0.75 is obtained for = -0.6.
Therefore, if ZT of n- and p-type doped materials can be estimated by:

log(ZI,)~ Alog(B,)+ 4,
(11)
log(ZTp) =~ Alog (Bp)+A2 12)
we can have:

log(Zz; /ZTP) ~ Allog(Bn / Bp) (13)

Considering
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(ri.)"
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Equation (13) now becomes:

log (Z]; /ZTp) ~ Alog(A) 1s)
A slope of ~0.75 is obtained by fitting the curve for #—0.6 in Figure S1C. Therefore, when
n—0.6, Equation (10) becomes:

log (2T, / ZT,) ~ 0.75log () 6
Equation (16) is similar to the results of this work by fitting the experimental data:
log(ZT, / ZT, ) = 0.69l0g (4) - 0.039 an

[0094] The SPB is a very basic model. The careful comparison of the model’s assumptions
against the specific material system is highly needed before making the prediction.

[0095] Having described various methods, systems, and product, certain embodiments can
include, but are not limited to:

[0096] In a first embodiment, In a first embodiment, a ZrCoBi-based p-type half-Heusler
material comprises: ZrCoBig¢sSbo.15Sno20 having an average dimensionless figure-of-merit
(ZT) of greater than or equal to about 0.80 as calculated by the integration method described
herein for temperatures between 300 and 973 K.

[0097] In a second embodiment, a ZrCoBi-based p-type half-Heusler material having the
composition: of ZrCoBi;..Sn, (x =0, 0.05, 0.10, 0.15, 0.20 and 0.25) or ZrCoBig go-ySby;Sng 20
(y=0.05, 0.10, 0.15, 0.20).

[0098] A third embodiment can include the ZrCoBi-based p-type half-Heusler material of the

second embodiment, having an average dimensionless figure-of-merit (Z7) of greater than or
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equal to about 0.80 as calculated by the integration method described herein for temperatures
between 300 and 973 K.

16899} A fourth embodiment can include the ZrCoBi-based p-type half-Heusler material of
the first or second embodiment, having a peak dimensionless figure-of-merit (Z7) of greater
than or equal to about 1.4 at 973 K.

301 66] A fifth embodiment can include the ZrCoBi-based p-type half-Heusler
matertal of the fitst or second embodiment, having a high thermoclectric counversion
efficiency of greater than or equal to about 9% at a temperature difference of about S00K, as
described herein.

60161} A sixth embodiment can include the ZrCoBi-based p-type half-Heusler
material of the first or second embodiment, having a high thermal stability {(e.g., showing
substantially no decomposition of a sample thereof when subjected to a thermogravimetric
analysis as described herein).

166162} A seventh embodiment can include the ZrCoBi-based p-type half-Heusler
material of the first or second embodiment, having a band structure that offers a high band
degeneracy {N,) of at least about 10.

1B0183] An cighth embodiment can mclude the ZrCoBi-based p-type half-Heusler
material of the first or second embodoment, having a room temperature power factor of at
least about 20 or 25 pW em* K% a peak power factor of at least about 40 pW em™ K, or
both.

1603184} A ninth embodiment can include the ZrCoBi-based p-type half-Heusler
material of the eighth embodiment, having the composition ZrCoB31.,8n, (x = 0, 0.05, 0.10,
0.15,0.20 and 0.25} or ZrCoBigg0,8b.S10.20 (v = 0.05, 0.10, 0.15, 0.20).

160185] A tenth embodiment can inchide the ZrCoBi-based p-type half-Heusler
material of the first or second embodiment, having a low lattice thermal conductivity as
described herein.

186186} An eleventh embodiment can include the ZrCoBi-based p-type half-Heusler
material of the first or second embodiment, having a low mean sound velocity (vy,) of about
2800 1 s or 2850 m s™, as described herein.

