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This review explores the ever-evolving landscape of thermoelectric materials, focusing on the latest trends

and innovations in ceramics, thermally conductive gel-like materials, metals, nanoparticles, polymers, and

silicon. Thermoelectric materials have garnered significant attention for their capability to convert waste

heat into electrical power, positioning them as promising candidates for energy harvesting and cooling

applications. This review distinguishes itself by highlighting recent advancements in synthesis methods,

advanced doping strategies, and nanostructuring techniques that have markedly enhanced material

performance. It provides a comprehensive analysis of the controlled properties concerning their

synthesis parameters, such as electrical conductivity, Seebeck coefficient, and thermal conductivity.

Furthermore, this work delves into the emerging applications of thermoelectric devices across diverse

fields, including automotive, aerospace, wearable electronics, and industrial waste heat recovery. By

offering forward-looking insights, this review outlines thermoelectric devices' challenges and future

prospects, underscoring their potential to contribute to sustainable energy solutions and efficient

thermal management systems. By integrating current trends with future projections, this review offers

a timely and comprehensive roadmap for researchers and engineers dedicated to advancing next-

generation thermoelectric technologies.
1. Introduction

Recent years have witnessed a surge of interest in thermoelec-
tric devices and their applications, driven by the pressing need
for sustainable energy solutions and efficient thermal
management systems.1 Thermoelectric materials have become
more attractive as potential solutions to these problems
because of their exceptional capacity to transform waste heat
into useful electrical power. This paper aims to provide
a comprehensive overview of the recent trends in thermoelectric
devices and their diverse applications across various industries,
while also delving into the future prospects and potential
impact of these advancements. The eld of thermoelectric
materials and devices has undergone signicant evolution,
marked by a growing emphasis on enhancing performance,
scalability, and applicability.2–5 Recent advancements in mate-
rials science have led to the development of novel thermoelec-
tric materials, including nanostructured materials, organic and
hybrid materials, and the utilization of advanced
manufacturing techniques. These innovations have opened new
avenues for improving the efficiency and cost-effectiveness of
ciences, International Research Centre,
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thermoelectric devices, thereby expanding their potential
applications.6–8

One of the key future prospects in the realm of thermoelec-
tric devices lies in the continued renement of materials and
manufacturing processes to achieve higher thermoelectric
conversion efficiencies. The pursuit of materials with enhanced
thermoelectric properties, such as high thermoelectric gure of
merit (ZT), remains a focal point for researchers and industry
stakeholders. Additionally, the exploration of scalable and cost-
effective manufacturing methods holds promise for enabling
the widespread adoption of thermoelectric technology in
diverse settings.9–11 The potential applications of thermoelectric
devices span a wide spectrum of industries, each presenting
unique opportunities for leveraging waste heat recovery and
efficient thermal management. In the automotive sector, ther-
moelectric generators offer the prospect of harnessing waste
heat from exhaust systems to power vehicle electronics and
reduce fuel consumption. Similarly, in aerospace applications,
thermoelectric devices hold the potential to enhance energy
efficiency and provide reliable power sources for critical
systems. The integration of thermoelectric modules in wearable
electronics presents an intriguing avenue for self-powered,
energy-autonomous wearable devices, catering to the burgeon-
ing demand for portable and sustainable technologies.
Furthermore, in industrial settings, thermoelectric systems
offer the prospect of recovering waste heat from various
© 2024 The Author(s). Published by the Royal Society of Chemistry

CrossMark:http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra03625e&domain=pdf&date_stamp=2024-07-08
http://orcid.org/0000-0002-5443-8070
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03625e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014030


Fig. 1 Schematic representation of thermoelectrical materials and
applications.
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processes, thereby improving overall energy efficiency and
reducing environmental impact.12

The future prospects of thermoelectric devices extend
beyond their immediate applications, encompassing broader
implications for sustainable energy solutions and environ-
mental conservation. As the global focus on renewable energy
and energy efficiency intensies, thermoelectric technology
stands poised to play a pivotal role in realizing these
objectives.13–15 By enabling the conversion of waste heat into
useable electrical power, thermoelectric devices have the
potential to contribute signicantly to the reduction of green-
house gas emissions and the overall sustainability of energy
systems. Moreover, the integration of thermoelectric devices
into existing infrastructure and energy systems holds promise
for enhancing overall energy efficiency and reducing reliance on
traditional energy sources.16 The prospect of utilizing thermo-
electric technology (1) in conjunction with solar panels or other
renewable energy sources to create hybrid energy systems
represents an exciting avenue for achieving greater energy
autonomy and resilience (Fig. 1).
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In the context of thermal management, the future prospects
of thermoelectric devices are equally compelling. The ability of
thermoelectric modules to provide precise and localized cooling
or heating presents opportunities for improving the efficiency
and reliability of thermal control systems in various applica-
tions, ranging from electronics cooling to temperature regula-
tion in medical devices.17–20 The potential impact of
thermoelectric technology on sustainable energy solutions and
thermal management systems is underscored by the growing
interest and investment in research and development in this
eld. As governments, industries, and research institutions
increasingly recognize the signicance of addressing energy
sustainability and efficiency, the momentum behind thermo-
electric technology continues to build.
2. Ceramic based thermoelectric
devices

Researchers are increasingly focusing on processing technolo-
gies to enhance thermoelectric generator (TEG) production. A
quick and scalable method for producing TEGs involves spray
coating and laser structuring, which offers exibility. The
process combines both additive and subtractive technologies to
create a versatile ceramic-based TEG suitable for high temper-
atures with signicant potential for optimization. A prototype of
a TEG based on Ca3Co4O (CCO) and Ag on a ceramic substrate
(2) was fabricated. The microstructural and thermoelectric
Fig. 2 (a) Spray-coating of ceramic-based thermoelectric generator (2)

21708 | RSC Adv., 2024, 14, 21706–21744
analyses demonstrate achievement of up to 1.65 mW cm2 at 673
K with a DT of 100 K. Additionally, the developed process offers
high controllability facilitating adaptation for various thermo-
electric materials (Fig. 2a).21 Furthermore, plate-like micro-
crystal particles of Ca3Co4O9 (3) were synthesized using molten
salt synthesis. Morphologically optimized particles were used as
template seeds to fabricate denser Ca3Co4O9 thermoelectric
ceramics. The effects of Ca3Co4O9 template seeds on the
ceramics microstructure and thermoelectric performance were
studied. The ndings demonstrated that varying the weight
ratios of salt to oxides (s/o) signicantly inuenced the
composition, microstructure, and grain size of the template
seeds. When the s/o ratio reached a certain level, the particles
exhibited desirable morphology and uniform grain size, with an
average diameter of 7.92 mm and a thickness of 1.13 mm.
Incorporating 40 wt% of the template seed resulted in a bulk
density of 92.5% for Ca3Co4O9 ceramics. Thermoelectric prop-
erties were assessed within a temperature range spanning from
50 °C to 800 °C. The ndings revealed an electrical resistivity of
20.3 mU cm a Seebeck coefficient of 179 mV K−1, and a power
factor of 0.16 mW m−1 K−2 (Fig. 2b).22

A highly densied CCO-based ceramics (4) were prepared
utilizing Bi2O3 additive via liquid-phase sintering processing.
With increasing Bi2O3 additive the bulk densities of the samples
rose from 92.1% to 95.5%. A band gap of 2.21 eV was observed
for the sample containing 6 wt% Bi2O3 additive. Furthermore,
the concentration and mobility of charge carriers showed
. (b) Thermoelectric study of Ca3Co4O9 ceramics (3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Liquid-phase sintering study of Ca3Co4O9–Bi2O3 based ceramics (4). (b) LTCC technology of Ag/PdAg-based ceramic-based ther-
moelectric generator (5).
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temperature-dependent behavior at 723 K, reaching values of
22.26 × 1020 cm−3 and 103.2 cm2 V−1 s−1 respectively. These
results were utilized to estimate the charge carrier transport
characteristics. The electrical resistance would inevitably drop
and the Seebeck coefficient would rise as the Bi2O3 addition
increased. Moreover, a maximum power factor of 0.23 mWm−1

K−2 was achievable at 1073 K. With a lower thermal conductivity
of 0.92 W m−1 K−1 the sample containing 6 wt% Bi2O3 additive
exhibited a high ZT value of 0.25. Bi2O3 additive effectively
enhanced both the sintering characteristics and thermoelectric
properties of CCO ceramics (Fig. 3a).23 Thermal heat recovered
from electrical power components installed on ceramic
substrates is possible with an ideal design. The thick-lm/low-
temperature co-red ceramic (LTCC)-based multilayer thermo-
electric micro-generators (TEGs) (5) were built upon in terms of
the fabrication methods and characterization. Thus, two sepa-
rate TEGs were fabricated based on the Seebeck effect each
utilizing different thermocouple materials (Ag/Ni and Ag/PdAg)
followed by simulation, analytical examination, and compara-
tive analysis. Each generator design incorporates 104 thermo-
couples, each with a width and spacing of 300 mm. A meander-
shaped planar heater was employed to generate the necessary
heating, simulating the conditions of an electronic power
device. Furthermore, a comparison was conducted between two
heaters constructed from Ni and PdAg. Each heater was tested
with and without cylindrical grooves added to the back side of
the LTCC substrate. The addition of grooves surrounding the
© 2024 The Author(s). Published by the Royal Society of Chemistry
hot element has demonstrated an average improvement of
160% in the temperature difference along the generator. In
terms of TEGs, the Ag/PdAg-based variation was able to produce
an output power that was greater than the Ag/Ni-based TEG,
which was able to obtain an output power of 4.6 mWat DT= 62 °
C. This variant reached an output power of 81 mW with
a temperature difference of 114 °C. The Ag/PdAg-based TEG
exhibited a conversion efficiency of 0.5%, while the Ag/Ni-based
TEG showed a conversion efficiency of 0.08% (Fig. 3b).24

