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Abstract

Since o ne third of the world’s energy consumption has effectively been utilized for

t

functional jle the remaining 2/3 are dissipated as waste heat, thermoelectric (TE) materials,

P

which offer a direct and clean thermal-to-electric conversion pathway, have generated a

tremendo orldwide interest. The last two decades have witnessed a remarkable development in

TE materiaf§. This Review summarizes the efforts devoted to the study of non-equilibrium synthesis

G

of TE mategialsgwith multi-scale structures, their transport behavior, and areas of applications.

S

Studies tha owards the ultimate goal of developing highly efficient TE materials possessing

multi-scale architg@etures are highlighted, encompassing the optimization of TE performance via

Gl

engineerin ructures with different dimensional aspects spanning from the atomic and

I

molecular Mo nanometer sizes, and to the mesoscale. In consideration of the practical

applications o -performance TE materials, the non-equilibrium approaches offer a fast and

d

control tion of multi-scale microstructures, and their scale up to industrial-size

manufacturi mphasized here. Finally, the design of two integrated power generating TE

N

systems are described—a solar thermoelectric-photovoltaic hybrid system and a vehicle waste heat

harvesting@ystem—that represent perhaps the most important applications of thermoelectricity in

{

the energy jon area.

ho

1. Introdugtion

t

As the worldwidefreserves of fossil fuels are finite and their consumption largely contributes to

U

carbon emissi at causes serious environmental problems, developing alternative clean energy

A

technologi major challenge for mankind. Moreover, the fact that nearly two thirds of the

overall energy generated is wasted in the form of heat provides an opportunity to capture some of
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this waste heat and convert it into the most portable form of energy, which is electricity. This is
where thermoelectricity may play an important role."™* Thermoelectric (TE) devices, because of
their abmw convert the thermal energy into electric power and vice versa, can operate as
power gen ing the Seebeck effect or be utilized as coolers and refrigerators through the
Peltier Stfect. Th the former case, there is a great potential to generate electricity from solar heat
and improve, the fuel efficiency of cars and trucks through harvesting the exhaust heat of their
engines an ting it to electricity for various auxiliary needs, including recharging batteries of

hybrid vehi€less™

S

TE devices, which are fully solid-state with the charge carriers (electrons and holes) serving as a fuel,

Ui

have the a s of no moving parts and scalability in size and power, hence, excellent reliability,

1

easy main M and high compatibility with other functional devices and systems. One of the

largest obstac at impede large scale applications of TEs is the low conversion efficiency of TE

d

materi icts their commercialization merely to niche areas where the outstanding device

reliability an bility are at a premium and overcome limitations in the efficiency of operation.

i

The efficiency of a TE device depends, apart from the usual Carnot efficiency, on the material’s figure

of merit ZB= 0S?T /K, where o is the electrical conductivity, S is the Seebeck coefficient, T stands

[

for the ab mperature measured in degrees of Kelvin, and k is the thermal conductivity,

O

generally co ed of the electronic part (electronic thermal conductivity, k.) and the lattice part

(lattice th al conductivity, k;).® High ZT values over 3.0 would reach a benchmark at which the

4

[

efficien ed coolers is believed to be comparable with the commercial compressor-based

refrigeration.””" FOB power generation, a device with the average ZT in excess of 2.0 is expected to

Ul

provide an effi y of up to 20% when subjected to a 500 K temperature difference across the hot

(800 K) sides (300 K) of the device.™ The development of materials with high ZT values is

A

thus the greatest challenge for the TE community.”z"”]
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The problem is that the transport properties of semiconductors, and this includes all TE materials,

are strongly interdependent and maximizing one transport parameter inevitably leads to diminishing

the othersl. For example, enhancing the Seebeck coefficient is accompanied with lowering the
electrical mand vice versa. Moreover, increasing the electrical conductivity unavoidably
leads to-ar!_lncrease in the electronic part of the thermal conductivity."™®** The interdependence of

the TE trans:ort:oefficients implies that the key to achieving high ZT values must be a synergistic

optimizatio

materials sw

In order to promSe a broad range of applications of TE technology, it is of vital importance to

electronic and thermal transport properties, historically a long sought goal of the

enhance t ersion efficiency of TE devices and systems. Specifically, thin films and
nanostruct evices show a large improvement in the conversion efficiency.? 2% It has been

uperlattice-based thin film TE devices can be used as efficient coolers for highly

compa essors. For power generation, high-performance TE devices can be implanted

into the con solar power generation systems or used as individual units integrated into the
vehicle’s exhaust system for waste heat recovery and its conversion to electricity. The above

examples Sderline the opportunities for large scale applications of thermoelectricity that would

dramatical@me its currently limited use.

