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Substantial attempts have been made in recent decades to enhance the thermoelectric performance
and find new materials. The inherent complexity and strong correlation between the electronic and
thermal parameters of the materials pose serious challenges to enhance their thermoelectric
performance. Recent studies on “core—shell” nanostructures and their nanocomposites have indicated
that the new strategy of creating such structurally engineered materials can help in several ways to
achieve high thermoelectric performances by breaking the strongly coupled electronic and thermal
parameters. Furthermore, the dependence of the Seebeck coefficient and electrical conductivity on the
carrier concentrations can be altered through the core-shell structure induced energy filtering effects.
This review focuses on the experimental evidence and theoretical predictions in the context of core-shell
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nanostructures and their composite thermoelectric materials. It also highlights the fabrication processes and
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1. Introduction

Thermoelectric phenomenon, which involves the conversion
of thermal energy into electrical energy, is expected to play an
important role in meeting the energy needs of the future.'
Conversely, it can also provide a method for heating and
cooling materials.> Therefore, thermoelectric devices can be
utilized for both electricity generation and cooling/heating
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concepts used to produce these novel core—shell nanostructures.

applications.® In particular, thermoelectric generators harvesting
electricity from waste heat offer a promising option to generate
clean and alternative energy.* There is also a growing interest in
converting industrial waste heat into hydrogen fuel using water
splitting units™® powered by thermoelectric generators®® as well
as a growing demand for wearable and flexible power sources due
to the emergence of artificial intelligence.’®'" In this context,
thermoelectric generators can be promising candidates to develop
self-powered wearable devices, where these generators can power
such smart devices by generating electricity from human body
heat.'® The efficiency (1) of thermoelectric devices for electric
power generation is defined as the ratio of output electrical power (P)
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to the thermal power (Q) supplied to the device:"*
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where T, is the hot-side temperature, T, is the cold-side temperature
and AT =Ty, — T, is the temperature difference. The term z7'is known
as “figure of merit”, which is used as a performance indicator of
thermoelectric materials:

T— S%6T

K
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where S, o, k, and T are the Seebeck coefficient, the electrical
conductivity, the thermal conductivityy, and the absolute
temperature."® Eqn (1) and (2) show that the thermoelectric materials
with high z7T values can result in high device efficiency (7). The 27 can
be enhanced by improving the electronic (S and o) and reducing
thermal transport (i = . + kj; k. and x; are the electronic and thermal
contributions to the total thermal conductivity) properties of materi-
als, yet, the realization of a high 2T is rather complicated because of
the strong interactions between these transport parameters, as
illustrated in Fig. 1.

Two classical trade-off relationships exist between the above
three parameters: (i) a trade-off between S and ¢ in materials
that can give a maximum “thermoelectric power factor” ($%¢)
and (ii) a trade-off between ¢ and « because the parameter ¢ is
also responsible for increasing x by electronic contribution to
the thermal conductivity (x = k. + x;)."* These aspects indicate
that the semiconductors are quite suitable for the applications.
Several bulk semiconductors with optimized z7T have been
developed in the past several years, however, the zT values are
not high enough.” Therefore, except in a limited number of
cases, the working efficiencies of the devices have fallen short
of the targets essential for them to be used largely.”

Accordingly, the interest was focused on improving the
performance of materials. Hicks and Dresselhouse published
a first-ever theoretical model in 1993, predicting significant
enhancements in zT by two-dimensional quantum wells.” They
have shown that the Seebeck coefficient could be increased and
the thermal conductivity could be suppressed, simultaneously.
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Fig. 1 (a) Illustrations of the trade-off relationship between the Seebeck

coefficient (S) and electrical conductivity (). (b) Variation in the thermal
conductivities (k. and ko) as a function of the carrier density. Reproduced
with permission from ref. 14, Copyright 2015 Wiley-VCH.
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These predictions on thermoelectric enhancements were experi-
mentally demonstrated by Venkatasubramanian et al who
reported the highest room-temperature z7' of about 2.4 from
nanoscale layers.” The enhanced z7'was the result of the enhanced
Seebeck coefficient and suppressed thermal conductivity in those
nanostructures. Hicks and Dresselhouse further predicted the
enhancements in zT of all the three low-dimensional structures
such as thin-films (2D), nanowires (1D), and also quantum dots
(0D)."* In such low-dimensional structures, modifications in the
band structure, energy levels, and the density of states (DOS) of
electrons play a major role in enhancing z7. Since then, most of
the research activities have been focused on superlattices,"*™®
nanosheets,"” ' nanowires,”>>* nanoribbons,”>*® mono/bilayer
materials,””2° nanocomposites,***' and so on.**** Similarly, a
strategy that could lead to an economical thermoelectric material
with enhanced efficiency is to fabricate nanostructured bulk
materials."”® This approach can reduce the thermal conductivity
of the material by disrupting the crystal’s phonon transport."* Over
the past few decades, great progress has been achieved in finding
new and structural thermoelectric materials. Materials such
as (Bi,Sb),(Te,Se);,>* Pb(Te,Se,S),>>° SnSe,*”° siGe,*>*" Cu,-
(Se,S,Te),**™" clathrates,*® skutterudites,*® Heusler alloys®*>'
are some of the high z7T candidates.™ Recent studies also show
that significant enhancements in zT are achieved by reducing
the thermal conductivity via the introduction of additional
phonon scattering regions in bulk materials.”> All these new
thermoelectric materials have the potential to improve the
performance level of modern thermoelectric devices."*’

Recently, some studies have introduced a fascinating class
of materials to the thermoelectrics known as ‘“‘core-shell”
structures. These core-shell structures have shown promising
thermoelectric improvements due to their special physical
structure. This review focuses on the studies on core-shell
structures and discusses recent developments and their advan-
tages for thermoelectrics.