(66187} In a twelfth embediment, a method comprises: ball-milling at least Zr granules
or sponges, 99.2%; Co powder, 99.8%; Bi ingots, 99.999%:; Sb ingots, 99.999%; and Sn

powder, 99.8% according to the composition of ZrCoBuSn, (x = 0, 0.05, 0.10, 6.15, 6.20
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and 0.25), and ZrCoBig o, Sb,Sng 20 (= 0.05, 0.10, 0.15, 0.20) to form a ball-milled nano-
powder; and hot pressing the ball-milled nano-powder to produce a bulk ZrCoBi-based p-
type half-Heusler material.

[60188] A thirteenth embodiment can inchude the method of the twelfth embodiment,
wherein the hot pressing is performed at about 1173 K.

160189] A fourteenth embodiment can include the method of the thirteenth
embodiment, wherein the hot pressing of the ball-milled nano-powder is performed for about
5 minutes and/or under a pressure of about 50 MPa.

60110 A fifteenth embodiment can mchide the method of the twelfth embodiment,
wherein the ball milling is conducted for approximately 20 hours.

[LEAE SRR A sixteenth embodiment can inchude the method of the tweltth embodiment,
wherein the hot pressed ZrCoBi-based p-type half-Heusler material has an average
dimensionless figure-of-merit {7} of greater than or equal to about 0.80 as calculated by the
mtegration method described herein for temperatures between 300 and 973 K and a peak 27
of at least about 1.4.

66112} A seventeenth embodiment can mclude the method of the twelfth
embodiment, wherein the hot pressed bulk ZrCoBi-based p-type hali-Heusler material is
highly dense, with an average grain size of about 200 nm.

(60113} An eighteenth embeodiment can inchide the method of the twelfth embodiment,
wherein the bulk ZrCoBi-based p-type half-Heusler material has a fine grain size, a uniform
clemental distribution, or both.

(60114} A nineteenth embodiment can inclade the method of the twelfth embodiment,

wherein the bulk ZrCoBi-based p-type half-Heusler material has a composition of ZrCoBii.

(.20},

[60115] A twenticth embodiment can mclude the method of the nincteenth
embodiment, wherein the bulk ZrCoBi-based p-type half-Heusler material has a composition
of Zi"COBio‘gjSb(},lssno_gg.

166116} While various exemplary embodiments have been shown and described,
modifications thereot can be made by one skilled in the art without departing from the spirit
and teachings of the disclosure. The embodiments described herein are exemplary only, and

are not intended to be hmiting. Many variations and modifications of the subject matter
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disclosed herein are possible and are within the scope of the disclosure. Where nomerical
ranges or limitations are expressly stated, such express ranges or Hmitations should be
understood to include iterative ranges or limitations of like magnitude falling within the
expressly stated ranges or hmitations {e.g., from about 1 to about 10 mclades, 2, 3, 4, etc.;
greater than 0.10 includes 0.11, (.12, 0.13, ete.). For example, whenever a numerical range
with a lower limit, RL and an upper himit, RU is disclosed, any number falling within the
range 18 specifically disclosed. o particular, the following numbers within the range are
specifically disclosed: R=RL+k*(RU-RL), wherein k is a variable ranging from 1 percent to
100 percent with a 1 percent increment, 1.e., k is 1 percent, 2 percent, 3 percent, 4 percent, 3
pereent, ... 30 percent, 51 percent, 52 percent, ..., 95 percent, 96 percent, 97 percent, 98
percent, 99 percent, or 100 percent. Moreover, any numerical range defined by two R
numbers as defined in the above is also specifically disclosed. Use of the term "optionally”
with respect to any clement of a claim is intended to mean that the subject clement is
required, or aliernatively, is not required. Both alternatives are intended to be within the
scope of the claim. Use of broader terms such as comprises, inchides, having, etc. should be
understood to provide support for narrower terms such as consisting of, consisting essentially
of, comprised substantially of, etc.

60117} Accordingly, the scope of protection is not limited by the description set out
above but is only Hmited by the claims which follow, that scope including all equivalents of
the subject matter of the claims. Each and every claim is incorporated into the specification
as an embodiment of the present disclosure. Thus, the claims are a further description and are
an addition to the embodiments of the present disclosure. The discussion of a reference is not
an admission that it is prior art to the present disclosure, especially any reference that may
have a publication date after the priority date of this application. The disclosures of all
patents, patent apphcations, and publications cited herein are hereby incorporated by
reference, to the extent that they provide exemplary, procedural, or other details
upplementary to those set forth herein.