The thermoelectric properties of SiC/AlN ceramic compos-
ites (6) were analyzed across a broad temperature range.
Simulation and analysis were conducted to evaluate the thermal
stress durability of the composites. SiC/AlN composites con-
taining 0–30 wt% of AlN were manufactured using the pressure-
less sintering method. The obtained composites underwent
inspection for phase analysis, densication, andmicrostructure
characterization. The porous structure of the SiC/AlN ceramics
was observed with porosity levels varying between 23.77% and
31.74%. A 2Hss SiC/AlN solid solution was produced in its
entirety with the content growing in step with the increase in
the percentage of AlN weight. The incorporation of AlN into SiC
ceramics resulted in a structured composition with elongated
grain morphology. The electrical resistivity and thermoelectric
properties of the examined ceramics were assessed across
a temperature range from 25 to 1000 K. The outcomes were
primarily inuenced by the AlN content, microstructure, and
temperature. Moreover, SiC/AlN composites exhibited
RSC Adv., 2024, 14, 21706–21744 | 21709
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Fig. 4 (a) SiC/AlN ceramic composites (6). (b) Thermoelectric study of glass-ceramic composites (7).
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consistent behavior as p-type semiconductors showcasing
exceptional thermoelectric properties, particularly at elevated
temperatures. At 1000 K, the 30% AlN composite displayed the
lowest electrical resistivity of 1.5 × 105 mU× cm and the highest
Seebeck coefficient of 370 mV K−1. The gure of merit (ZT)
exhibited a remarkable increase with the augmentation of AlN
content. The 30% AlN composites attained a ZT value 130 times
greater than that of the 0% AlN composite. Increasing the
weight percentage of AlN signicantly improved the thermo-
electric power factor. A nite element technique simulation was
used to analyze the thermal stress of different ceramics up to
1773 K in temperature. The homogeneous transition and
dispersion of heat in SiC/AlN composites demonstrated excep-
tional thermal stress resilience. They are highly recommended
for effective utilization in thermoelectric power generation and
high-temperature applications (Fig. 4a).25 Additionally, the
fabrication of thermoelectric generators automatically is made
possible by ceramic multilayer technology, which is advanta-
geous for energy harvesting in sensor applications. In such
multilayer thermoelectric generators, the electrical insulation
material plays a critical role in enhancing device performance.
It needs to be carefully matched to the thermoelectric material
in terms of its coefficient of thermal expansion a and its sin-
tering temperature while maintaining a high resistivity to
optimize overall efficiency. A glass-ceramic composite material
(7) was developed for use in multilayer thermoelectric genera-
tors, starting from theoretical calculations. This composite
material was synthesized from a combination of calcium
manganate and calcium cobaltite. The optimization process
21710 | RSC Adv., 2024, 14, 21706–21744
focused on achieving a coefficient of thermal expansion (a) of 11
× 10−6 K−1 over a temperature range of 20–500 °C, a sintering
temperature of 900 °C, and maintaining high resistivity up to
800 °C. The calculated and measured coefficients of thermal
expansion (a) exhibit strong agreement validating the accuracy
of the theoretical predictions in the development of the glass-
ceramic composite material for multilayer thermoelectric
generators. The selected glass-ceramic composite, containing
45 vol% quartz demonstrates a resistivity of 1 × 107 U cm and
maintains an open porosity of less than 3%. The sintered
multilayer samples, consisting of tape-cast thermoelectric
oxides and screen-printed insulation, exhibit minimal reaction
layers. This suggests that glass-ceramic composites are highly
suitable for insulation layers in such applications. Moreover,
the physical properties of these composites can be precisely
adjusted by modifying glass composition or introducing
dispersion phases highlighting their versatility and effective-
ness in optimizing device performance (Fig. 4b).26

Furthermore, Oscillatory Pressure Sintering (OPS) has
proven to be a benecial manufacturing method for achieving
precise control over the ne and uniform distribution of grains
across different ceramic systems. This capability facilitates
improved densication, thereby enhancing the physical and
mechanical properties of the materials involved. This study
utilized Oscillatory Pressure Sintering (OPS) to fabricate pure
Ca3Co4O9 thermoelectric material (8). The ndings reveal that
the electrical and thermoelectric properties of Ca3Co4O9

prepared via OPS outperform those of samples sintered using
conventional hot pressing (HP) without oscillation. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Thermoelectric study of Ca3Co4O9 based ceramics (8). (b) Ceramic legs-based thermoelectric modules (9).
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improved performance of the OPS samples can be attributed to
several factors. Firstly, OPS facilitates better alignment of plate-
like grains, leading to enhanced electrical conductivity. Addi-
tionally, OPS results in higher grain boundary density, which
effectively increases phonon scattering, thereby reducing
thermal conductivity. This study suggests that employing
a simple oscillatory pressure sintering approach can yield high-
quality and high-performance thermoelectric materials, elimi-
nating the necessity for doping, templating, or high-
temperature sintering methods (Fig. 5a).27 The rst attempt at
thermoelectric module design was based on oxide materials
fabricated using the laser oating zone technique. Twomodules
with four-leg thermoelectric congurations were constructed,
incorporating Bi2Ba2Co2Oy bers as the p-type legs, and Ca0.9-
La0.1MnO3 and CaMn0.95Nb0.05O3 bers (9) as the n-type legs.
Structural and electrical characterization of the individual
bers was conducted. The evolution of open-circuit voltage
during heating and cooling up to 723 K followed the expected
trends based on the Seebeck coefficient of the individual bers.
This observation suggests the excellent reliability of the
modules during temperature cycling. The power generation
performance was assessed across a temperature difference of up
to 500 K under various electric loads. The maximum measured
© 2024 The Author(s). Published by the Royal Society of Chemistry
power output reached approximately 2.2 mW with a module
volume of approximately 39 mm3 (Fig. 5b).28

The precise and adaptable technique combining spray-
coating and laser structuring is employed to engineer ceramic
layers on a versatile substrate, suitable for various applications.
A thermoelectric material Ca3Co4O9 (10), was employed in the
process and affixed onto a exible ceramic substrate. The
resultant structures exhibit highly controllable shapes and
possess favorable thermoelectric properties. They are suitable
for fabricating a printable thermoelectric generator (TEG).
Employing a exible ceramic substrate and beneting from the
high feasibility of the process, this approach offers a universally
applicable procedure for processing ceramics with distinctive
structures and designs (Fig. 6a).29 Pyroelectric energy harvesting
has garnered signicant interest for its capacity to transform
low-grade waste heat into electrical energy. Despite the limita-
tions posed by low-grade temperature the practical applications
of pyroelectric energy harvesting have been expanded with the
introduction of a high-performance hybrid BNT-BZT-xGaN
pyroelectric ceramic (11). This system incorporates an envi-
ronmentally friendly lead-free BNT-BZT pyroelectric matrix,
complemented by high thermal conductivity GaN as a dopant.
Theoretical analysis of BNT-BZT and BNT-BZT-xGaN with x =

0.1 wt% indicates that incorporating GaN promotes resonance
RSC Adv., 2024, 14, 21706–21744 | 21711
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Fig. 6 (a) Laser structuring of thermoelectric ceramics (10). (b) BNT-BZT-xGaN pyroelectric ceramics-based thermoelectric properties (11).
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vibration between Ga and Ti, O atoms. This phenomenon not
only enhances lattice heat conduction but also improves the
vibration of TiO6 octahedra. Accordingly, there is a simulta-
neous improvement in both thermal conductivity and pyro-
electric coefficient. Therefore, BNT-BZT-xGaN ceramics with x=
0.1 wt% have achieved an enhanced energy harvesting density
of 80 mJ cm−3 through thermoelectric coupling. This perfor-
mance is achieved under a temperature variation of 2 °C and an
optical load resistance of 600 MU (Fig. 6b).30

Ceramics are known for their high thermal stability and
electrical insulation properties. Optimizing thermoelectric
performance in ceramics involves enhancing their electrical
conductivity while maintaining low thermal conductivity. This
can be achieved through doping, which introduces charge
carriers, and by creating nanostructured ceramics that scatter
phonons effectively, thereby reducing thermal conductivity. The
balance between electrical and thermal properties is key to
improving the gure of merit (ZT).

3. Gel based thermoelectrical devices

The role of interfacial phenomena involving conducting poly-
mer PEDOT electrodes has been highlighted in enhancing the
thermoelectric efficiency of integrated thermoelectric (iTE)
devices. In the development of integrated thermoelectric energy
conversion systems (ITESCs) PEDOT-based electrodes were
utilized alongside a gradient of poly-styrene sulfonate (PSS)
21712 | RSC Adv., 2024, 14, 21706–21744
content. These electrodes were paired with an ionic-liquid
polymer (IL-p) gel (12) as the electrolytes. The thermo-induced
voltage coefficient (DV/DT) of the ionic thermoelectric
supercapacitor/battery (ITESCs) exhibited an increase with the
addition of higher PSS contents in the electrodes. The potential
at the interface between the PEDOT:PSS electrode and the
electrolyte is inuenced by a Donnan-like exclusion effect
leading to a concentration disparity of the anion between the
interior and exterior of the electrode. The thermo-voltage is
inuenced by changes in the interfacial potential caused by
variations in temperature. The ionic Seebeck effect that the
electrolyte exhibits is coupled with this phenomenon. This
study underscores the crucial signicance of the interfacial
potential in the design of ionic thermoelectric supercapacitors
featuring conducting polymer electrodes. These discoveries
hold paramount importance in comprehending and enhancing
the interfacial characteristics of polymers and electrolytes
essential for various organic electrochemical devices. Addi-
tionally, the exceptional suitability of PEDOT:PSS as an elec-
trode in ionic thermoelectric energy harvesting devices
(Fig. 7a).31 Furthermore, the gel electrolyte-based thermo-
galvanic generator (13) employing Fe3+/Fe2+ as a redox pair
showcases both moderate thermoelectric efficiency and excep-
tional exibility. Introducing a PVDF diaphragm with wide-
spread micropores into the gel created a thermal barrier
between the two halves leading to an effective enhancement of
the Seebeck coefficient through the reduction of thermal
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03625e