2. Core-shell structures

Core-shell structures are a type of biphasic materials composed
of an inner core material uniformly enveloped by an outer shell
of one or more layers of other materials.>**> Two common
structures of core-shell materials are the core-shell nano-
particles and core-shell nanowires/nanorods, as schematically
illustrated in Fig. 2. Core-shell nanostructures are usually
obtained from colloidal synthesis strategies (Fig. 3), some of
the common growth schemes are (a) direct nucleation and
growth of the shell layer onto pre-formed cores, (b) shell layer
growth after chemical activation of the core, (c) sacrificial redox
replacement of the core outer region/surface; and (d) one-pot self-
controlled growth of core and shell.>® Recent developments in
material synthesis techniques have made the preparation of various
kinds of core-shells such as metal-metal, metal-semiconductor,
and semiconductor-semiconductor combinations possible.>®
These core-shell structures possess multifunctional properties
through integrating two different materials into one entity.”’

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic of core—shell nanoparticle and core—shell nanowire/
nanorod. (b) Schematic representations of energy band diagrams and

carrier localization in different types of core—shell structures.
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Fig. 3 Schematic of different mechanisms that form core—shell hetero-
structures. (a) Direct nucleation and growth of the shell layer onto pre-
formed cores. (b) Shell layer growth after chemical activation of the core.
(c) Sacrificial redox replacement of the core outer region/surface. (d) One-
pot self-controlled growth of core and shell. Reproduced with permission
from ref. 55, Copyright 2008 Wiley-VCH.

Therefore, they are widely studied and used in various applica-
tions such as catalysis,”®*® electronics,***® biomedical appli-
cations,®**® photoluminescence,®* "> piezo-electrics,”*”
magnetic applications,”®”® energy storage, 81-83
CO, capture.®* %

Core-shell materials offer additional electronic modifications
due to band-edge alignment at the interface between the core and
shell.’”®® These are classified into Type-I and Type-II as shown

sensors, >

7980 solar cells, and
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schematically in Fig. 2b. In Type-I, the charges are localized within
the core region as the shell with an energy band-gap wrapping
that of the core.’” In Type-ll, the band-gap alignments are
staggered, resulting in the allocation of the carriers in the core
as well as the shell.’” Type-II can have other possible band-gap
alignments known as Quasi-Type-II structures. This occurs when
the band offsets are small in type-II structures, resulting in a
delocalized charge carrier over the entire nanostructure while the
other carrier is confined in either the core or the shell.’” Thus, the
effective band-gaps of the core-shell nanostructures can be pre-
cisely controlled by choosing suitable core and shell materials,
which results in the modifications of the electronic and optical
properties of core-shell nanostructures.®**°

3. Core—-shell structures for
thermoelectrics

Different well-known strategies such as the design of alloys,”*
complex crystal structuring,”® impurity doping,”® resonant level
doping,”*®® heavy element compounds,’® nanostructured
materials,”” and so on, are in use for the enhancement of
thermoelectric performance. Most of these approaches mainly
focus on reducing thermal conductivity and increasing the
Seebeck coefficient. For illustration, alloys, heavy element
compounds, complex crystals, nanostructured materials have
a significant role in reducing thermal conductivity. Similarly,
the Seebeck coefficient and the electrical conductivity can be
tuned by impurity doping, resonant level doping, and nanos-
tructured materials.?*°*%7~%°

The Seebeck coefficient can be expressed as:

97

95,100
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where kg, ¢, 0, T, E, and E; are Boltzmann constant, charge of
the carrier, electrical conductivity, temperature, electron energy,
and the Fermi energy, respectively. The terms, n(E) and u(E) are
the energy-dependent carrier density and mobility, respectively.'*
Therefore, the Seebeck coefficient can be enhanced by two
mechanisms: (i) increasing the density of states (DOS) near the
Fermi level and (ii) increasing the energy dependence of u(E)
using energy filtering effects. Increasing DOS can be effectively
achieved from resonant level doping or band engineering. Reso-
nant levels appear through interactions between the dopants and
the host. The dopants with similar electronic configurations as
the host atoms are usually chosen to achieve changes in the
DOS.”* Band engineering to converge the bands is another
effective approach that results in the high Seebeck coefficients
due to energy filtering (or carrier filtering) effects.'*%"%*
Thermoelectric studies in the literature on core-shell struc-
tures indicate that these novel structurally engineered materials
can be used mainly in three different ways as shown in Fig. 4 such
as (i) core-shell nanostructures as building blocks, (ii) core-shell

Mater. Adv,, 2022, 3,125-141 | 127
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Fig. 4 Different ways of utilizing core-shell structures for thermo-
electrics.

nanostructures in bulk semiconductors, and (iii) secondary phase
at grain boundaries. The energy filtering effects are well observed
from these core-shell structures as they introduce multiple
potential barriers. These potential barriers enable selective scat-
tering of low-energy carriers and only allow high energy carriers,
as they can cross these barriers."® A schematic illustration in
Fig. 5 shows the carrier filtering effect due to band alignment at
the interface between two different semiconductors (Bi,Te; and
BiZSe3).14’102

Further, the electronic modifications due to band-edge
alignment at the interface between the core and shell can also
play an important role in minority carrier filtering (Fig. 5(b))
and help achieve higher Seebeck coefficients.'**'** When
designing a thermoelectric material, either the core or the cell
material can be carefully chosen to act as a minority carrier
blocking region. Such structures essentially reduce the mobility
of the minority charge carrier and lighten the effect of the