166118} The particular embodiments disclosed above are illustrative only, as the
present disclosure may be modified and practiced i different but equivalent manvers
apparent to those skilled in the art having the benefit of the teachings herein. Furthermore, no
bmitations are intended to the details of construction or design hergin shown, other than as

described in the claims below. [t is thercfore evident that the particular illustrative
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embodiments disclosed above may be altered or modified and all such variations are
considered within the scope and spirit of the present disclosure. Alternative embodiments
that result from combining, integrating, and/or omitting features of the embodiment(s) are

also within the scope of the disclosure. While compositions and methods are described in

" i

broader terms of "having”, “comprising,” "containing,” or "including” various components or

steps, the compositions and methods can also "consist cssentially of” or "consist of” the

43

various components and steps. Use of the term “optionally” with respect to any element of a
claim means that the element is required, or alternatively, the element is not required, both
alternatives being within the scope of the claim.

681194 Numbers and ranges disclosed above may vary by some amount. Whenever a
numerical range with a lower hnut and an upper Hmit is disclosed, any number and any
mcluded range falling within the range are specifically disclosed. In particular, every range
of values (of the form, "from about a to about b," or, equivalently, "from approximately a to

7"

h," or, equivalently, "from approximately a-b"} disclosed herein is to be understood to set

forth every number and range encompassed within the broader range of values. Also, the

terms in the claims have their plain, ordinary meaning unless otherwise explicitly and clearly
defined by the patentee. Moreover, the indefinite articles "a” or "an”, as used in the claims,
are defined herein to mean one or more than one of the element that it introduces. If there is
any conflict in the usages of & word or term in this specification and one or more patent or
other documents, the definitions that are consistent with this specification should be adopted.
160128] While preferred embodiments of the invention have been shown and
described, modifications thereof can be made by one skilled in the art without departing from
the teachings of this disclosure. The embodiments described herein are exemplary only, and
are not intended to be hmiting. Many variations and modifications of the invention disclosed
herein are possible and are within the scope of the invention.

[BBE21} Numerous other modifications, equivalents, and alternatives, will become
apparent to those skilled in the art once the above disclosure is fully appreciated. It is
mtended that the following claims be imterpreted to embrace all such modifications,
equivalents, and alternatives where apphicable. Accordingly, the scope of protection is not
hHmited by the description set out above but is only limited by the claims which follow, that
scope including all equivalents of the subject matier of the clatms. Each and every claim is

incorporated into the specification as an embodiment of the present invention. Thus, the
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claims are a firther description and are an addition to the detailed description of the present
invention. The disclosures of all patents, patent applications, and publications cited herein
are herehy incorporated by reference. Unless expressly stated otherwise, the steps in a
method claim may be performed in any order and with any suitable combination of matenials

and processing conditions.
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CLAIMS

We clamm:

[

(%}

A ZrCoBi-based p-type half-Heusler material comprising:
a material having a formula:
ZrCoBix,BnSby,

where x can vary between 0.01 and 0.25, and v can vary between { and 0.2.

The ZrCoBi-based p-type half-Heusler material of claim 1, whevein x is (.2 and y 18
0.15, wherein an average dimensionless figure-of-merit (Z7) is greater than or equal
o about 0.80 as calculated by an integration method for temperatures between 300

and 973 K.

The ZrCoBi-based p-type half-Heusler material of claim 1, wherein an average
dimensionless figure-of-merit (Z7) is greater than or equal to about 0.80 as calculated

by an integration method for temperatures between 300 and 973 K.

The ZrCoBi-based p-type half-Heusler material of claim 1, where a peak

dimensionless figurc-of-merit (£7) of greater than or equal to about 1.4 at 973 K.

The ZrloBi-based p-type half-Heusler material of claim 1, wherein a thermoelectric
conversion efficiency is greater than or equal to about 9% at a temperature difference

of about 500K,
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o

The ZrCoBi-based p-type half-Heusler material of claim 1, wherein the material has a

band structure with a high band degeneracy (N,) of at least about 10.