Fig. 7 (a) IL-p gel-based thermoelectric devices (12). (b) Gel electrolyte-based thermoelectric devices (13).
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conductivity. Leveraging the exceptional temperature respon-
siveness of the gel patch a self-powered body temperature
monitoring system was developed by securely attaching it to the
forehead in a conformal manner. At the same time, the gel
patch boasting a high specic heat capacity proves highly
effective in efficiently reducing the body temperature of fever
patients (Fig. 7b).32

Developing a technology capable of converting low-grade
waste heat into useable electricity while simultaneously
storing it necessitates a novel approach enabling the directed
migration of electrons or ions in response to temperature
disparities leading to their accumulation on the electrodes.
Despite the growing demand for energy conversion and storage
(ECS) in wearable electronics creating an integrated bi-
functional device remains challenging due to the distinct
mechanisms governing electrical transportation and storage.
The ionic thermoelectric supercapacitor harnesses the syner-
gistic capabilities of thermoelectricity and supercapacitors
within a thermoelectric ionogel electrolyte and high-
performance hydrogel electrodes to optimize ECS perfor-
mance in the presence of a thermal gradient. The thermoelec-
tric electrolyte comprises a polyacrylamide hydrogel and
sodium carboxymethyl cellulose (PMSC) (14) featuring a cross-
© 2024 The Author(s). Published by the Royal Society of Chemistry
linked network that exhibits outstanding cation selectivity.
Moreover, the ionic thermoelectric properties are enhanced
with the addition of NaCl. In the NaCl-PMSC electrolyte, the
Seebeck coefficient and ionic conductivity achieve values of
17.1 mV K−1 and 26.8 mS cm−1, respectively. The ionic ther-
moelectric supercapacitor a fully stretchable integrated elec-
trochemical sensor (ECS) device exhibits a remarkable thermal-
charge storage capacity of roughly 1.3 mC at a temperature
difference of approximately 10 K. This is attributed to the
excellent stretchability of both the gel-based electrode and
electrolyte. Accordingly, it shows signicant potential for
wearable energy harvesting applications (Fig. 8a).33 In addition,
the development of efficient self-powered energy harvesting and
storage technologies represents a crucial milestone in meeting
the demands of the Internet of Things (IoT) landscape. The
creation of an interdigital planar all-in-one thermally charge-
able supercapacitor (IPTS) marks the successful integration of
energy harvesting and storage technologies. This intelligent
device was fabricated using a photolithography process, which
combined carbon nanotubes as the electrode material with
polyvinyl alcohol (PVA) doped with H3PO4 (15) to form a solid-
gel polyelectrolyte. By adjusting the quantity of H3PO4 incor-
porated into the PVA matrix, the ionic conductivity of the
RSC Adv., 2024, 14, 21706–21744 | 21713
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Fig. 8 (a) Voltage curve of the ionic thermoelectric supercapacitor (14). (b) Ionic solid-gel polymer based thermoelectric device (15).
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resulting material was tailored. This investigation revealed an
optimal ratio of PVA to H3PO4 at 1 : 1 (m/m). The power gener-
ation capabilities of the IPTS were assessed revealing a Soret
coefficient of 2.35 mV K−1. This value is noteworthy as it is
approximately an order of magnitude higher than those typi-
cally observed in thermoelectric materials, which usually range
in the few hundreds of mV K−1. Furthermore, the device ach-
ieved a voltage generation output of up to 45 mV when sub-
jected to a temperature difference of 20 K. Regarding its energy
storage capabilities, the device functioned as an electric double-
layer capacitor delivering an energy density of 1.05 mW h cm−3

at a power density of 1.21 W cm−3. The customized interdigital
structure along with its remarkable exibility and energy effi-
ciency, make the IPTS an exceptional candidate for exible
electronics. Furthermore, its cost-effective production process
allows for scalable manufacturing opening up new horizons in
this eld (Fig. 8b).34

The organic thermoelectric devices (OTEDs) emerge as
highly promising platforms for efficiently harvesting electricity
from low-temperature heat sources. The integration of zinc
oxide (ZnO) particles into hybrid composites with poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
(16) signicantly boosts the performance of OTEDs. This
enhancement arises from the ZnO particles bridging role
leading to improved electrical conductivity. The comprehensive
investigation revealed that incorporating ZnO particles into
aqueous solutions of PEDOT:PSS resulted in increased viscosity
due to specic interactions between sulfonic acid groups in PSS
21714 | RSC Adv., 2024, 14, 21706–21744
and hydroxyl groups leading to the formation of a gel-like state.
The wearable thermal sensors incorporating PEDOT:PSS/ZnO
hybrid composite lms demonstrated rapid thermoelectric
responses when exposed to both heat and cool sources
(Fig. 9a).35 A dire need exists for wearable thermoelectric
generators (TEGs) based on bers, prioritizing exceptional
thermoelectric performance, robust mechanical durability, and
superior wearer comfort to effectively harness low-grade human
body heat. In this study, a wearable ionogel ber-based ionic
thermoelectric device was devised and fabricated to achieve
a high thermo-voltage. To synergistically boost both the ionic
conductivity and ionic Seebeck coefficient, ethanol and sodium
bis(triuoromethyl sulfonyl)imide (NaTFSI) are introduced into
the poly(vinylidene uoride-co-hexauoropropylene)/1-ethyl-3-
methylimidazolium dicyanamide (PVDF-HFP/EMIM:DCA, PH/
ED) ionogel (17). This addition serves to enhance ionic
mobility and augment the diffusion disparity between cations
and anions. The study comprehensively analyzes the
morphology, structure, transmittance, crystallization, rheolog-
ical properties, mechanical characteristics, and thermoelectric
performances of the material. Subsequently, a mechanism is
proposed to elucidate the enhancements observed in perfor-
mance. Following the modication, the PH/ED-ethanol-NaTFSI
(PH/ED-E-NaTFSI) ionogel achieves signicantly enhanced
properties with high ionic conductivity, ionic Seebeck coeffi-
cient, and ionic power factor of 17.5 mS cm−1, 22.9 mV K−1, and
870.26 mW m−1 K−2, respectively. These values notably surpass
those of the pristine PH/ED ionogel. Meanwhile, the tensile
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) PEDOT:PSS/ZnO hybrid composites for organic thermoelectric devices (16). (b) Low-grade human body heat gathering device based
on ionogel fiber (17).
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stress of the ionogel ber was signicantly enhanced to
18.15 MPa from 0.19 MPa of PH/ED-E-NaTFSI ionogel lm.
Then, a wearable ionogel ber-based wristband with synergis-
tically improved TE performance, mechanical properties, and
wearing comfort was prepared by a weaving process. Wearing
the i-TE wristband (5-legs) at room temperature results in
a remarkably high thermo-voltage output of 119.133 mV
(Fig. 9b).36

The porous polymeric monoliths and their corresponding
carbonized aerogels (18) exhibit favorable optical, thermal, and
wetting characteristics making them well-suited for efficient
solar-driven interfacial evaporation. A notable water production
efficiency of 2.1 kg h−1 m−2 under 1 sun illumination was
attained even in the absence of convective ow by using the
aerogel-based solar-driven evaporation system. The solar-
powered evaporation system was combined with a specially
designed thermoelectric conversion device to generate elec-
tricity efficiently at the same time. The system produced an
output power of about 66 W m−2 when exposed to 4 kW m−2 of
solar radiation. Due to their simple fabrication process and
outstanding performance in both solar energy conversion and
water transportation, these materials offer promising avenues
for solar energy utilization. They could serve as key components
in the development of efficient solar-driven systems capable of
generating clean water and electricity simultaneously
(Fig. 10a).37 In addition, the gel thermocells (19) are pivotal in
the realm of low-grade heat harvesting, utilizing redox couple
ions as carriers to efficiently convert heat into electricity.
However, a signicant hurdle is preserving the high ionic
thermoelectric performance at temperatures outside of room
temperature primarily due to the limited heat tolerance of gels.
The approach to enhance both ionic thermopower and output
© 2024 The Author(s). Published by the Royal Society of Chemistry
power density at elevated temperatures involves optimizing the
gel composition through the incorporation of graphene. The
integration of graphene in a “bridge” structure has the potential
to enhance the ion diffusion coefficient and exchange current
density, consequently leading to improved performance. At 323
K, gels comprising gelatin-0.04/0.06 M FeCN4−/3−-6 wt% Gr
demonstrated a remarkable ionic thermopower of up to 13 mV
K−1, an output power density of 1.03 mW m−2 K−2, and
a continuous discharge energy density of 0.19 J m−2 K−2 over 1
hour. Moreover, a record-breaking output power density of 1.2
mW m−2 K−2 was achieved at the same temperature in a device
constructed with four gel thermocells arranged in series
(Fig. 10b).38

The Cu2Se emerges as a promising thermoelectric system
owing to its abundance of earth-friendly constituents and its
high thermoelectric gure of merit particularly suited for mid-
temperature range applications. The thermoelectric conver-
sion efficiency of these materials can be enhanced through
doping with carbon dots (CD) nanomaterials. Gel-like CD
nanomaterials (20) were synthesized via a straightforward and
swi solvothermal method. Cu2Se powders were doped with
these CDs and then subjected to spark plasma sintering to
create hybrid thermoelectric systems. These hybrid systems
exhibited signicantly enhanced thermoelectric gure of merit
compared to undoped Cu2Se with the highest gure of merit
reaching 2.1 at 880 K achieved with a CD dopant ratio of 2 wt%.
The structural analysis conducted on the samples indicated
a high level of purity, which played a crucial role in achieving
the high thermoelectric gure of merit (ZT). The remarkable
achievement can be attributed to several factors, including the
synergetic presence of quasi-spherical CD nanoparticles the
dense network of grain boundaries, and the high density of the
RSC Adv., 2024, 14, 21706–21744 | 21715
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Fig. 10 (a) Electricity generation of the carbonized aerogels-based solar-driven system (18). (b) Gel thermocells based high-temperature ionic
thermoelectric device (19).