Fig. 5 (a) Schematic band alignment at the interface of bismuth telluride
(BT) and bismuth selenide (BS). Reproduced with permission from ref. 102,
(Copyright 2013 Wiley-VCH). (b) Schematic energy band diagrams showing
electron-blocking and hole-blocking regions.
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minority carriers on the Seebeck coefficient.'®® Especially in
the narrow band-gap thermoelectric materials, the minority carriers’
effect is detrimental to their thermoelectric performance. For
illustration, the net Seebeck coefficient (S) of a material with
mixed carrier contributions is expressed as'®

g = SoltpP + Suptart 5)

HpP + Hoht

where Sp, Sn, ip, in, P, and n are the positive Seebeck coefficient,
negative Seebeck coefficient, hole mobility, electron mobility, hole
density, and electron density, respectively. The deterioration of
net S due to minority carriers can be avoided by introducing
suitable barriers which can block minority carriers, whereas the
other type carriers are less affected.'®® Therefore, by introducing
heterojunctions with help of core-shell structures, suitable band-
edge alignments can be created at the interface between the core
and shell that can preferentially block minority carriers, as a
result, a high Seebeck coefficient can be maintained.'®

In addition, the presence of interfaces in core-shell type
materials can act as thermal barriers and work as scatterers of
long-wavelength phonons, resulting in the reduction of thermal
conductivity but increase the Seebeck coefficient.'®® The
presence of multiphase provides an opportunity to have a
unique carrier transport behaviour that can decouple electron
and phonon transport at the interfaces.>® This helps reduce
thermal conductivity without much loss in the electrical con-
ductivity of the materials.>® As the thermal conductivity of a
material (k) relies on the charge carriers (k) as well as the
lattice vibrations (i) of the crystal,

K= Ke+ K (6)

it can be reduced by controlling either k. or k; or both.
According to the Wiedemann—Franz law, the first term, . is
related to electrical conductivity (¢), Lorentz number (L) and
temperature (T), expressed as:>

K =LoT + Ky (7)

Any reduction in k. will reduce the electrical conductivity ().
Instead, k; should be reduced without affecting the electronic
transport in order to see overall improvements in the thermo-
electric performance, z7. However, the lattice contribution
cannot be reduced significantly without the negative effects
on electronic transport, and in general, it cannot reach below
the amorphous limit.>® Here, multiphase crystal structures
such as core-shell type materials can have the exception from
such a constraint and possess ultralow thermal conductivity
without losing other properties if materials are designed care-
fully with suitable phases. Also, however, the energy filtering
effect has a positive impact on the increase of the Seebeck
coefficient, but the reduction of effective mass after the reduced
carrier concentration can be detrimental to the increase of the
Seebeck coefficient. Therefore, optimization of thermoelectric
performance requires a compromise between all the electronic
and thermal parameters and their resulting properties to achieve
overall improvements.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.1. Core-shell nanostructures as building blocks

Nanoparticles and nanowires have been attractive materials for
thermoelectrics due to their special electrical properties as
compared to their bulk counterpart. Further improvements in
their thermoelectric performance can be expected with special
physical structures in the form of core-shell configurations.
Therefore, several research studies have been focused on the
fabrication of different core-shell nanostructures for thermo-
electric applications.’®” Use of core-shell nanoparticles/nano-
wires as building blocks of thermoelectric composites is an
interesting strategy employed in several studies.'®” In such
materials, the advantages of core-shell structures can be more
significant as each particle of the material can possess special
electrical features due to their core-shell configurations. The
bottom-up growth of nanocrystals is a convenient strategy to
form core-shell nanoparticles, which also provides access to a
three-dimensional composition control.**”'°® In recent work,
Ibafiez et al. reported a high-yield and scalable colloidal syn-
thetic route based on the bottom-up assembly to obtain
PbTe@PbS core-shell nanoparticles.'®” The nanocomposites
of these core-shell nanoparticles have shown up to 10 times
higher electrical conductivities than the pure PbTe and PbS
nanomaterials due to synergistic nanocrystal doping effects.
As illustrated by Fig. 6, the PbS shell on PbTe forms a quasi-
type-II heterojunction which assists the selective carrier trans-
port by doping of electrons into the conduction level of core-
PbTe.'® It also strongly localizes the holes within the PbTe
core valence level and result in the enhanced n-type electrical
conductivity.'®® Furthermore, the lattice mismatch between
PbTe and PbS phases resulted in acoustic impedance mismatch
which strongly reduced thermal conductivities of the core-shell
composites. As a result, PbTe@PbS core-shell nanocomposites
with a thermoelectric figure of merit (27 ~ 1.1 at 710 K) much
higher than the pure PbTe and PbS nanomaterials were
obtained.'®” The changes in the electrical conductivity, Seebeck
coefficient, thermal conductivity, and figure of merit along with
the variation in the activation energy for electrical transport (E,)
as a function of the PbS concentration in (PbTe); ,(PbS),
nanocomposites are shown in Fig. 6(c).