The ZrCoBi-based p-type half-Heusler material of claim 1, wherem the material has a
room temperature power factor is at least about 20 pW cm™ K2, and wherein the

material has a peak power factor of at least about 40 pW ent! K2,

The ZrCoBi-based p-type half-Heusler material of claim 7, wherein x varies between

0.15and 0.2 and v is .

The ZrCoBi-hased p-type half-Heusler material of claim 1, wherein the material has a

-1
L

room temperature lattice thermal conductivity of less than 3 Wm ™ K

The ZrCoBi-based p-type half-Heusler material of claim 1, wherein the material has a

mean sound velocity (vm) of less than about 2500 m s,

A ZxCoBi-based n-type half-Heusler material comprising:
a material having a formula:
ZTCG] _—XNiXBij R ySby,

where X can vary between 0.01 and 0.25, and y can vary between 0 and 0.3.

The ZrCoBi-based n-type half-Heusler material of claim 11, wherein x 18 0.1 and y is

0.15.
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The ZrCoBi-based n-type half-Heusler material of claim 11, wherein the material has
an average dimensioniess figure-of-merit (£7) is greater than or equal to about 0.65 as

calculated by an integration method for temperatures between 300 and 973 K.
3 g p

The ZrCoBi-based m-type half-Heusler material of claim 11, where a peak

-

dimensionless figure-of-merit (Z7) of greater than or equal to about 1.0 at 973 K.

The ZrCoBi-based n-type half-Heusler material of claim 11, wherein a thermoelectric
7
i

conversion efficiency is greater than or equal to about

f about 650K,

% at a temperature difference

A thermoelectric module comprising:

at least one first leg, wherein the first leg comprises a first material having a formula:
ZrCoBiyxy5ncShy,

where X can vary between 0.01 and 0.25, and y can vary between 0 and 0.2; and

at teast one second leg, wherein the second leg comiprises a second material having a

formula;
ZYCO] _XNixBi j,_ySby,
where X can vary between 0.01 and 0.25, and v can vary between 0 and 0.3;

o

wherein the at lecast one first leg and the at least one second leg are connected

thermally in parallel and clectrically in series.

The thermoelectric module of claim 16, wherein has a thermoelectric conversion

efficiency of 10% or greater at a temperature difference of about 650 K,
3 g P
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24,

The thermoelectric module of claim 16, where a peak dimensionless figure-of-merit

{(Z7) of the first material is greater than or equal to about 1.4 at 373 K.

The thermoelectric module of claim 16, where a peak dimensioniess figure-of-merit

(27} of the sccond material is greater than or equal to about 1.0 at 973 K.

The thermoelectric module of claim 16, wherein a thermoelectric conversion
efficiency of the first material is greater than or equal to about 9% at a temperature
difference of about 500 K, and wherein a thermoeleciric conversion efficiency of the
second material is greater than or equal to about 7% at a temperature difference of

about 650 K.
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International application No.
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According to International Patent Classification (IPC) or to both national classification and IPC
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See Search History document
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USPC - 136/200; 136/236.1; 136/239 (keyword delimited)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

document

promising thermoelectric materials, Science Advances, Vol. 5, No. 8, 21 June 2019, entire

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A = |JP 2015-005653 A (DENSO CORP) 08 January 2015 (08.01.2015) see machine translation 1-20
A US 2015/0270465 A1 (UNIVERSITY OF HOUSTON SYSTEM) 24 September 2015 1-20
(24.09.2015) entire document
A US 2008/0173543 A1 (ZIANI) 24 July 2008 (24.07.2008) entire document 1-20
P, X ~|ZHU et al., Discovery of ZrCoBi based half Heuslers with high thermoelectric conversion 1-20
efficiency, Nature Communications, Vol. 9, Article 2497, 27 June 2018, entire document
P, X = |ZHU et al., Understanding the asymmetrical thermoelectric performance for discovering 1-20

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date
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cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family
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