Fig. 11 Gel-like carbon dots based thermoelectric performance of Cu2Se (20).
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sintered Cu2Se matrix. These factors collectively enhance
phonon scattering and electrical conductivity leading to the
observed high thermoelectric gure of merit. This study
pioneers novel methodologies for fabricating gel-like CD-doped
Cu2Se material systems offering scaled-up nano-dopant prepa-
ration procedures and signicantly enhancing thermoelectric
conversion efficiencies (Fig. 11).39

Thermally conductive gel-like materials are emerging as
exible and efficient options for thermoelectric applications.
They offer easy processing and adaptability, making them
21716 | RSC Adv., 2024, 14, 21706–21744
suitable for a variety of applications, including wearable devices
and exible electronics.
4. Metal composite-based
thermoelectric devices

The high density of surface atoms with incomplete coordina-
tion can signicantly inuence the material's transport prop-
erties. To fully exploit the potential of nanocrystal building
blocks for creating functional nanomaterials and thin lms,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) PbSe nanomaterials-based TE generator (21). (b) Mg3Bi2-based thermoelectric generator (22).
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precise control over their surface chemistry is essential. The
removal of native organic ligands through ligand stripping
profoundly affects the charge and heat transport properties of
sintered PbSe nanomaterials (21) formed from the assembly of
colloidal PbSe nanocrystals. This process leaves behind carbon
residues at crystal interfaces impeding crystal growth and
hindering both charge and heat transport within the nal
nanomaterial structure. Furthermore, the displacement of
ligands exposes the nanocrystal surface to oxidation and chal-
cogen evaporation exacerbating these effects. To understand
the ligand displacement inuences charge transport properties,
researchers employ a two-band model based on the standard
Boltzmann transport equation with the relaxation time
approximation. Finally, the study showcases the practical
application of these functional nanomaterials by designing,
fabricating, and testing a simple thermoelectric device with
a ring geometry utilizing PbSe as the primary material
(Fig. 12a).40 The construction of a specic type of wearable
thermoelectric generator involves the design and fabrication
process, incorporating n-type Mg3.2Bi1.498Sb0.5Te0.002 legs, p-
type Bi0.4Sb1.6Te3 legs (22), polyurethane matrices, and exible
Cu/polyimide electrodes. When applied to a human arm at an
ambient temperature of 289 K, the suggested device achieves
a peak power density of around ∼20.6 mW cm−2 due to its
minimized thermal bypass and highly efficient thermal contact
interface. Also, it achieves a notable peak power density of 13.8
© 2024 The Author(s). Published by the Royal Society of Chemistry
mW cm−2 with a temperature difference of 50 K. Moreover, its
ability to endure 10 000 bending cycles at a bend radius of
13.4 mm implies that the suggested wearable thermoelectric
generator holds promise as a reliable power source for specic
wearable electronics used in everyday activities (Fig. 12b).41

All-oxide thermoelectric modules present an enticing option
due to their stability at high temperatures, cost-effectiveness,
and the ability to utilize non-scarce and non-toxic elements.
Thermoelectric modules are commonly produced using the
traditional p-design, which is accompanied by the difficulty of
maintaining stable metallic interconnects under high-
temperature conditions. Fabricating a thermoelectric module
involves creating an in situ formed p–p–n junction using
cutting-edge oxides such as Ca3Co4−xO9+d for the p-type
component and a composite of CaMnO3–CaMn2O4 for the n-
type component (23). The LaAlO3 was used as insulation
between the p-type and n-type powders during the spark plasma
co-sintering process used to create the module. This separation
facilitated the formation of an in situ layer of p-type Ca3CoMnO6

at the interface where the n- and p-type materials were in
contact. This resulted in the creation of a p–p–n junction
demonstrating ohmic behavior, thereby enhancing the open-
circuit voltage of the module through a transverse thermoelec-
tric effect. The module's performance was assessed throughout
a 700–900 °C temperature range producing a 160 K temperature
differential and a peak power output of 5.7 mW at 900 °C.
RSC Adv., 2024, 14, 21706–21744 | 21717
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Fig. 13 (a) Current–voltage curves of CCO–CMO–CMO p–p–n junctions (23). (b) Nanoscale characterizations of Ce0.3Ni1.5Co2.5Sb12 thin film
(24).
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Concurrently, the thermoelectric properties of the p-type and n-
type materials were analyzed across a temperature spectrum of
100–900 °C. It is noteworthy that the Ca3Co4−xO9+d and the
CaMnO3–CaMn2O4 composite had the greatest ZT values, 0.39
and 0.05, respectively (Fig. 13a).42 Historically, the high ther-
moelectric performance in CoSb3 skutterudite-based thin lms
and their associated devices has posed signicant challenges
particularly in developing thin-lm-based devices capable of
operating effectively at medium-to-high temperatures. In this
study, a groundbreaking achievement was made with a record-
high ZT of 1.1 attained at 683 K in an n-type thin lm composed
of Ce0.3Ni1.5Co2.5Sb12 (24). This remarkable result was achieved
through the utilization of a self-designed target and advanced
pulsed laser deposition techniques. It has been conrmed by
both theoretical and experimental results that Ce-lling and
metal-featured nanoinclusions (such CeSb) greatly increase
electrical conductivity. Concurrently, Ni-doping intensies the
energy ltering effect at the dense interfaces between the
Ce0.3Ni1.5Co2.5Sb12 matrix and the nanoinclusions. This
augmentation leads to a substantial increase in the Seebeck
coefficient, ultimately resulting in the exceptional ZT value
achieved. Furthermore, a novel CoSb3 thin-lm-based device is
developed successfully, demonstrating a remarkable output
power density of 8.25 mW cm−2 with a temperature difference
of 140 K and a cold-side temperature of 573 K. This achievement
underscores the device's potential for utilization in power
generation scenarios spanning medium-to-high temperatures
(Fig. 13b).43
21718 | RSC Adv., 2024, 14, 21706–21744
Nevertheless, there are growing difficulties when attempting
to improve thermoelectric efficiency only by raising the gure of
merit. A record-high thermoelectric efficiency of 16% has been
reached by combining computer-aided design for geometry
optimization with an increased gure of merit. The newly
produced Ge1−x−yCrxSbyTe alloy (25) and existing materials
have been used to optimize the design of a segmented ther-
moelectric device through the use of nite element analysis
simulations. This strategic geometry optimization has resulted
in achieving remarkable levels of efficiency setting new records
in thermoelectric performance. Additionally, simulations con-
ducted on over 70 established n-type thermoelectric materials
can serve as a comprehensive library. This library aids in
bridging the gap between materials science and device engi-
neering, facilitating the development of high-efficiency ther-
moelectric devices (Fig. 14a).44 The so electronics have
highlighted the necessity for thermal management using
deformable materials. New endeavors have concentrated on
integrating microparticles of EGaIn (26) into elastomers to
create thermally conductive composites. However, the shape
deformation and coalescence propensity of EGaIn particles
under mechanical stress sometimes leads to parasitic electrical
conduction, which limits their use in thermal control. It is
common for the composite to become brittle when EGaIn
nanoparticle loading is increased beyond 20 vol%. A strategic
approach is sought to achieve thermally conductive and pliable
elastomers while maintaining a high volume ratio of EGaIn
nanoparticles. By surface modifying EGaIn nanoparticles with
carboxylic acid terminated polydimethylsiloxane (COOH-PDMS-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) High-efficiency study of GeTe-based thermoelectric devices (25). (b) Thermal energy of liquid metal nanoparticles (26).
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COOH) and inducing in situ formation of a PDMS matrix via
crosslinking with the surface-treated EGaIn nanoparticles
a dense EGaIn nanoparticle distribution within the PDMS
matrix is achieved, thereby enhancing effective thermal trans-
port. Signicantly, despite the elevated volume ratio of EGaIn
nanoparticles within the elastomer the composite retains a low
elastic modulus of 6.91 kPa and maintains electrical insulation
properties even when subjected to mechanical stress. Further-
more, the elastomer exhibits a unique anisotropic thermal
conductivity when subjected to stretching. This property makes
it suitable for use as a thermal interface layer in thermoelectric
devices. The enhanced thermoelectric performance enabled by
this elastomer holds potential applications in wearable devices
for thermo-haptic thermal sensing (Fig. 14b).45

Nickel (Ni) metal has found extensive application as a barrier
layer in Bi2Te3-based thermoelectric devices (27). This layer
plays a crucial role in creating stable joints that effectively
connect the Bi2Te3-based legs with the electrodes. Nevertheless,
the joints formed by the Ni/Bi2Te3 interface tend to become
extremely fragile under high-temperature conditions leading to
signicant deterioration in performance and potential device
failure. Durable Ni/Bi2Te3 joints have been achieved through
the arc spraying method, where the Ni barrier layer is applied to
the Bi2Te3-based alloys. The research delves into the interface
microstructure and contact performance of arc-sprayed Ni/
Bi2Te3 joints focusing on parameters such as bonding strength
and contact resistivity. The ndings suggest that arc-sprayed Ni/
Bi2Te3 joints exhibit signicantly lower contact resistivity
compared to traditional Ni/Bi2Te3 joints along with a notable
50% increase in bonding strength. Subjecting the joints to
© 2024 The Author(s). Published by the Royal Society of Chemistry
aging under high-temperature conditions reveals that arc-
sprayed Ni/Bi2Te3 joints demonstrate superior resilience to
thermal shock. They maintain stable bonding strength and
contact resistivity despite exposure to elevated temperatures.
The improved interfacial contact performance and enhanced
thermal tolerance can be attributed to the presence of a thick Ni
barrier layer and an interface reaction layer both of which
facilitate a strong ohmic contact (Fig. 15a).46 Researchers have
conducted investigations into the structural parameters, and
electronic band structure, as well as the half-metallic and
thermoelectric properties of Sr2EuReO6 compound materials
(28). Utilizing density-functional calculations within the
framework of the generalized gradient approximation the
computational analyses reveal a half-metallic nature in the
electronic properties. Specically, the majority spin channels
exhibit metallic behavior, while the minority spin channels
demonstrate semiconducting characteristics. The magnetic
moment computed using GGA + U is determined to be 8.00 mB.
The half-metallic behavior is attributed to the double-exchange
interaction mechanism facilitated by the hybridization between
Re(5d)–O(2p)–Eu(4f) orbitals. Utilizing Boltzmann theory, the
thermoelectric response is evaluated revealing a Seebeck coef-
cient of 297.97 mV K−1, electrical conductivity of 44.96 × 1019
U−1 m−1 s−1, and lattice thermal conductivity of 5.94 × 1015 W
m−1 K−1 s−1. The thermoelectric efficiency determined through
ZT calculation yields a value of 1 at 300 K. It exhibits potential
for functioning in both low and high-temperature thermoelec-
tric device operations. According to computational analyses, it
showcases favorable characteristics in both spintronic and
RSC Adv., 2024, 14, 21706–21744 | 21719
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Fig. 15 (a) Thermal tolerance study of Ni/Bi Te based thermoelectric devices (27). (b) Thermoelectric study of Sr2EuReO6 (28).