In this Reyi summarize the main progress achieved in the recent years with strategies
focusin;mture design and TE performance optimization of both materials and systems.
From the p ive of materials, the multi-scale microstructure design and engineering by tailoring
structural f; rom the atomic and molecular scales to the nanoscale and mesoscale turned out
to be piv e fascinating non-equilibrium synthesis approaches that enable rapid fabrication of
multi-scale str es for high-performance TE materials were introduced with an eye on their
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potential for scaling up to industrial size production. We also describe two power generation
systems, a solar TE-photovoltaic (PV) hybrid system and a vehicle waste heat recovery system, both
represerMost promising TE generators (TEGs) intended for energy conversion applications.
Finally, w utlook concerning further developments with respect to the TE materials,
devices,-ai.m the systems. Since this Review can cover only limited aspects of the recent

progress in_thegmoelectricity, the readers interested in research topics covering TE property

C

optimizatio imensional structures, composite and nanostructured materials, and the design

and fabricatiogfof lIE modules and systems may find it useful to refer to a range of excellent review

S

papers. [5'6'3

2. MicrostrCependence of electronic and thermal transport in TE materials

From the dmof the TE figure of merit, it follows that high ZT values are rooted in the material
systems t it high electrical conductivity, large Seebeck coefficient, and low thermal

conducti he past decades, the traditional approach to optimize the carrier concentration and

the TE

M

e relied on doping the host lattice with impurities. However, even under the

optimized carrier concentration level, usually only moderate ZT values were obtained.”>?® In this

I

section, w recent research advances regarding the optimization of the electron and phonon
transport ing the atomic and molecular structure, and by creating nanostructures and
multi-scale ures in TE materials.

N

2.1. Optimizi tronic and thermal transport at atomic and molecular scales

{

To make

3

it is of great importance to develop effective strategies to manipulate the

electron a non transport. The phonon-glass electron-crystal (PGEC) concept, developed by

A

Slack in 1995] phasized that a good TE material ought to have excellent electronic properties
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while its heat transport should be as inferior as that of an amorphous solid. Glass-like thermal
conductivities were observed in compounds, such as filled skutterudites and clathrates, possessing
open chures. Filling guest atoms into the open host framework reduced the lattice
thermal c by introducing strong resonant phonon scattering or modifying acoustic
phonon%r%zml] Recently, based on the phase transition and thermal transport analysis of a
superionic cgmpaund Cu,Se,?? an extremely low lattice thermal conductivity was found owing to
the liquid- non transport of copper ions. Moreover, the interatomic bonding played an

important folefandiresulted in exceptionally large anharmonicity of lattice vibrations that provided a

S

[33-38]

plausible e n for the very low lattice thermal conductivity.

U

There has urry of interest attempting to find ways how to enhance the Seebeck coefficient

n

while mai high electrical conductivity. Specifically, the effort focused on adjusting the

degrees offifre of the band structure through doping or alloying. Engineering the density-of-

d

states ( he Fermi level proved to be the most effective way of enhancing the Seebeck
coefficient. ionality of this approach is based on the Mahan-Sofo theory®® and can be
understood from the Mott’s relation, %
L _ m?kp {l dn(E) ldu(E)}
§= 3q B n dE +u dE E=Ep (1)
wherenis t rier concentration, u is the carrier mobility, g stands for the charge of an electron,

kg is the B8ltzmann constant, and Er is the Fermi energy. An enhanced Seebeck coefficient should

h

|

arise fro varying n or u (or both) in a small energy interval close to the Fermi level.”” The

sharply varying cdfrier mobility u can be realized by introducing scattering mechanisms that have

Gl

strong energy ndence.[*™! Rapid changes in the carrier density n as a function of energy are

more fe hrough engineering the density of states function g(E), since n(E) = f(E)g(E),

A

where f(E) is the Fermi distribution function determined at E. Thus, a strongly energy-dependent
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DOS is crucial for the Seebeck coefficient enhancement. To manipulate the band structure, one

might proceed by exploring whether it is feasible to increase the band degeneracy via band

[51,52]

t

P

convergen or by introducing localized electronic resonant states.

High band degeneracy of the conduction or valence bands is potentially of great importance in TE
|

materials e it gives rise to higher DOS effective masses and, hence, larger Seebeck coefficients

with esseritially harmful effect on the carrier mobility. The enhanced band degeneracy to

C

[50]

improve the TEmperformance was first reported in p-type PbTe™" as a consequence of the

S

temperatu dent band structure. A large band degeneracy of 12 was achieved when the

band edges of thé two highest lying valence bands converged at a temperature near 500 K.