The energy filtering effects have been observed by Ou et al.
in all oxide TiC;_,O,@TiO,-TiO, (x < 1,1 <y < 2) core-shell
nanostructures.'’® These core-shell heterostructures were
synthesized with an anodization process assisted by the sol-gel
chemical route as illustrated in Fig. 7. The shell layer made up of
TiO,~TiO, creates a double-barrier for the charge carriers, which
scatters most of the low-energy carriers leading to enhancement
of the Seebeck coefficient. This carrier filter mechanism is illu-
strated in Fig. 7(b-e); in the TiC,_,O,@TiO,~TiO, heterostruc-
tures with the graded potential barrier, the first interfacial barrier
between the TiC;_,O, and TiO, selectively scatters low-energy
carriers. Further, the second interface TiO, barrier between the
core (TiC;_,O,) and shell (TiOy-TiO,) scatters partial high-energy
carriers. Consequently, carriers with higher energy can be able to
pass through the double-barrier. In addition, the channel between
the TiO, particles in these heterostructures can allow partial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic energy diagrams of the (a) PbTe core nanocrystal and
(b) PbTe@PbS core—shell nanocrystal. Reproduced with permission from
ref. 109, (Copyright 2020 American Chemical Society). (c) is the variations
in the electrical conductivity (¢), Seebeck coefficient (S), thermal conduc-
tivity (x*), and figure of merit (zT) (at 710 K) along with the variation in the
activation energy for electrical transport (E,) as a function of the PbS
concentration in (PbTe); ,(PbS), nanocomposites. Reproduced with
permission from ref. 107, Copyright 2013 American Chemical Society.

high-energy carriers to pass through, which helps maintain
good electrical transport. Overall, these “all oxide” core-shell
heterostructures have shown high Seebeck coefficients while
maintaining a relatively good electrical conductivity in addition
to the reduced thermal conductivity via possible double-barrier
filtering effects due to engineered interfacial barriers as a
result, a high z7T up to 0.84 at 973 K has been observed."*°
Similarly, enhanced Seebeck coefficient with reduced thermal
conductivity was observed in Au@Cu,Se core-shell nano-
particles.""" Jin et al. synthesized these nanoparticles with differ-
ent shell thicknesses through the hydrothermal route by control-
ling the precursor concentration.""* With the improvements in
the Seebeck coefficient by energy filtering in the core-shell inter-
face and reduced lattice thermal conductivity of core-shell due to
coherent phonon scattering, a high z7T value of 0.61 was obtained
at 723 K in Au@Cu,Se core-shell nanoparticles with a shell
thickness of 21 nm. The zT achieved from the core-shell structures
is higher than that of the composite mixture of Au and Cu,Se
particles or pure Cu,Se (Fig. 8). In a recent study, Sharma et al.

Mater. Adv,, 2022, 3,125-141 | 129
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(@) Schematic illustration of the formation of the TiC,_,O,@TiO,~TiO, heterostructures via anodization process. The mechanism of carrier transport

through the double-barrier: (b) carrier paths where the first interfacial TiO, barrier selectively scatters low-energy carriers and the TiO, barrier further scatters
partial high-energy carriers, (c) transport schemes of the carriers in the heterostructures and at the interface, (d) and (e) show the band diagrams of the all-oxide
TiC,O,@TiO, and TiC;_,O,@TiO,~TiO; heterostructured interfaces. Reproduced with permission from ref. 110, Copyright 2015 Nature Publishing Group.
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Fig. 8 (a) Transmission electron microscopes (TEM) images of Au@Cu,Se

nanoparticles and the elemental mapping pictures of (b) Au, (c) Cu, (d) Se,
(e) shows the high resolution-TEM images of a Au@Cu,Se nanoparticles
(inset is the corresponding Fourier transform), and (f) shows the figure of
merit (zT) of Au@Cu,Se core-shell nanocomposite samples of different
shell thicknesses (21, 17, and 13 nm) along with pure Cu,Se, Au/Cu,Se
mixture sample. Reproduced with permission from ref. 111, Copyright
2020 American Chemical Society.

reported an ultralow thermal conductivity in Cu@Cu,O core-shell
nanocomposites synthesized using a facile solution-phase method

130 | Mater. Adv., 2022, 3,125-141

as illustrated in Fig. 9.""* These core-shell samples have shown an

ultralow thermal conductivity of about 10~ of the bulk copper with
a large Seebeck coefficient of ~373 uV K, resulting in a 27 of 0.16
at 320 K, showing their potential for low-cost thermoelectrics.
In another interesting work by Ibanez et al, tunable p-type trans-
port behaviour has been observed in Pb chalcogenides using alkali
metal chalcogenides as capping ligands.'*? It is interesting to note
that in these works, the surface functionalization with K" and Na*
ions has resulted in core-shell type nanostructures which assisted
in introducing controlled amounts of dopants.

Core-shell nanowires have also attracted tremendous interest
due to their remarkable electronic and thermal properties."**
Several experimental and theoretical studies have shown the
possibilities of producing promising thermoelectric materials
in the form of core-shell nanowires.'**>*# Successful examples
include Ge@si,'**1**119120 gi@mGe,'*11?*? GaAs@AlAs,''” GaA-
s@AlGaAs,'*® Bi,S;@Bi,''® Bi@Te,'** Te@Bi,"*® Bi@TiO,,"*°
multiwalled  carbon  nanotubes = (MWCNT)@Sb,Te;,"*”
Bi,Te;@MWCNT,"*® and so on. These special heterostructures
show superior electronic properties and a significant reduction
in thermal conductivity compared to single element nanowires.
The radial heterostructure core-shell nanowires show remark-
able carrier mobility due to the band offsets."*® For example,
high hole mobility of 730 cm® V™' s~ " was observed in Ge@Si
nanowire heterostructures based field-effect transistors (NWFET),
which is ten times high compared to the Si p-MOSFET (metal-
oxide-semiconductor field-effect transistors).* It is also more
than twice that of Ge or SiGe PMOS (p-channel metal-oxide-
semiconductor) devices."*’

Hu et al. reported nonequilibrium molecular dynamics
simulations on the effect of Ge coatings on the thermal proper-
ties of Si nanowires.'*” Their results show that a simple Ge shell
coating of thickness 1 or 2 unit cells on single crystalline Si
nanowires can lead to a dramatic decrease (by 75%) in thermal
conductivity compared to uncoated Si nanowires. They found
that such a dramatic fall in thermal conductivity in core-shell