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

li 
20

24
. D

ow
nl

oa
de

d 
on

 2
8.

10
.2

02
5 

14
:0

8:
16

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
thermoelectric properties making it a favorable candidate for
spin injection applications (Fig. 15b).47

A exible and ultralight planar thermoelectric generator
comprising 15 thermocouples each composed of n-type
bismuth telluride (Bi2Te3) and p-type antimony telluride
(Sb2Te3) legs (29) with a thickness of 400 nm each connected in
series on a Kapton® substrate with a thickness of 25 mm was
successfully fabricated. The generator exhibits remarkable
power factor values of 0.8 mWK−2 m−1 and 2.7 mWK−2 m−1 for
Sb2Te3 and Bi2Te3 lms, respectively. The p–n junction ther-
moelectric device exhibits impressive performance metrics
generating a maximum open-circuit voltage of 210 mV and
output power of 0.7 mW for a temperature difference of 35 K.
Notably, this performance surpasses that observed for conven-
tional thermoelectric devices with metallic contacts for p–n
junctions. Additionally, the experimental ndings are corrobo-
rated by numerical simulations demonstrating a strong agree-
ment between the two sets of results. The J–V values of the
fabricated p–n junctions display typical diode behaviour with
a turn-on voltage close to z0.3 V and an exceptional rectifying
ratio (I+1V/I−1V) of approximately z2 × 104 (Fig. 16a).48

Furthermore, a highly exible wearable thermoelectric gener-
ator (WTEG) comprising p-type MoS2/CF and n-type Cu–Ni
21720 | RSC Adv., 2024, 14, 21706–21744
fabric-based TE legs (30) was fabricated for near-room temper-
ature thermoelectric conversion. Initially, the thermoelectric
properties of MoS2/CF were improved by introducing a 1D MnO
nanorod decoration, which induced an interface-induced
energy ltering effect. The optimized barrier height of
0.035 eV in sample MMC10 resulted in the highest power factor
surpassing that of pristine MoS2 by 49.5% (Fig. 16b).49

The signicant enhancements in the electrical conductivity
and doping stability of poly(3-hexylthiophene) (P3HT) in
ambient air are achieved through the utilization of a gold
chloride dopant (AuCl4) (31). The coexistence of AuCl4- and Au
nanoparticles plays a pivotal role in achieving both high elec-
trical conductivity and doping stability simultaneously.
Uniformly formed Au nanoparticles facilitate facile charge
transfer within a thin lm of AuCl3-doped P3HT as conrmed
by crystallography and transmission electron microscopy anal-
ysis. P3HT doped with AuCl3 demonstrates impressive electrical
conductivity of 207 S cm−1, a Seebeck coefficient of 73.9 mV K−1,
and an optimized power factor of 110 mW m−1 K−2. Crucially,
AuCl3-doped P3HT exhibits outstanding air stability. Even aer
300 hours of exposure to ambient conditions, the optimized
power factor of AuCl3-doped P3HT remains above 80% of its
initial value. In contrast, the power factor of FeCl3-doped P3HT
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 (a) Thermoelectric device study of Bi2Te3/Sb2Te3 p–n junctions (29). (b) MoS2/CF based interface induced energy filtering of TE device
(30).
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diminishes to only 20% of its original value under similar
conditions. Furthermore, AuCl3-doped P3HT is used in the slot-
die coating process to develop an organic thermoelectric
generator (OTEG) that is exible. The OTEG exhibits a notably
high open-circuit voltage (Voc) of 7.96 mV and a short-circuit
current (Isc) of 0.93 mA yielding a power density of 18.5 nW
cm−2 under a temperature gradient of 10 °C (Fig. 17a).50 A
compact, high-power, and exible thermoelectric device con-
structed from a bulk thermoelectric (TE) material. To enable
exibility in thermoelectric devices based on bulk TE materials.
The eutectic gallium–indium (EGaIn) (32) is a liquid metal
encapsulated in poly-dimethylsiloxane (PDMS) that is used as
electrodes on one side above the bending neutral axis in exible
thermoelectric devices (FTED). Flexible printed circuit boards
(FPCB) serve as electrodes positioned below the bending neutral
axis. Therefore, the stretchability of the liquid metal electrode
and the atness of the FPCB are maximized to minimize
thermal contact resistance. Moreover, the use of PDMS and
exible wires as holders eliminates the requirement for ller
materials, which could impede thermal bypass. Theoretical
analysis suggests that refrigeration powered by portable
batteries can lower the skin temperature by 5.4 K, a decrease
© 2024 The Author(s). Published by the Royal Society of Chemistry
signicant enough for humans to feel a sensation of coldness.
In the context of human body-heat harvesting, the open-circuit
voltage and output power density were measured at 7.38 mV
and 8.32 mW cm−2 or 123.74 mW, respectively. These results
suggest that the FTED holds potential for dual applications
serving as both a portable refrigerator and a wearable body-heat
harvester (Fig. 17b).51

The enduring chemical stability of the Bi2Te3/Ni junction
particularly concerning the hot side presents a signicant
concern for Bi2Te3-based and other thermoelectric systems due
to the potential formation of Ni–Te intermediate compounds.
The implementation of diffusion barrier layers has emerged as
a viable solution with the barriers necessitating both excellent
chemical inertness and slow diffusion properties. Among 13
metals screened, titanium (Ti) has been identied as an effec-
tive barrier material between p-type Bi0.5Sb1.5Te3 thermoelectric
materials and Ni electrodes. This selection is attributed to Ti's
low diffusion coefficient and long-term interfacial stability. The
p-type Bi0.5Sb1.5Te3/Ti/Ni single-leg devices (33) as fabricated
demonstrate a conversion efficiency exceeding 6% at a temper-
ature difference of 200 K. Notably, these devices exhibit no
observable degradation over 1860 cycles of measurements
RSC Adv., 2024, 14, 21706–21744 | 21721
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Fig. 17 (a) Thermoelectric devices application of Au–metal precursors (31). (b) High-power TE device study of liquid–metal composites (32).

Fig. 18 (a) Metal diffusion barrier screening for thermoelectric Bi0.5Sb1.5Te3 (33). (b) Thermoelectric properties of metal chloride complexes (34).

21722 | RSC Adv., 2024, 14, 21706–21744 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Improvement of the conversion efficiency of Mg3Sb2 thermoelectric devices through optimizing the resistivity of the MgSbNi barrier
layer (35).
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spanning a period of 10 days. This study presents a valuable
strategy for the development of efficient and long-lasting ther-
moelectric devices (Fig. 18a).52 A hydrated membrane composed
of polyvinyl alcohol (PVA) and cellulosic material exploits the
thermal gradient diffusion of transition metal and chloride
complex [CuCl4]

2− (34). This diffusion is enhanced through the
incorporation of copper-coordinated carboxylated cellulose.
Under similar conditions, the PVA-cellulosic membrane
displays an impressive thermopower of −26.25 mV K−1 posi-
tioning it as one of the top-performing n-type ionic thermo-
electric materials. The heightened thermally generated voltage
can be attributed to the highly coordinated conguration of
Cu2+–Cl− within the membrane. This conguration facilitates
the conversion of the individual thermal motions of Cu2+ and
Cl− into enhanced ion transport heat of the [CuCl4]

2− anion
facilitated by carboxylated cellulose. Notably, this phenomenon
is not observed with other transition metal chlorides. The
distinct heat transport behavior exhibited by [CuCl4]

2− holds
signicant implications for the design of high-performance
ionic thermoelectric materials (Fig. 18b).53

The Mg3Sb2-based thermoelectric materials (35) have
garnered signicant attention for their potential in waste heat
harvesting. Ensuring interface stability and long-term service
performance are critical factors for their successful commercial
application. The incorporation of Mg4.3Sb3Ni as a barrier layer
aimed to enhance the thermal stability of Mg3Sb2-based
devices. However, its inherent high resistivity had a detrimental
effect on the desired performance of the device. The ndings
indicate a 33% increase in the efficiency of the Mg1.2SbNi/
Mg3.2Sb2Y0.05/Mg1.2SbNi joint compared to barriers with higher
Mg content, attributed to the lower resistivity. Moreover, the
system demonstrated favorable interfacial compatibility and
minimal changes aer aging at 673 K for 20 days (Fig. 19).54

Metal composites combine the high electrical conductivity of
metals with other materials to enhance thermoelectric perfor-
mance. These composites can achieve a balance between elec-
trical and thermal conductivity, making them valuable in
improving the efficiency of thermoelectric devices.
© 2024 The Author(s). Published by the Royal Society of Chemistry
5. Nanoparticle-based
thermoelectric devices