B

d,[53,54]

Regardless nvergence temperature being slightly higher than expecte the concept of

I

band conv as offered a new guideline for optimizing the electronic transport properties.

d

Band convefge an also be realized by compositionally adjusting the structure, as demonstrated

recently -type Mg,Si.,Sn, solid solutions.” In this case, the band convergence arises as a

M

conseq inverted order of the two lowest lying conduction bands in Mg,Si and Mg,Sn,
shown in Figure 1. In Mg,Si, the light conduction band lies lower than the heavier conduction band,

while in Mg5 situation is reversed. Thus, upon forming solid solutions of Mg,Si,.,.Sn, , at some

particular Vg x, the band edges of the two conduction bands must coincide, i.e., the band

or

convergen lized. This happens when the concentration of Sn is near x = 0.7. At this

N

compo solid solution, due to an enhanced DOS effective mass, the Seebeck coefficient is

{

Li

maximized together with the low thermal conductivity, results in exceptionally high TE

performan he ZT = 1.3 at 700 K. Impressive gains originating from the band convergence

[56-60]

were su y reported also in PbTe, PbSe, GeTe, SnTe, and CoSh; materials.

A
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As already stated, a sharply varying DOS near the Fermi level is a precondition for a large magnitude
of the Seebeck coefficient.®**" Such a scenario can be realized by introducing localized resonant
states b#riate dopants. The existence of such band resonant states has been predicted
theoretical irmed experimentally in studies with Tl-doped PbTe.®® Enhancing the

Seebeck‘csﬁluen via creating band resonant states also works well in a number of other TE

materials.! ': :

An approa d on combining multiple transport effects to synergistically optimize the TE
performan asfPeported for In-filled CoSb,.®”! This material system is interesting not only because
of its excellent TEiverformance but also because of an intense debate it generates regarding the
exact crys ic position of the In impurity.®®*7? Recently, the technique known as X-ray
absorption e structure (XANES) was used to probe the local atomic structure around the In
atoms. It t 67] that, rather than substituting on sites of Sb or forming a secondary phase of
InSb, ingli i ities prefer to occupy the central position in the Sb-icosahedron of CoSb; when
the content is less than 0.25, see Figures 2a and 2b. Further theoretical calculations and
transport measurements indicated that there is a local DOS increase near the Fermi level due to the
contributirs of 5p electrons of In. This, presumably, is the cause of the enhanced Seebeck coefficient

b [69]

(Figure 2c) bital hybridization and charge transfer between In and S accelerate the

electron mo nt and result in higher carrier mobilities (Figure 2d). Meanwhile, the In impurity

located inse the oversized Sb-icosahedron gives rise to strong resonant phonon scattering. Thus,

there aerfects associated with the exact location of the In impurity that act synergistically

to optimize the psormance: i) the increase in the local DOS, ii) the accelerated electron movement,

and iii) resonanEttering of heat-carrying phonons.
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It is also of considerable interest to be able to tune the electronic transport properties by modifying
the band effective mass and the band gap.[73] Depending on the circumstances, it is sometimes
advantagefhave charge carriers with light effective masses. This is important in cases where
preserving ier mobility, and therefore high electrical conductivity, is at a premium."?® The
ability t6 tine the band gap is important to mitigate the highly undesirable bipolar diffusion because
the presencg ofgboth electrons and holes not only diminishes the Seebeck coefficient but also
enhances al conductivity on account of the so-called ambipolar heat flow.”” Aided by

accurate electfonif structure calculations, scientists can now conveniently distinguish and choose

$

[52,74]

the most e opants among various candidates.

2.2. Optimizi tronic and thermal transport at the nanometer scale

Ny

Nanostruc'mens great opportunities for an effective alteration of the interrelated TE transport
properties 3 tRegifanometer and mesoscopic scales, where the quantum confinement effect,”>”"”
energy fi ffect, ™" and size effect”®*% can have a profound influence on the TE transport

M

properti ized power factor and a reduced lattice thermal conductivity might be achieved

simultaneously in nanostructured materials. These advantages have stimulated much research

I

interest in rties of 2D superlattice films, 1D quantum dots embedded in bulk materials, and

nanocomp @ ctures, where high ZT values have been reported.***

Benefiting from the low cost and high scalability, the fabrication of nanostructured bulk materials

g

[84-89]

has bec the most important strategies to develop high-performance TE materials.

t

However, Id always keep in mind that the presence of nanoinclusions might adversely

U

affect the conducting carriers. It is therefore imperative to engineer the nanostructures so that they

prefere atter heat-carrying phonons and leave the charge carrier transport substantially

A\

intact. From the band structure point of view, nanoinclusions or nanoscale imperfections should
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have only a small band edge offset with respect to the band edge of the matrix.® For example, in an

n-type nanocomposite, the nanoinclusions and the matrix should have their respective conduction

£

D

band edg ely matched with the energy difference of no more than a few kgT to ensure
minimal el ring at the interface barriers. This concept of minimum band offset has been

experim-en y adopted in several studies, including those on p-type SrTe-doped PbTe and CdS-

[

[90,91]

doped PbS mategials.