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic of the synthesis process of Cu@Cu,O core-shell nanopart
(TOP). Reproduced with permission from ref. 112, Copyright 2020 American

nanowire comes from the reduction and localization of long-
wavelength phonon modes at the core-shell interface and also
from high-frequency non-propagating diffusive modes. To support
this, they systematically studied the changes in the vibrational
density of states (VDOS) of surface Si atoms on the nanowire after
the addition of the Ge shell coating. The results of VDOS shown in
Fig. 10(a) indicate that there are no notable changes in the VDOS
for Si atoms in the centre of the nanowires core. In contrast,
significant depression of the low-frequency part is (below 6 THz)
and also at the high-frequency part (between 16-17 THz) can be
observed for core-shell nanowires as compared to pure Si nano-
wires (Fig. 10(b)). Such depressions can originate from a lattice
mismatch and atomic mass differences.'** This also appears to be
true for Si coated Ge or Ge@Si core-shell nanowires, which is
evident from Wingert et al.’s work,"'® who studied thermal proper-
ties of Ge@Si. Their results show the reduction in thermal con-
ductivity with observed values in the range of 1.1-2.6 Wm ' K"
at around 108-388 K, which is lower than Ge nanowires and also
even lower than that of SiGe alloy nanowires.”® These studies and
the observed improvements with such structures indicate that
the core-shell structures can be more promising than alloys or
composite materials.

Similar thermal conductivity reduction has also been reported
for Bi@Te nanowires. In addition, a recent study by Kang et al.
suggests that with rough interfaces between the core and shell
materials, a further reduction can be achieved.'** A comparison
of thermal conductivities between smooth and rough interface
based Bi@Te core-shell nanowires is shown in Fig. 11. Bi,Te; is
an excellent and commercially used thermoelectric material.
However, the expensive, highly scarce, and toxic nature of
tellurium is a matter of concern for extending the thermo-
electric generator applications."***! Replacing tellurium with
sulfur, an abundant and cheap element can be a promising
strategy. This idea encouraged many researchers to find sulfur
and selenide based metal chalcogenides for thermoelectric
applications.”**%3 For illustration, Bi,S; is an n-type semicon-
ductor with a very high Seebeck coefficient and low thermal
conductivity can be a replacement for Bi,Tes, but it suffers from
its poor electrical conductivity."** A recent work on Bi,S;@Bi
core-shell nanowires demonstrated that the electrical conduc-
tivity of the Bi,S; can be enhanced significantly with Bi shell
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coating on Bi,S; nanowires."'® These Bi,S;@Bi core-shell nano-
wires were obtained from treating Bi,S; nanowires in a hydra-
zine solution by a hydrothermal method. Three orders of
magnitude greater electrical conductivity was observed from
Bi,S;@Bi core-shell nanowires sample than that of a pristine
Bi,S; sample, which resulted in a good zT of 0.36 at 623 K.

Due to the low-cost, lightweight, and interesting electrical
properties of carbon nanotubes (CNTs), they have been widely
studied for energy-related applications.’**"*® CNTs are special
one-dimensional materials with high carrier mobilities, high
thermal conduction, high strength, and so on."**'*° They have
also shown promising thermoelectric properties when they are
modified or treated with organic molecules/polymer compounds,
impurity atoms, etc."*'™** Similarly, the effects of core-shell
structures on thermoelectric performance of CNTs have also
been reported.’*>*® For instance, Chiang et al. reported a
scalable two-step reaction route to fabricate C@ BCN core-shell
nanotubes in bulk quantities."*® The CNTs were dissolved in an
SDS (sodium dodecyl sulfate) aqueous solution to form disper-
sion and then B,0; powder was added to the CNT/SDS disper-
sion. The final reaction was carried out at high temperatures to
obtain C@BCN core-shell nanotubes, as illustrated in Fig. 12.
The thin-films based on these C@BCN core-shell nanotubes
have shown an improved Seebeck coefficient, which led to a
6.4-fold increase in the power factor. Similar thermoelectric
enhancements were also observed from in situ polymerisation
of PEDOT on graphene platelets, coral-like PEDOT/single-
walled carbon nanotubes (SWCNT), polypyrrole (PPy)/graphene
core-shell type thermoelectric compounds.**” >

3.2. Core-shell nanostructures in bulk semiconductors

Thermoelectric properties of the bulk semiconductors have
been routinely modified with traditional impurity doping processes,
where the ionized impurities are used to modify the electronic
properties of the host bulk.'>*™*** With the advancement in material
fabrication, doping bulk materials with nano-inclusions has been
becoming one of the most effective strategies to improve thermo-
electric properties.””*">° Researchers have further found promising
results when the bulk semiconductors are doped with core-shell
nanoparticles.>® The use of core-shell nanoparticles embedded
in bulk semiconductors can lead to a very high thermoelectric

Mater. Adv,, 2022, 3,125-141 | 131
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Fig. 10 (a) Vibrational density of states (VDOS) of Si atoms at the center of

the Si core. (b) VDOS of Si atoms located at the Si—-Ge interface (uc: unit
cell). (c) Thermal conductivity of the Si@Ge nanowire as a function of the
number of Ge shell layers and for different cross-sectional areas of the Si
core. Reproduced with permission from ref. 122, Copyright 2011 American
Chemical Society.

power factor. Particularly, when embedded core-shell nano-
particles have resonant levels falling within the energy band of
the host bulk semiconductor, they can significantly enhance
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Fig. 12 Schematic process of two-step reaction route to prepare C@BCN
core—shell nanotubes. Reproduced with permission from ref. 146, Copyright
2016 Elsevier B.V.