A new approach has been devised to enhance the efficiency of
commercial thermoelectric generators. This method involves
the application of a carbon nanoparticle (36) coating through
a straightforward process utilizing a candle ame. This inno-
vative technique aims to optimize the performance of thermo-
electric generators by harnessing the unique properties of
carbon nanoparticles. Utilizing a newly synthesized carbon
layer characterized by a three-dimensional porous structure the
coated thermoelectric generator demonstrates enhanced light-
capturing capabilities. In contrast to the uncoated generator,
the CNP-generator exhibits a remarkable 18-fold increase in
power output. Further enhancements were achieved by inte-
grating a cooling system and heat sink resulting in a staggering
34-fold improvement in power output compared to the baseline
conguration. Leveraging a sunlight concentrator in outdoor
conditions the optimized generator consistently supplied elec-
tricity to power both an electromotor and an electrochemical
cell for chemical fuel production. This showcases the genera-
tor's commendable energy output capability affirming its
practical suitability for diverse energy conversion applications.
The synthesis process for the carbon layer is not only simple
and scalable but also opens doors to explore various other
applications. As a nano-generator, this advancement offers
a promising alternative avenue to tackle the pressing energy
crisis while also serving as a viable power source for portable
devices. Its versatility and ease of production make it
a compelling solution with far-reaching potential impacts on
energy generation and device functionality (Fig. 20a).55

Furthermore, a combination of two physical vapor deposition
methods, high-power impulse magnetron sputtering, and
a nano-particle gun was employed to embed Fe nanoparticles
(37) into a CrNmatrix. Combining these techniques enabled the
generation of nanocomposites where the integrity of Fe nano-
particles remained intact distinct from any interaction with the
matrix. The electrical and thermal transport properties of the
RSC Adv., 2024, 14, 21706–21744 | 21723
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Fig. 20 (a) Electrochemical study of carbon nanoparticle (36). (b) Thermoelectric study Fe nanoparticles (37).

Fig. 21 (a) Skutterudite-based Fe–Ni metallization layers of TE device (38). (b) Electron-transparent thermoelectric coolers study of Bi2Te3
nanoparticle (39).

21724 | RSC Adv., 2024, 14, 21706–21744 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 (a) Thermoelectric properties of Bi2Ba2Co2Oy-SiC nanoparticles (40). (b) BiSbTe particles based flexible thermoelectric devices (41).
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nanocomposites were scrutinized and juxtaposed against those
of a monolithic CrN lm. The observed thermoelectric charac-
teristics exhibited an elevation in the Seebeck coefficient
alongside a reduction in Hall carrier concentration and an
enhancement in electron mobility. These changes are attrib-
uted to energy ltration facilitated by internal phases formed at
the interface between the nanoparticles and the matrix. The
thermal conductivity of the resultant nanocomposite decreased
from 4.8 W m−1 K−1 to a minimum of 3.0 W m−1 K−1. This
investigation demonstrates the potential of nanoparticle-based
nanocomposite synthesis processes to enhance the thermo-
electric characteristics of coatings (Fig. 20b).56

Hexagonal Bi2Te3 nanoplates (38) were produced using
a solvothermal synthesis method, followed by the deposition of
tin nanoparticles onto the nanoplate surface through electro-
less plating at different concentrations of SnCl2 surface
morphology and composition analyses have identied the
presence of tin (Sn) on the surface of the nanoplates. However,
X-ray diffraction (XRD) analysis did not detect tin. This could be
due to either trace amounts of tin or its low crystallinity. Stated
differently, it might be difficult to detect with this approach
because the tin concentration is too low to show up in the XRD
analysis or because the tin that is there has a poorly dened
crystalline structure. To emulate the thermal properties of
a single nanoplate as closely as possible the nanoplates were
compacted at 300 K. Increasing concentrations of SnCl2 led to
a decrease in the in-plane lattice thermal conductivity, while the
cross-plane lattice thermal conductivity remained low. This
suggests that the deposition of tin on the nanoplate surface
© 2024 The Author(s). Published by the Royal Society of Chemistry
hampers phonon ow primarily in the in-plane direction likely
due to increased phonon scattering (Fig. 21a).57 Enhancing the
efficiency of thermoelectric devices holds immense potential to
revolutionize both refrigeration and energy production. It's
anticipated that low-dimensional thermoelectric materials will
outperform their bulk counterparts in terms of efficiency.
Functional thermoelectric coolers (TECs) measuring only
100 nm in thickness, craed from single crystal bismuth tellu-
ride (Bi2Te3) and antimony/bismuth telluride (Sb2−xBixTe3)
akes (39) exfoliated from commercially available bulk mate-
rials exhibit thermal gradients at nanoscale lengths. These
gradients are beyond the resolution capabilities of conventional
thermometry methods. These devices represent a ground-
breaking achievement as the smallest thermoelectric coolers
(TECs) ever demonstrated surpassing previous sizes by a factor
of 104. To accurately measure the heating and cooling effects
produced by these ultra-small TECs indium nanoparticles were
deposited to function as nanothermometers. The temperature
decrease of DT = −21 ± 4 K from room temperature was
revealed by the exact temperature measurements made possible
by the use of plasmon energy expansion thermometry (PEET).
Additionally, they introduced the concept of condensation
thermometry a novel technique enabling quantitative mapping
of temperature changes with a spatial precision of approxi-
mately (300 nm, thereby establishing another milestone in
nanoscale thermal measurement (Fig. 21b).58

The synthesis yielded ceramic samples of Bi2Ba2Co2Oy +
v wt% SiC and Bi1.975Na0.025Ba2Co2Oy + w wt% SiC composi-
tions. The introduction of a small quantity of Na element
RSC Adv., 2024, 14, 21706–21744 | 21725
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doping increased the carrier concentration leading to a reduc-
tion in resistivity and Seebeck coefficients. The introduction of
Na element doping induces lattice distortion consequently
lowering the thermal conductivity of the samples. Incorporating
SiC nanoparticles (40) further decreases the resistivity with
a notable impact on reducing thermal conductivity. This effect
is primarily attributed to the increased scattering of phonons by
the additional grain boundaries resulting in a more signicant
reduction in thermal conductivity. The introduction of SiC
particles in conjunction with Na element doping leads to
a slight increase in the Seebeck coefficients due to the low
energy carrier scattering effect. This synergistic effect effectively
enhances the thermoelectric performance of Bi2Ba2Co2Oy-
based samples by reducing resistivity and thermal conductivity
thus improving overall efficiency. The addition of 0.1 wt% SiC to
the Bi1.975Na0.025Ba2Co2Oy sample leads to a signicant
enhancement in its thermoelectric performance resulting in
a maximum ZT value of 0.21 at 923 K. This represents
a remarkable improvement compared to the Bi1.975Na0.025Ba2-
Co2Oy sample alone with a 26.6% increase in ZT value, and
a staggering 93% increase compared to the pure Bi2Ba2Co2Oy

sample (Fig. 22a).59 To create high-performance and exible
thermoelectric devices a scalable screen-printing technique is
utilized. This method incorporates the tellurium-based nano
solder approach as outlined in reference (41) to effectively
bridge interfaces between the BiSbTe particles during the post-
printing sintering process. The exible lms of BiSbTe
produced through printing exhibit exceptional room-
Fig. 23 (a) Skutterudite-Yb2O3 nanocomposites based thermoelectric d
composites (43).

21726 | RSC Adv., 2024, 14, 21706–21744
temperature power factors reaching an ultrahigh value of 3
mW m−1 K−2 along with a remarkable ZT. Additionally, a fully
printed thermoelectric generator achieves an impressive power
density of 18.8mW cm−2 demonstrating high performance even
with a relatively small temperature gradient of 80 °C. A signif-
icant step towards making thermoelectrics economically
feasible for a variety of energy harvesting and cooling applica-
tions is the novel screen-printing technology, which directly
transforms thermoelectric nanoparticles into high-performance
and exible devices (Fig. 22b).60

The high thermoelectric gure-of-merit is achieved in skut-
terudite nanocomposites through precise tailoring of interface
carrier ltering. These nanocomposites consist of single-lled
skutterudite (Dy0.4Co3.2Ni0.8Sb12) matrices incorporating rare-
earth oxides nanoparticles such as Yb2O3, Sm2O3, and La2O3

(42). In the skutterudite nanocomposites, the interfaces
between nanoparticles and the skutterudite serve as efficient
carrier lters. This tailored structure substantially increases the
Seebeck coefficient while maintaining high electrical conduc-
tivity. Consequently, the nanocomposites attain an impressive
power factor of approximately 6.5 W m−1 K−2. The presence of
nonuniform strain distribution near the nanoparticles attrib-
uted to local lattice mist and concentration uctuations exerts
an inuence on heat carriers resulting in a reduction in lattice
thermal conductivity. Moreover, the analysis using three-
dimensional atom probe techniques unveils the formation of
Ni-rich grain boundaries within the skutterudite matrix. These
grain boundaries further contribute to the reduction of lattice
evice (42). (b) Transport properties of nanoparticle-based boron-rich

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thermal conductivity. The combined effects of decreased lattice
thermal conductivity and enhanced power factor result in
a remarkable increase in the thermoelectric gure of merit (ZT)
of up to approximately ∼1.84 at 723 K. Additionally, the average
ZT reaches around 1.56 in the temperature range of 523 to 723 K
(Fig. 23a).61 Nanostructuring boron-rich materials have the
potential to profoundly affect their thermal and electrical
transport properties. However, nanostructured monoliths of
such materials within the 10 nm range have remained elusive.
This challenge arises due to the substantial temperatures
needed for the synthesis and production of boron-rich
compounds. A nanocomposite consisting of metallic HfB2

nanocrystals (43) distributed in an insulating amorphous
boron-rich matrix is synthesized in a single pot using inorganic
molten salts. The synthesis allows for precise control over the
volume fraction of nanocrystals, ranging from 16 to 56 vol%.
This controlled liquid-phase synthesis method can be inte-
grated with spark plasma sintering to achieve densication
while preserving the nanostructure of the material. The study
emphasizes the correlations between the reagent ratios utilized
in the liquid-phase synthesis the sintering parameters
employed, and the resulting transport properties of the densi-
ed nanocomposites. The nanocomposite demonstrates
metallic electrical conductivity, which is attributed to the
presence of HfB2 nanocrystals. Additionally, it exhibits
enhanced thermal dissipation, which can be attributed to the
nanostructured amorphous boron matrix (Fig. 23b).62
Fig. 24 (a) CNP-CNT heterostructures based Thermoelectric device (44