The morph interfaces and boundaries in nanostructured materials is also important. Several

SC

experimen n@theoretical studies have demonstrated that the carrier mobility can be retained

when the interfacdlis atomically coherent or aligned to within very small angles. *>°”! As an example,

U

a small a ron scattering (SANS) technique was employed to determine the nature of

N

nanoscale s of embedded nanocrystals in the (Bi,Sb),Te; nanocomposite structure (Figure 3).
The powerfla @ onent close to 4, derived from the plot of phonon intensity as a function of the
neutro transfer, confirmed that interfaces between the nanoinclusions and the bulk

matrix are herent. Such coherent boundaries, together with the nanoscale modulation and

V]

a small volume of the amorphous phase, resulted in a dramatic reduction in the lattice thermal

[95] C

conductivi ompared to commercial ingots, the nanocomposite structures exhibited

g

significantl ed ZT values.

O

2.3. Optimj tronic and thermal transport properties via multi-scale microstructures

N

Develo i.Scale TE materials containing different dimensional features spanning from the

!

atomic and molecular scales to the nanoscale and the mesoscale can be more effective compared to

U

the regular nanostgucturing approach.”** In a material with multi-scale structural features, a broad

spectru nons from high to low frequencies can be selectively scattered on the atomic and

N

molecular scales by point defects, dislocations, and resonant rattlers; or be affected on the
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nanometer scale by boundaries, nanoinclusions, nanoprecipitates, and nanopores; and, finally, on
the mesoscale by fine grains and micropores, leading to a lower lattice thermal conductivity. In
contrasM experience considerably fewer scattering events because of the existence of
coherent i endotaxially embedded nanoprecipitates, and also due to the influence of the

percoIanr!*e ect, which means that the electrons prefer to flow in the channels connected by the

mesoscale@as demonstrated in some nano/micro composite structures.

As a consemof the much stronger phonon scattering and less intense electron scattering in
c

[86,99-101]

multi-scale es, a large ZT of about 2.2 was realized in p-type PbTe containing an endotaxially

embedded SrTe n ophase.[98] The advantages of multi-scale structures were documented in several

studies, ing\e reproducibility and resilience of the nanophase,[53] and it is gratifying that the

strategy w even with commercial TE materials.

Two differmhesis techniques have been employed to fabricate multi-scale Bi,Tes;-based
materials, oth have led to a significantly improved TE performance.’®*'* One study was
carried i ommercial n-type zone-melted (ZM) ingots using a direct hot deformation
treatment. The multiscale features, including the microscale grain size reduction and texture loss,
nanoscaleh regions, and atomic scale lattice distortions and point defects, were clearly

resolved @ id of advanced electron microscopy techniques. A high ZT of 1.2 at 357 K was

reported i pe Bi,Tes-based material."® In the other work, melt spinning was followed by

plasma- tering (MS-PAS) to treat the commercial p-type ZM ingots. As shown in Figure 4,
H

the achiev j-scale structure consists of dislocations, sub-microscale to nanoscale grains, twin

boundarie oprecipitates, which all contribute to scattering of phonons over a broad range

of frequenei peak ZT of 1.22 was yielded at 340 K due to a significant reduction in the lattice
thermal con ity (Figure 4f). It should also be noted that the MS-PAS materials show robust
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mechanical properties and excellent thermal stability, implying a great prospect for large scale

applications of such Bi,Tes;-based materials.

There is t that multi-scale structural architectures greatly aid in achieving high TE
performance. This direction of research has inspired a flurry of interest in exploring effective
I I

approacheS§to fabricate such multi-scale TE materials using fast, inexpensive, scalable, and

E

controllabl@’synth@&sis processes. In the following paragraphs, we focus on non-equilibrium synthesis

G

techniques icate multi-scale TE materials. Specifically, we describe the technique of melt

S

spinning and®Ae 8€lf-propagating high-temperature synthesis.

U

3. Non-eq preparation of multi-scale microstructural TE materials

1

The prepa ulti-scale TE materials strongly depends on the synthesis approaches employed

and specifi€ ¢ ons of the synthesis process. So far, bulk TE materials have been synthesized

d

[104-107]

mostly e following methods: melting followed by slow cooling, melting combined

[108-113] [114,115] [63]

with long-tim ealing, multi-step solid-state reactions, and mechanical alloying.