the power factor over the bulk.>” This study also predicted a
more than 80% enhancement in the thermoelectric power
factor in PbTe at low temperatures.>>

An experimental study that demonstrates the effect of
embedded core-shell particles inside the bulk is reported by
Li et al.*®® In this work, the added Zn,Sb; into SnTe converted
into Sb@ZnTe core-shell microstructures in the matrix of SnTe
due to sequential in situ reactions between the Zn,Sb; additive
and SnTe matrix, as schematically illustrated in Fig. 13.°
The resulting compound exhibited an ultralow lattice thermal
conductivity of 0.48 W m™" K '. In addition, the electrical
properties were also improved with reaching a maximum 27 of
1.32 at 873 K, which was about 220% more than the pristine
SnTe. In a similar approach, Ma et al. observed the formation of
SnO, layers around the BiCuSeO nanoinclusions doped into
SnTe during a high temperature solid state reaction, which
resulted in the SnTe compound with BiCuSeO@SnO, core-shell
nanoinclusions.' They observed a high zT of 1.21 at 835 K for
a 5% BiCuSeO doped sample, which was 190% improvement

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Copyright 2020 Wiley-VCH.

over SnTe. Also, Yaprintsev et al. found enhanced thermo-
electric efficiency, where zT of a bulk Bi,Te; compound was
improved from z7 = 0.3 to 2T = 0.67 (at 400 K) by introducing
Ni@NiTe, core-shell inclusions into Bi,Te; matrix."®* Similarly,
Cai et al. found improved thermoelectric performance from
PbSe after the incorporation of core-shell nanoscale CdSe
precipitates in PbSe.'®* As shown by Fig. 14, the CdSe nano-
precipitates in the PbSe exhibit a zinc blende crystal structure
covered with a thin wurtzite layer at the matrix interface, forming
an embedded core-shell structure in PbSe. These tetrahedral
shaped nano-precipitates with significant local strains cause a
reduction in lattice thermal conductivity of the compound and
help achieve better thermoelectric performance.

In recent work, Xiang et al. reported a facile route to construct
locally nanostructured PbTe in a micro-sized PbTe frame."®® They
mixed PbTe@C:Ag nanoparticles and PbTe nanocubes through
spark plasma sintering (SPS) producing PbTe/PbTe@C:Ag type
structure as shown in Fig. 15. Here, the carbon shell on PbTe acts
as a barrier that prevents the growth of the grains and helps to
form locally nanostructured PbTe regions with a lot of grain
boundaries and interfaces. In addition, Ag atoms may work as
dynamic dopants and can enhance the high-frequency phonon
scattering and suppress the bipolar effect. The resulting
compound has shown a low lattice thermal conductivity of
0.39 Wm ™' K" and a high power factor of 20.4 yW cm ™" K>
with a high zT of 1.65 at 723 K.

Similarly, by introducing PbTe@C core-shell nanostructures
into Sn;_,Sb,Te, Zhang et al. observed enhanced thermoelectric
properties.’® These unique hierarchical structures possess
an ultralow lattice thermal conductivity of ~0.48 W m™* K '
almost approaching amorphous limits (~0.40 W m~" K 1).
These compounds have shown a maximum figure of merit (27)
of 1.07 at 873 K, which is approximately ~155% higher than
that of pure SnTe.'®* They also found that the PbTe@C core-
shell structures exhibit great thermal stability upon repeated
measurements, indicating promising for practical applications.
Zhang et al. compared the effects of adding Bi,S; and Bi,S;@Bi
core-shell nanorods into the Cu, ¢S bulk.'®® They found that
the enhancement in z7 achieved from incorporating Bi,S;@Bi

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Scanning and transmission electron microscopy (S/TEM) images
of PbSe-CdSe sample. (a) High-angle annular dark field image showing the
embedded triangular nano-precipitates in the matrix. (b) Energy-dispersive
X-ray spectroscopy (EDS) mapping. (c) TEM image showing a core—shell
precipitate in the matrix. (d) Selected area diffraction (SAED) pattern taken
along the [110] zone axis, which reveals the interface is the wurtzite CdSe
phase. (e) High-resolution STEM image with a HAADF mode image showing
the core—shell sections of CdSe with PbSe matrix. (f-i) Show the atomic
stacking of the matrix, interface between the matrix and shell, the shell, and
core of the precipitate. Reproduced with permission from ref. 162, Copyright
2020 Royal Society of Chemistry.
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core-shell particles was better than adding Bi,S;. A maximum
2T of 0.77 (which is 2.4 times higher than that of the pure
Cu, gS) was observed (at 723 K) from 3 wt% Bi,S;@Bi core-shell
particles introduced sample while it was 0.62 for 3 wt% Bi,S;
added sample. Similarly, an enhanced 2T of 1.2 (at 450 K) was
obtained from a composite constructed from Bi,Te; nanoparticles
and Bi,S;@Bi nanowires.'®® Thermoelectric enhancements in
these composites are mainly attributed to the presence of a
hierarchical network-like structure formations due to core-shell
configurations.