© 2024 The Author(s). Published by the Royal Society of Chemistry
The thermoelectric carbon nanoparticle (CNP)–carbon
nanotube (CNT) heterostructures (44) as a highly favorable
exible thermoelectric materials. The Seebeck coefficient (S) of
the heterostructures is enhanced by optimizing the barrier
energy between the CNP and CNT leveraging the energy ltering
effect. To achieve peak thermoelectric performance precise
control over the work function of the CNPs allows effective
tuning of the CNP–CNT barrier energy. The optimized p-type
CNP–CNT heterostructures demonstrated a Seebeck coeffi-
cient (S) and power factor (PF) of 50.6± 1.4 mV K−1 and 400± 26
mW m−1 K−2, respectively. Conversely, the n-type CNP–CNT
heterostructures optimized for a different CNP work function
exhibited S and PF values of up to−37.5± 3.4 mV K−1 and 214±
42 mW m−1 K−2 respectively. Moreover, p-and n-type CNP–CNT
heterostructures with precisely calibrated barrier energies
demonstrate the thermoelectric generator's potential for energy
harvesting. At a DT of 5 K, the thermoelectric generator
including 10 p-type and 9 n-type thermoelectric elements
demonstrated a maximum output power of 0.12 mW. This work
provides a simple method for creating thermoelectric CNP–CNT
heterostructures with customised energy ltering properties.
The use of these heterostructures in thermoelectric devices on
paper substrates is also investigated (Fig. 24a).63 The Bi2Te3-
based compounds are widely recognized as the most estab-
lished and commonly utilized thermoelectric materials.
However, the manufacturing of industrial devices unavoidably
yields substantial amounts of Bi2Te3 scraps resulting in the
). (b) (Bi,Sb)2Te3-based thermoelectric nano-composites (45).
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Fig. 25 (a) SiC-nickel nanoparticle-based thermal conductive applications (46). (b) Thermoelectric characteristics of g-Ag2Te nanoparticle (47).
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depletion of valuable material resources. The p-type (Bi,Sb)2Te3
scraps were repurposed by transforming them into nano-
composites through incorporation with nano-SiC (45). The
thermoelectric performance saw enhancement achieving
a notable ZT value of 1.07 representing a substantial improve-
ment compared to commercial p-type (Bi,Sb)2Te3 ingots.
Furthermore, there was a notable increase in hardness, which is
advantageous for device fabrication. A higher ZT value of 1.2
was also attained by optimizing the amount of Bi/Te in the
commercial p-type (Bi,Sb)2Te3 scraps, which better thermo-
electric performance (Fig. 24b).64

The method involved using nickel (Ni) nanoparticles to coat
the silicon carbide (SiC) ller employing a rapid and environ-
mentally friendly process. This process entailed mixing nickel
acetate tetrahydrate (Ni(CH3COO)2$4H2O) and SiC followed by
heating under an inert atmosphere. The resulting composites
serving as thermal llers were then utilized to fabricate an
aramid nanober (ANF) (46)-based composite lm. The deco-
ration of silicon carbide (SiC) with an appropriate amount of
nickel (Ni) nanoparticles signicantly enhances various prop-
erties of the aramid nanober (ANF) composite lm. Speci-
cally, it improves thermal conductivity, hydrophobicity, thermal
stability, and puncture resistance. The optimization of balling
time to 10 hours resulted in an enhanced thermal conductivity
of 0.502 Wm−1 K−1 for the ANF lm, which represents a 298.4%
21728 | RSC Adv., 2024, 14, 21706–21744
increase compared to the original lm. The addition of thermal
llers up to 30 wt% resulted in a signicant enhancement in
thermal conductivity reaching 0.937 W m−1 K−1, a remarkable
643.7% increase compared to the pristine ANF lm. Addition-
ally, the ANF-composite lms showed a noticeable improve-
ment in thermal stability and the compatibility of the ANFs with
the thermal llers. The effective heat transfer capabilities of the
composite lms were further validated through experiments
involving an LED lamp and a thermoelectric device. Addition-
ally, the composite lms exhibited enhanced mechanical
properties and superior hydrophobicity highlighting their
potential for applications in electronic devices (Fig. 25a).65 The
g-Ag2Te nanoparticles (NPs) (47) were synthesized, and their
thermoelectric properties were studied within a thin lm
conguration deposited onto a exible plastic substrate. The
thermoelectric properties demonstrate typical p-type behavior,
with the Seebeck coefficient of the g-Ag2Te NP thin lm
measuring 1330 mV K−1, markedly higher than that of a- or b-
Ag2Te NP thin lms. At room temperature in air the power
factor is determined to be 0.66 mW m−1 K−2. Additionally, the
stability in thermoelectric characteristics persists even aer
subjecting the lms to 1000 bending cycles. These ndings
indicate that g-Ag2Te NP thin lms are exceptionally well-suited
for exible thermoelectric devices capable of operating reliably
under real-life conditions (Fig. 25b).66
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 26 Thermoelectric figure of merit study of graphene-based metal oxide nanoparticles (48).
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The Seebeck coefficient of cement composites incorporating
transition metal oxide nanoparticles (48) and graphene has
been measured to exceed 100 mV K−1. This value represents
a signicant improvement approximately three times higher
than previously reported graphene-enhanced cement compos-
ites. The elevated Seebeck coefficient in these cement compos-
ites is primarily attributed to the presence of metallic oxides,
which play a dominant role. This enhancement is largely driven
by the quantum connement effect exhibited by the nano-
particles. The notable increase in the Seebeck coefficient
signicantly contributes to improving the thermoelectric gure
of merit of the composite material. The highest gure of merit
reaching 1.01 × 10−2 is attained when incorporating ZnO
inclusions into the composite. In comparison, the addition of
Fe2O3 yields a gure of merit of 0.5 × 10−2, while MnO2 incor-
poration results in a gure of merit of 0.2 × 10−2. The peak
gure of merit achieved by these cement composites holds
promising implications for efficient energy harvesting in
buildings offering signicant potential for advancements in the
near future (Fig. 26).67

Nanoparticles have the potential to signicantly boost the
thermoelectric efficiency of materials by enhancing their elec-
trical properties while reducing thermal conductivity. The
ability to engineer nanoparticles at the atomic level allows for
precise control over their thermoelectric characteristics,
opening new avenues for high-performance applications.
6. Polymer based thermoelectric
devices

The conducting polymers present novel opportunities for the
creation of so, exible, and lightweight thermoelectric textile
generators. These generators can seamlessly blend into
garments offering unobtrusive integration while providing
efficient energy harvesting capabilities. The polyelectrolyte
complex poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-
nate) (PEDOT:PSS) (49) serves as the p-type material for the
creation of electrically conducting sewing threads. These
threads are integrated into thick wool fabrics enabling the
© 2024 The Author(s). Published by the Royal Society of Chemistry
formation of out-of-plane thermoelectric textile generators.
Detailed discussion on the inuence of device design highlights
that the performance of e-textile devices can be effectively pre-
dicted and optimized using modeling techniques developed for
conventional thermoelectric systems. This prediction accuracy
is contingent upon incorporating electrical and thermal contact
resistances into the model. At last, a breakthrough in thermo-
electric textile devices has been achieved demonstrating
unprecedented power generation for polymer-based devices.
Specically, it has attained an impressive power output of 1.2
mWwhen subjected to a temperature gradient (DT) of 65 K. Even
at a more modest temperature gradient of 30 K, it still yields
over 0.2 mW of power output (Fig. 27a).68 The incorporation of
thermoelectric generators (TEGs) into textiles presents an
appealing prospect for harvesting body heat to power wearable
electronics. Textile-integrated TEGs offer the advantage of
seamlessly conforming to the body ensuring efficient heat
transfer without restricting movement. Utilizing additive
printing techniques and solution-processable polymer-based
thermoelectric (TE) materials holds promise for creating
textile thermoelectric generators (TEGs). Nonetheless, several
fabrication challenges hinder the realization of a printed
polymer-based textile TEG through a cost-effective, scalable,
and textile-compatible process. Stencil and transfer printing
techniques have proven effective in fabricating a 32-leg device
on a commercial sports fabric substrate. This device boasts
a modest ll factor of approximately 30%. The polymer mate-
rials utilized in this process include PEDOT:PSS as the p-type
material and poly[Na(NiETT)] (50) as the n-type material
formulated into inks for printing. The textile-integrated ther-
moelectric (TE) device exhibits an open circuit voltage of
approximately 3 mV when subjected to a temperature gradient
(DT) of 3 K. Scaling up the fabrication process an 864-leg device
is demonstrated yielding a voltage output of approximately
47 mV. This study marks the pioneering demonstration of
a textile thermoelectric generator (TEG) utilizing both p- and n-
type conducting polymers enabling effective through-plane
body heat harvesting. Serving as a crucial proof-of-concept
this advancement lays the groundwork for integrating
RSC Adv., 2024, 14, 21706–21744 | 21729
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Fig. 27 (a) PEDOT:PSS-based textile TE generator (49). (b) Textile-integrated polymer-based TE generator (50).
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thermoelectric devices into mainstream fabrics and clothing
(Fig. 27b).69