M

According to the phase reaction and formation thermodynamics, the synthesis approaches used to

fabricate Bulk TE materials can be classified into equilibrium processes and non-equilibrium

£

processes. mple, zone melting, melting followed by slow cooling, melting combined with

O

long-time a , and multi-step solid state reactions can be classified as equilibrium processes.

[116] ) [117-142)

In contras§i mechanical alloying, hot deformation, melt spinning (MS and the self-

q

propag i mperature synthesis (SHS)!'*'*78 are typical examples of non-equilibrium

t

processes. In thissection, we emphasize two non-equilibrium synthesis approaches: melt spinning

U

and SHS. Both s esis techniques are very fast, scalable, and controllable, as required for a large

scale fa of high-performance multi-scale TE materials.

A
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3.1. Melt spinning

The meWMS) technique has been widely utilized to produce amorphous alloys. The melt

spinning p schematically shown in Figure 5a. During the spinning process, the viscoelastic

molten fluid is ejected
I I

from a capillary tube onto a high-speed rotating cold copper roller to form

thin ribbo t ultrahigh cooling rates of 10°~10” K s™. The morphology of the contact surface and

3

the free suffface offthe ribbons can be substantially different due to the different cooling rates at the

C

two surfac is manifested by different microstructures forming under much higher cooling

g

rates at th ta@@t surface than under more modest cooling rates at the free surface of the ribbons.

The inhom

U

s cooling process is the most essential aspect in synthesizing high performance

TE materidls with multi-scale architectures."® Taking the commercial Bi,Tes-based material as an

2

example, a ical microstructure of (Bi,Sb),Te; ribbons varies continuously from the contact

d

surface to the surface, as depicted in Figure 5b—f. Close to the contact surface, amorphous
phases a d since the surface is subjected to the highest cooling rate. Off the contact surface

and in

M

ibbons, where the cooling rate is gradually lower, numerous 5-10 nm fine

nanoparticles are observed. Close to the free surface, a large number of microscale dendritic crystals

[

are present. , a wide range of multi-scale structures, all with the same composition as

determine on the micro-scale, constitutes the thickness of the melt-spun ribbons.

To carry @Qut transport property measurements and, eventually, to assemble TE modules,

q

densific structure to a near theoretical density is necessary. Spark plasma sintering (SPS)

{

and plasma assiSted sintering (PAS), the two commonly used names for essentially the same

U

densification process, have proved to be very useful and convenient to densify powders of multi-

scale s The essential point is that the multi-scale structures are exposed to high

A

temperatures for only a very short time of a few minutes, unlike in the traditional high temperature
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press where densification can take hours. Consequently, their multi-scale structure is substantially
preserved during the sintering process. Such rapid sintering is achieved with the aid of high current
pulses ahe powder is being compressed. Figure 4 shows the microstructure of (Bi,Sb),Te;
bulk samp by MS-SPS."® The hierarchical structure of particles ranging from several

nanome!erwi 0 20 micrometers is readily observed.

Due to effhanced phonon scattering from the multi-scale structure,!’™® the lattice thermal

C

conductivityb en 300 and 400 K has been reduced from 0.8-0.9 Wm™ K™ for the zone melted

S

ingots dow 0.5 Wm™K™ for the MS-SPS samples. In addition, the multi-scale structures tend

to effectively suppress the bipolar thermal conductivity because of selective scattering of the

o

minority ¢ the interface barriers. All these effects contribute to an increase of 50% or more

[95]

1

in the high pared to samples originating from zone melted ingots.

d

The preparatio amples with multi-scale structure by melt spinning, as demonstrated in the case

of comm i,Tes-based materials, is also applicable to other important TE materials, including

[132,141]

M

CoSb3,[1 rates, MnSi1_75_x,[135] and AngTeZ.[m] Skutterudite samples with the

S[125]

composition CoSb, 75GeggsTeq,0 Synthesized by MS-SP possessed numerous nanograins on the

scale of se dred nanometers and a large number of nanodots with the average diameter of

15-20 nm@e dded in the skutterudite matrix. Benefiting from the multi-scale structure, the

Or

phonon mean free path at 2.6 K was reduced from 9 Bm in CoSb,;5GeggsTeq, Synthesized by the

traditional method to 1.4 Bm in the MS-SPS sample. At ambient temperatures, the two respective

{

U

values bec m and 1.3 nm. The decrease of the phonon mean free path in CoSb; 75GegosTe.20

[125]

was attrib e grain refinement and nanoscale precipitates in the matrix.