3.3. Secondary phase at grain boundaries

Grain boundary engineering has been an important and pro-
mising approach in thermoelectrics.'®”'®® It has significant
effects on the reduction of thermal conductivity in bulk nano-
structured thermoelectric materials. Interestingly, a secondary
phase formed at the grain boundaries of the host matrix can act
like core-shell like structures and enhance the thermoelectric
performance of the resulting materials. Several studies have
found such special structures are beneficial and the electrical
and thermal properties of the host materials can be easily
modified in order to make them suitable for thermoelectric
applications. Most of the reported works on this type of core-
shell structure are based on graphene/inorganic hybrid
compounds.**'®¥772 The layer-like structure of graphene effec-
tively coats on the particles/grains of the inorganic host mate-
rial and forms carbon encapsulated grains. Due to their special
electrical, optical, and thermal properties, graphene added
composite materials have been extensively studied for different
energy conversion and sensing applications.””®™%> A simple
schematic illustration on the formation of graphene covered
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Fig. 16 (a) Schematic illustration of the synthesis of a bulk composite
containing graphene (RGO) layer encapsulated grains (Reproduced with
permission from ref. 183, Copyright 2020 American Chemical Society).
(b and c) HRTEM micrographs of the STO-0.7 wt% RGO composite.
(d) Schematic of double Schottky barrier of the STO-RGO composites.
Reproduced with permission from ref. 171, Copyright 2019 Nature Publishing
Group.

grains in the bulk is shown in Fig. 16."®® The illustrated process
involves the mixing of graphene oxide layers with inorganic
thermoelectric matrix (TE matrix) and then in situ reduction of
the resulting material to obtain graphene or reduced graphene
oxide (RGO) encapsulated inorganic grains/particles. Several
composites with such structures were successfully developed by
Zong et al. with improved thermoelectric performances.'®®"%°
As the addition of graphene into the bulk introduces enormous
interfaces, the interfacial phonon scattering will be enhanced
and therefore the lattice thermal conductivity of the compound
is expected to decrease. For example, depression in thermal
conductivity has been observed in the skutterudite compounds
with graphene-modified grain-boundary complexion.'®® Encap-
sulating even micron-sized skutterudite (n-type Yb,Co,Sb,)
grains with graphene resulted in a significantly reduced ther-
mal conductivity with a high zT of 1.5 (at 850 K), and similarly, a
zT of 1.06 (at 700 K) was achieved in p-type Ce,Fe;CoSb;,.'**
In many polycrystalline compounds, their thermoelectric
performance is greatly restricted due to the resistive grain
boundaries, which are also known as the double Schottky
barriers (DSB).*®* It is supposed that the electrons trap at the
grain boundaries and do not involve in the electrical conduction,
and also act as scattering centres."”" Therefore, breaking or
reducing the DSB effect is important to make such compounds
useful for thermoelectric applications. A number of studies

© 2022 The Author(s). Published by the Royal Society of Chemistry
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have found that it can be done via grain boundary engi-
neering."”"8%1% [n an interesting work by Rahman et al., they
found that the incorporation of reduced graphene oxide into
strontium titanium oxide (STO) weakens the DSB (Fig. 16(d)).*”*
This has led to a simultaneous increase in the carrier concen-
tration and carrier mobility of the STO.

Chen et al. reported a scalable wet chemical method to
fabricate Cu, ,S particles encapsulated in a thin carbon shell
that forms Cu,_,S@C core-shell composites.*” The electrical
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conductivity of the Cu,_,S@C core-shell composite has seen a
50% increase compared to that of the pure uncoated Cu,_,S
compound. The resulting core-shell composite possessed an
ultra-low lattice thermal conductivity of 0.22 W m ' K ' and a
maximum 27T of 1.04 at 773 K. These improvements are attri-
buted to an increase in the carrier concentration and enhanced
phonon scattering at the interfaces formed due to graphene
layers. Similarly, Tang et al. fabricated graphene encapsulated
on Cu,_,S grains with mechanical alloying (MA) and spark
plasma sintering (SPS) processes.'®® Here also, a high power
factor of 1197 yW m ™" K> and a significant enhancement in zT
were observed with the highest z7" of 1.56 at 873 K. Furthermore,
generally, copper sulfides show Cu’ superionic behaviour at higher
temperatures.'®”'%® Here, the presence of the 3D interface network
of graphene layers restricts the superionic behaviour of Cu" ions,
which improved the thermal stability of the compound.
Modification of grain boundaries to achieve energy filtering
effects has also been carried out with other compounds. Fu
et al. modified the grains of Yb filled skutterudites with Ni to
obtain “core-shell” structure.'® Such core-shell structure was
obtained due to the thermal diffusion of well-dispersed
Ni nanoparticles in the skutterudite (Yb,,Co,Sb;,) powder
compound through a hot pressing process. The resulting
compound was composed of the skutterudite core grains
surrounded by Ni-rich skutterudite nanograin layers, as shown
in Fig. 17. The electrical conductivity of the compound was
greatly enhanced due to the presence of Ni-rich grains, which
was responsible for the increased carrier concentration as well
as carrier mobility. The thermoelectric power factor was found
to increase after the incorporation of Ni nanoparticles along
with the reduction in lattice thermal conductivity due to extra
phonon scattering from core-shell structures. As a result, the Ni
added compounds have shown a maximum z7T of 1.07 at 723 K.
Kim et al coated extremely thin ZnO layers on the
Big 4Sb; ¢Te; (BST) powders via an atomic layer deposition
(ALD) technique.'®® Compounds with numerous heterogeneous
interfaces were created by this strategy with the formation
of BST@ZnO core-shell structures. The results of this study
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(@) Schematic structure of BST@ZNO composite composed of ZnO coated BST (Big4SbigTes) grains. (b) Schematic fabrication process for
BST@ZnO core-shell structures. Reproduced with permission from ref. 190,

Copyright 2019 American Chemical Society.
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Table 1 Details of enhanced thermoelectric figure of merits (zT values) discussed in this review

Material 2T observed 2T enhancement (approx.) Ref.