In Tabl mmarized ZT values of various TE materials prepared by MS-SPS. The figure of merit

A

ZT of these MS-SPS-prepared samples is comparable to or even higher than for samples synthesized
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by other methods. Moreover, and this is especially the case of skutterudites, in contrast with the
traditional synthesis methods, the MS-SPS process dramatically shortens the synthesis time from
more thhk to less than 20 hours.™**% Thus, melt spinning combined with rapid sintering,
such as ac S or PAS, represents a fast, controllable, and scalable technique of fabricating

muIti—scEIeF! ructures with improved TE performance.

3.2. Self-piopagatibg high-temperature synthesis

¢

SHS repreSen other non-equilibrium synthesis technique with the advantages of rapid

S

processing calability, and energy savings. SHS has been used to prepare refractory

U

[150]

materials,' urity ceramics, and intermetallics.™ Its essential feature is a spontaneously

propagating combustion wave driven by a highly exothermic nature of chemical reactions taking

A

placeinal mpacted powder of elemental species. The synthesis is initiated by point heating

d

a small paMuo sample. Once the ignition starts, the combustion wave passes through the

remainin e as the liberated heat of fusion in one section is sufficient to maintain the reaction

M

inthe n egion. The propagation of the combustion wave is fast, typically on the timescale

of seconds, and the final product is usually of high purity because of the endowed feature of self-

r

purification:

O

Combining subsequent PAS processing, several excellent bulk TE materials, including Cu,Se,

Bi,Tes-basad alloys, skutterudites, SnTe, ZrNiSn, Cu,SnSe;, and Mg,Si,,,.Sn, were prepared.[143'148]

q

Taking xample, and as discerned from the infrared images shown in Figure 6a, the SHS

{

process in Cu, an be classified into three main stages: i) local ignition, ii) combustion wave

U

passing through, aad iii) product cooling. The initial heating rate must be reasonably high, more than

200K's ase of Cu,Se. The combustion temperature at the center of the pellet reached 835 K

A

and thereafter decreased rapidly (Figure 6b). The speed of the propagating combustion wave was
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5.6 mm s, a rather low value but within the range of speeds of 1-250 mm s™ reported for other

materials.*>27%4

Using this HS method, reactive and metastable products can be obtained with high defect

concentrations and non-equilibrium structures, which are favorable for the formation of multi-scale
H

architectu n the final product. Corn-like nanostructured Cu,Se with homogeneous composition

E

was forme@ direcfly following the passing by of the combustion wave in a time span of a few

G

seconds, as show in Figure 7. A large range of nanoinclusions is maintained after the SPS treatment,

S

with sizes i ge from 10 to 30 nm, evenly distributed on grain faces of the matrix, as shown in

Figure 7. Furthefinore, the interface between the nanoinclusions and the matrix remains

Ul

substantiaI:nt. Thus, while phonons are strongly scattered, the carrier transport is only little
impeded.
Both the mconductivity and the Seebeck coefficient of Cu,Se synthesized by SHS-PAS is

higher t of a sample designated as M-AN-SPS, prepared by traditional melting and long-term

M

anneali by SPS. Due to the enhanced power factor and the lower thermal conductivity,

the maximum ZT value as high as 1.8 was achieved at 1000 K for this SHS-PAS sample. Meanwhile,

1

the SHS-P showed good thermal stability. Its TE properties were essentially unchanged

s treatment of 3 weeks at 800 K under vacuum.™® Table 2 summarizes TE

after the

properties s materials prepared by SHS-SPS. The figure of merit ZT of samples prepared by

N

SHS-SP ble to or even better than samples synthesized by other methods. Due to the

{

U

ultrafast a -equilibrium nature of the process, SHS opens a new avenue for rapid, low cost,

and large s production of nanostructured TE materials.

4. Ther ic Applications

A
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4.1. Solar TE-PV hybrid power generation technology

Full sp efficiency solar power generation is a renewable clean energy conversion

t

technology, s attracted worldwide attention. The PV system based on silicon cells is the

P

dominant commercial selection and provides about 15% energy conversion efficiency because the
|

silicon cellS&espond efficiently to only the ultraviolet and visible range of the solar spectrum. The

concentratiing photovoltaic (CPV) system based on multi-junction solar cells can utilize the ultraviolet

G

and visible ligh d part of the infrared light, which improves the overall efficiency of solar energy

S

conversion and largely reduces the costs of semiconductor materials relative to the PV

system. However, jthe CPV system produces huge infrared thermal load in the cells due to a high

U

concentratj im, which consequently leads to the system’s reduced conversion efficiency and

I

poor relia : problem becomes a significant constraint on large scale applications of high

concentrat

1%

pvoltaic (H-CPV) systems.