PbTe@Pb$ core-shell nanocomposites 1.1at 710 K 6 times of the PbS or PbTe Ibafiez et al.*®’
TiC;_O0,@TiO,~TiO, core-shell nanocomposites 0.84 at 973 K — Ou et al.**®
Au@Cu,Se core-shell nanocomposites 0.61 at 723 K 2 times of the Cu,Se Jin et al.™*
Cu@Cu,O0 core-shell nanocomposites 0.16 at 320 K — Sharma et al.'*?
Bi,S;@Bi core-shell nanowires composites 0.36 at 623 K 2 times of the Bi,S; Ge et al.**®
Sb@ZnTe core-shell structures in SnTe 1.32 at 873 K 3 times of the SnTe Li et al.*®
BiCuSeO®@SnO, core-shell nanoinclusions in SnTe 1.21 at 835 K 3 times of the SnTe Ma et al.*®°
Ni@NiTe, core-shell inclusions in Bi,Te; matrix 0.67 at 400 K 2 times of the Bi,Te; Yaprintsev et al.'®!
PbTe/PbTe@C:Ag composites 1.65 at 723 K 8 times of the PbTe Xiang et al.'®
PbTe@C core-shell nanostructures in Sn;_,Sb,Te 1.07 at 873 K 2.5 times the SnTe Zhang et al.'®*
Bi,S;@Bi core-shell nanorods in the Cu, S 0.77 at 723 K 2.5 times of the Cu, gS Zhang et al.*®®
Composite of Bi,Te; nanoparticles and Bi,S;@Bi nanowire 1.2 at 450 K — Zhang et al.'®®
Graphene encapsulated Yb,Co,Sb;, 1.5 at 850 K — Zong et al.'®®
Graphene encapsulated p-type Ce,Fe;CoSb,, 1.06 at 700 K — Zong et al.**®
Carbon encapsulated Cu, ,S composites 1.04 at 773 K 1.2 times of the Cu,_,S Chen et al.**
Reduced graphene oxide on strontium titanium oxide (STO) grains 0.05 at 700 K 2.5 times of the STO Rahman et al.'”*
Graphene encapsulated Cu,_,S composites 1.56 at 873 K — Tang et al.*®®
Composites of Yb filled skutterudite (Ybo »C0,Sb;,)@Ni-rich 1.07 at 723 K 2 times of the Yby,C0,Sb, Fu et al.*®®
skutterudite

ZnO coated Bi, 4Sb; ¢Te; grains 1.50 at 360 K 1.5 times of the Biy_4Sb; ¢Te; Kim et al.**°
CdTe coated SnTe grains 1.90 at 929 K — Hwang et al.'*
Composite of Cu,Se coated CNTs 2.40 at 1000 K — Nunna et al.**®

demonstrated that the incorporation of ZnO thin layers into the
BST matrix can block phonons and also help tune carrier density
from impurity doping at the grain boundaries. An optimised
thickness of ZnO coating resulted in a high thermoelectric 2T of
1.50 (at 329-360 K). Such a high 2T at around room temperature in
addition to the simplicity of the fabrication process (illustrated in
Fig. 18) indicate that the approach can be very useful to make
mass production of core-shell type composites. In a similar
approach, Hwang et al. observed thermal conductivity reduction
in SnTe/CdTe nanocomposites composed of CdTe coated layers
on the surface of SnTe grains.””" They found that the acoustic
impedance mismatch between the coated CdTe layers and the SnTe
grains resulting in a low thermal conductivity of 1.16 W m™* K *
and as a result, a high 2T of 1.90 was observed at 929 K. Similarly,
composite materials with well distributed CNTs at the molecular
level can also modify grain boundaries of the host matrix. For
instance, Nunna et al. observed an in situ growth of Cu,Se on the
surface of CNTs during the fabrication of Cu,Se/CNT hybrid
composites.”*® The resulting composites have shown a record-
high 2T of 2.4 at 1000 K. The enhanced thermoelectric figure of
merits (27 values) discussed in this review are summarized in
Table 1. These enhancements have been achieved either directly
from intentionally formed core-shell structures or from inadver-
tently formed core-shell structures during the fabrication, both of
which have induced multiple barriers that improved the filtering
effects alongside reduced thermal conductivity and resulted in
materials with enhanced thermoelectric performance.

4. Conclusion and prospects

The energy filtering effect observed from core-shell structures
is a recent promising strategy to enhance materials’ thermo-
electric properties.’® It is evident from the research works
discussed in this review, where many theoretical predictions and
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experimental works have proved that core-shell nanostructures
can lead to materials with remarkable thermoelectric properties.

It is worth noting that the overall enhancement of thermo-
electric performance requires optimization of several parameters
which are strongly interrelated, such as the number of carriers,
carrier mobility, phonons, and their coupling effects.">"*?
In addition, based on thermoelectric results reported in the
literature, in many cases it is true that the energy filtering effect
is not a sole factor to improve materials performance.'®* Several
other factors such as mechanisms of electron and phonon trans-
port in different conditions, crystal structures, chemical composi-
tions, grain orientations, nano/microstructures, etc. also play their
roles.’®* Also, it is important to note that the reduction of effective
mass after the reduced carrier concentration due to energy
filtering effects can be detrimental to the increase of the Seebeck
coefficient. Therefore, overall improvements in the thermoelectric
performance requires a compromise between all the electrical and
thermal parameters. Thermal stability of the core-shell materials
is also an important and essential requirement when these are to
be used for practical applications. The core-shell structures
should be thermally stable with respect to their phase or physical
structure as well as chemical composition in order to implement
them for real applications. Prior knowledge and understanding of
the band structures of the materials chosen to fabricate core-shell
nanostructures and the resulting band bending/band offsets are
essential to decide their suitability and optimize the thermo-
electric performance. Overall, the energy filtering effects can
provide new opportunities to modify the electron and phonon
transport through core-shell structural engineering.
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