In 2003, nd Niino co-proposed the scientific concept of solar TE-PV hybrid power generation

M

(Figure separate the full spectrum sunlight ranging from 200 to 3000 nm in wavelength,

as shown in the top right corner of Figure 8, through a sunlight splitter into ultraviolet and visible

1

light, and i ght. Then, the system utilizes solar cells to convert the separated ultraviolet and

visible lig is about 58% of the solar radiation energy, and TE devices to convert the

separated j light, which is about 42% of the solar radiation energy. The sub-PV system and

N

the sub® are finally integrated to form a hybrid power generation system. The hybrid

{

U

system ca ntly reduce the huge thermal load in the PV cells due to the separate utilization

of the sola and thereby achieve high efficiency full spectrum solar power generation.

Under support from the NSF and MOST of China, and JST of Japan, research on solar TE-PV

A

hybrid power generation technology has witnessed much progress since 2003. A theoretical model
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has been proposed to quantitatively describe the relationship between the overall efficiency of the
solar TE-PV hybrid system and various parameters of the PV and TE subsystems.[ls] A design method
has beeMd to optimize the hybrid system parameters. A series of integration technologies
have been uch as the PV cell/TE device/splitter integration into a hybrid unit, the hybrid
unit/Fre-sn ens integration into a module, and the module/sun tracking system integration into the

hybrid systE.: Meanwhile, the simply structured and scale-manufactured hybrid unit and

module we oped (Figure 9). Four distributed hybrid systems with an output power of 1-5 kW

were succmﬂlt. Specifically, two of them have been operating for 10 years in Sendai, Japan,

and the ot ave been running for 5 and 9 years in Wuhan, China. One large grid-connected
hybrid sys an output power of 100 kW and a concentration ratio of 1050 was also built in
Xining, ChiR@a. The efficiency of the large system is up to 30%. The maximum operating temperature
of the TE the system was measured up to 500 °C and that of the PV cells below 70 °C,

even though c d with only a simple and cheap heat radiation system. The TE-PV hybrid power

generation E overcomes the constraint regarding widescale applications of H-CPV technology,
and pr strategy for the development of full spectrum and high efficiency solar power
generation technology.

4.2, Autorr®aust TE power generation recycling technology

Automm% of their fuel energy to the environment through the exhaust pipe. In 2014, the
numbe civilian automobiles amounted to 146 million, and the total exhaust waste heat
was equiv,

consumpti ecovery and utilization of automobile exhaust waste heat could play a vital role in

120 million tons of fuel, representing about 25% of Chinese annual fuel

energy i and emissions reductions in both China and the rest of the world. However, the

recovery and ¢ rsion of the waste heat is a challenging problem, mainly due to the low level of
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heat typified by temperatures ranging from 200 to 600 °C, low density, and the distributed nature of
the waste heat. Meanwhile, the recycling of the waste heat becomes extremely difficult in a moving
environrhother energy saving and emission reduction technologies such as heat pipes have
not achie ficiency recycling. With the development and breakthroughs in the TE
technolggy*!nerecent ten years, TEGs have been recognized as a promising new technology to
effectively rgcover the waste heat, providing a great opportunity to solve the huge energy waste
problem. | the MOST and NEA of China, and the US Department of Energy co-signed the
China-US Strat€gidiCooperation Agreement on Clean Energy, emphasizing the automobile exhaust

heat recom its conversion to electricity via TE power generation as a major supported

research a the China-US cooperation.

With the j;port by the Chinese 973 Program and Key Projects of China-US International
Cooperatimhinese research team composed of scientists from the Wuhan University of
Techno e Dongfeng Motor Corporation has made significant progress on the key
technolE&mobile exhaust TE power generation recycling and on the development of a TEG
demonstration automobile with the cooperation of the University of Michigan. Various kinds of
highly effi(Snt TE devices have been manufactured, such as the CoSbs-based on-vehicle TE power

generator in the temperature range of 250-550 °C with an efficiency of 8.1%, the

CoShs/Bi,Tes-bDased on-vehicle installed TEG operating to temperatures up to =550 °C with an

efficiencx g;o.l% and output power density of 1.1 W/cm? and the Mg-Si-Sn-based TE power

generatw efficiency of 8.1%. These TE devices show good on-vehicle environmental

adaptability. TwoWtypes of highly integrated and easily scale-manufactured TEG/exhaust pipe
integrated str s have been developed. Both of them can channel 30-50% of the waste heat to
TEG witﬁment to the operation of the engine.[157’158] A new 48 V automobile power source
energy management strategy has been proposed to maximize the power output of TEG systems and
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provide effective utilization of the electric energy generated by the TEG system.™%*% with the
Dongfeng warrior vehicle, a weak hybrid drive scheme using the TEG system was able to recycle 940
W of tthergy in the drum bench and reduced by 15% the fuel cost. In the road driving
test, the T d 620 W. With the Dongfeng Tianlong DFL4181A8 heavy truck, the TEG/SCR
catalyst,mmegrated TEG system helped to recover 1.5 kW of electric energy from the exhaust
heat, which wassed to operate the local intelligent air conditioning system in the cabin and other

on-vehicle | appliances, reducing in the process the fuel consumption by 2—3%.

4.3. TEG am in new type environment friendly river-sea ships

The Yangt:s the No. 1 vital inland waterway globally with the top freight volume as well as

the most i!portant east-to-west waterway artery in China. The development of new energy saving

and enviro iendly river-sea ships with TEG technology has been included in the National Key
Research a opment Program. According to the program, 10 000 such ships should be built by
the year The Chinese TE research team led by the Wuhan University of Technology has
design em with an output power of 20 kW that can be applied to the new energy saving

and environment friendly river-sea vessels. The recovered electric energy is used to power various
electrical aﬁs on the ships. This ten thousand tons energy saving and environment friendly
multipurpd @ iver-sea ship (980TEU) has been reviewed by the China Classification Society, and

will be co nd put into use by the end of 2018.

5. ConclMutlook

Understanding the transport behavior of electrons and phonons as they pass through diverse lattice

A

structures is the key to regulating the TE properties and exploring novel advanced TE materials. The

&1

use of non-equilibrium preparation methods, such as melt-spinning and combustion synthesis, offers
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a quick and efficient way to achieve multi-scale microstructures that are advantageous in rationally

tuning the electron and phonon transport processes and therefore the dimensionless TE figure of

[

merit ZT, which governs the TE conversion efficiency. However, a further decoupling of electrical and

)

thermal transport properties and higher TE performance are needed for the large scale economically

viable applications of TE materials. It is of considerable interest to explore TE properties in systems

with unique forms of electron transport governed by distinct energy dependencies, such as heavy

r

fermions, magnetic nanoparticles, and surface states of topological insulators. Designing and
a A
engineering nanoscale heterogeneous interfaces is also of great importance in order to pursue

energy filtering effects that dramatically enhance the Seebeck coefficient. Implementation of the

above strategies will be highly beneficial for the development of a new generation of efficient TE

l

materials that will impact both the power generation as well as cooling technologies.
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Figure 5. (a) Diagram of the melt spinning process indicating the free surface (FS) and the contact
surface (CS) of the resulting melt-spun ribbon. (b) Cross section images of the ribbon. (c)—(e) TEM
'Y o

images of different areas inside the ribbon. (f) Free surface TEM image of the ribbon. Reproduced
-

with permiSSIBmI 8l copyright 2009 by the American Institute of Physics.
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Table 1. Thermoelectric properties of samples synthesized by melt spinning combined with SPS.

I W Materials Carrier type | ZTmax Refs.
Bio.52Sb1 45 Tes b 156 (300 K) | [118]

- %0483b152Te3 b 15(300K) | [95]
(Bio.s5Sbo.15)2(Teo.s3Se€0.17)s | N 0.96 (360 K) | [140]
(Bio.95Sbo.05)2(Teo.s55€0.15)3 | N 1.0 (460 K) [139]
Ybo.2C04Sb123 n 1.26 (800 K) | [130]
Ybo.3C04Sb123 n 1.3 (800 K) [129]

Ybo.3C04Sb12 n 1.22 (800 K) | [128]

Ndo 6Ybo sFe3CoSbrz o 0.55 (750 K) | [126]

CeFesSbrz P 1.0 (800K) | [122]

MnSit 75x P 0.62 (800 K) | [135]

InSb n 0.49 (700K) | [133]

s AgSbTe, D 165 (570 K) | [136]
G Zn4Sbs D 1.16 (700 K) | [137]
(ZM095Cdo01)sSbs b 13(700K) | [138]

S BasGarZnGer n 0.9 (900K) | [141]
j Mg2(Si0.3SN0.7)0.98Sbo.02 n 1.3 (750 K) [117]
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Table 2. Thermoelectric properties of samples synthesized by SHS combined with SPS.

I ' Materials Carrier type | ZTmax Refs.
QUzSe D 1.80 (1000K) | [143]

p— CuzSnin,Ses p 1.42 (875 K) [143]
L BixTesxSex n 0.95 (423 K) [144]
O Mg2Si1xSbx n 0.65 (873 K) [148]
m CoSbsxTex n 0.98 (820 K) [145]
: MnSis 75.xGex p 0.62 (840 K) [147]
C ZrNiSn n 0.67 (800 K) [143]
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