The study explores the impact of incorporating nickel oxide
(NiO) into the polyaniline (PANI) backbone to enhance charge
transport within the polymeric system. This approach serves the
dual purpose of improving the material's conductivity and
tailoring it for thermoelectric (TE) applications. Polyaniline/
nickel oxide (PANI/NiO) nanocomposites (51) have been effec-
tively synthesized through a combination of sol–gel and in situ
chemical oxidative polymerization methods. Ammonium per-
sulfate is used in the procedure as a polymerizing agent in an
acidic media. The synthesized nanocomposites underwent
comprehensive characterization via techniques including XRD,
SEM, FTIR, and UV-Vis-NIR absorbance measurements. An
observable shi in the band gap attributed to p–p* electronic
transition was detected during optical measurements. The
polymer chain exhibits enhanced carrier transport facilitated by
its ordered chain orientation and heightened conjugation
resulting in elevated electrical conductivity. Additionally, the
incorporation of NiO nanoparticles within the polymer chain
matrix serves to reduce barriers to both interchain and intra-
chain hopping. An impressive enhancement in thermoelectric
electromotive force (thermo emf) and Seebeck coefficient (S) has
21730 | RSC Adv., 2024, 14, 21706–21744
been observed upon the incorporation of NiO into pure PANI
(Fig. 28a).70 Flexible composite lms consisting of Ag2Se nano-
wires (NW) (52) and PEDOT:PSS are fabricated in this study. The
Ag2Se nanowires are initially synthesized through solution
mixing. The rst step in the synthesis of Ag2Se nanowires is
solution mixing. The Ag2Se NW/PEDOT:PSS composite lm is
then produced by a simple drop-casting technique. The ther-
moelectric properties of these composites are thoroughly
analyzed across varying Ag2Se contents to assess their potential
applications. Strategies for optimizing the thermoelectric power
factor are also deliberated upon to maximize the efficiency of
the composite materials. The composite lm achieves its
maximum room-temperature power factor of 178.59 mW m−1

K−2 with 80 wt% Ag2Se nanowires. Moreover, it exhibits excep-
tional durability maintaining its integrity even aer undergoing
1000 repeated bending cycles. The development of high-
performance exible thermoelectric composite lms repre-
sents a signicant advancement with broad implications for
both inorganic and organic composite materials. This innova-
tion is poised to catalyze further advancements and applica-
tions in the eld of thermoelectrics (Fig. 28b).71

A wearable thermoelectric device is developed using a cost-
effective deposition technique to coat PANI/G nanocomposite
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 28 (a) Polyaniline/nickel oxide-based thermoelectric generator (51). (b) PEDOT:PSS/Ag2Se nanowires based thermoelectric applications
(52).
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(53) onto carbon fabric. The resulting sample, comprising
polyaniline/graphene-coated on carbon fabric exhibits an elec-
trical conductivity of 1.98 × 102 S m−1 at 373 K and a Seebeck
coefficient of 18.3 ± 0.02 mV K−1 at the same temperature.
Moreover, the transport mechanism observed in the
polyaniline-graphene nanocomposite coated on carbon fabric
was predominantly governed by a variable range hopping
process. For the fabrication of a thermoelectric (TE) device, four
couples of TE materials were utilized with a PGCF2 sample
serving as the p-type material and copper wire employed as the
n-type material. By connecting the n and p-type legs with copper
tape a voltage of 0.40 mV was generated at a temperature
difference (DT) of 321 K. This innovative approach opens up
new possibilities in the realm of wearable thermoelectric
devices. The potential applications of these thermoelectric
devices extend to portable and interactive devices promising
advancements in various elds (Fig. 29a).72 A solution-
processable TEG is introduced featuring exclusively polymers
as active materials. This TEG combines the high-mobility n-type
polymer poly[[N,N-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(-
dicarboximide)-2,6-diyl]-alt-5,5-(2,2-bithiophene)] (P(NDI2OD-
T2)) with the well-studied p-type polymer blend PEDOT:PSS
(54) to form a thin-lm TEG. The versatility of this device design
extends beyond its current application encompassing a wide
range of organic materials that can be processed from solution.
Moreover, its scalability facilitates the seamless transition to
© 2024 The Author(s). Published by the Royal Society of Chemistry
fully exible devices offering adaptability across various systems
and contexts (Fig. 29b).73

A comprehensive investigation was carried out on free-
standing exible composites comprising carbon nanotubes
(CNTF) and polyaniline (PANI) (55). These composites, fabri-
cated with varying PANI polymerization times underwent thor-
ough analysis to assess their morphologies, chemical
compositions, thermoelectric properties, and mechanical
behaviors systematically. At a PANI polymerization time of 5
hours, the CNTF/PANI composites exhibited notable thermo-
electric properties with a Seebeck coefficient of 63.3 mV K−1,
electrical conductivity of 1338.4 S cm−1, and a power factor of
536.8 mWm−1 K−2 at 360 K. Even aer undergoing bending 500
times, the electrical conductivity of the CNTF/PANI composites
remained robust maintaining 93.3% of its initial value. More-
over, these CNTF/PANI composites exhibited superior
mechanical properties. Compared to CNTF alone the compos-
ites demonstrated tensile strength, Young's modulus, and
toughness that were 3.5, 2.6, and 2.1 times higher, respectively.
With enhanced thermoelectric and mechanical properties the
CNTF/PANI composites become highly suitable for intelligent
wearable applications. Their robustness and superior perfor-
mance make them ideal for integration into wearable devices
offering improved functionality and durability (Fig. 30a).74 A
gram-scale polymer-based thermoelectric module was designed
and fabricated by laminating ultrathin half-dried PEDOT/PSS
RSC Adv., 2024, 14, 21706–21744 | 21731
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Fig. 29 (a) Polyaniline anchored graphene based TE generators (53). (b) P(NDI2OD-T2)-based thin-film thermoelectric generator (54).
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lms (56) with nickel foils. Hot pressing a partially dried
PEDOT/PSS lm results in a dual effect. It enhances the lm's
electrical conductivity while simultaneously reducing its
contact resistance. Under natural cooling conditions and
without the need for a heat sink these devices demonstrate an
impressive power density of 72 mW cm−2 at 100 °C. With this
capability, a 5 g device can fully charge a commercial Li-ion
battery within a span of just 2 days. The organic thermoelec-
tric device produced is a viable alternative to CR2032 coin cells
for powering a range of commercial sensors, including those for
acceleration, geomagnetism, temperature, humidity, atmo-
spheric pressure, and illuminance. Impressively, these devices
demonstrate exceptional stability reliably operating for over 2
months under continuous operation conditions (Fig. 30b).75

Lightweight thermoelectric materials that are adaptable and
simple to produce are becomingmore andmore sought aer for
energy harvesting applications. Thermoplastic polyvinylidene
uoride (PVDF) and elastomer styrene–ethylene/butylene–
styrene (SEBS) polymers (57) have been used to address this
need by reinforcing them with a combination of electrically
conductive carbon nanotubes (CNT) and thermoelectric
ceramics like bismuth sulphide (Bi2S3), bismuth telluride
(Bi2Te3), and antimony telluride (Sb2Te3). This approach allows
for tailored thermal and electrical properties, making these
materials well-suited for thermoelectric device applications. In
semicrystalline PVDF composites, the inclusion of
21732 | RSC Adv., 2024, 14, 21706–21744
thermoelectric ceramic llers leads to an increase in the See-
beck coefficient. Nonetheless, a tiny drop in the Seebeck value is
noted for amorphous SEBS composites as the amount of ther-
moelectric ceramic ller increases. In the polymer composites,
the thermoelectric power factor and gure-of-merit experience
a remarkable increase of up to 9 orders of magnitude compared
to the pristine polymer. In the PVDF/CNT/Bi2Te3 composite,
this increase achieves a peak value of 10−3 mW m−1 K−2 and
10−6, respectively. Utilizing two printable p–n thermocouples
each based on PVDF/50Bi2S3 and PVDF/50Bi2Te3 a device is
capable of generating power at the nanoWatt scale. This
generated power is sufficient to charge a capacitor to 5 V.
Theoretical modeling enables the evaluation of various ther-
moelectric congurations the impact of the number of ther-
mocouples, and the inuence of temperature gradients on the
device's performance (Fig. 31a).76 A new n-type yarn for ther-
moelectric textiles based on conjugated polymers is presented.
These thermoelectric textile devices hold promise as intriguing
power sources for wearable electronic devices. Employing yarns
containing conjugated polymers is highly favored due to their
potentially superior mechanical properties when compared to
alternative thermoelectric materials. In this approach, a regen-
erated cellulose yarn is coated with an n-type conducting
polymer-based ink comprising poly(-
benzimidazobenzophenanthroline) (BBL) and poly(-
ethyleneimine) (PEI) via the spray-coating method. The n-type
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 30 (a) Polyaniline/carbon nanotube film-based thermoelectric composites (55). (b) Gram-scale polymer-based thermoelectric device (56).
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yarns have an impressive Seebeck coefficient of −79 mV K−1 and
a bulk electrical conductivity of 8 × 10−3 S cm−1. To enhance
their air stability an additional coating of thermoplastic elas-
tomer can extend their performance duration to at least 13 days,
showing promising stability. Making use of the developed n-
type and p-type yarns, which are composed of PEDOT:PSS (58)
coated regenerated cellulose a prototype in-plane thermoelec-
tric textile is successfully fabricated. This prototype demon-
strates stable device performance in ambient air for a minimum
of 4 days. It achieves an open-circuit voltage per temperature
difference of 1 mV per °C, indicating promising thermoelectric
performance. Polymer-based n-type yarns represent a viable and
essential component in the construction of thermoelectric
textile devices (Fig. 31b).77

The popularity of wearable electronics has increased
demand for environmentally friendly ways to power these
gadgets, which has led to research into potential substitutes
including thermoelectric generators that can turn waste heat
into electricity. To address this challenge, PEDOT (59) poly-
merization is undertaken using three distinct counterions:
LiClO4, 1-butyl-3-methylimidazolium hexauorophosphate
(PF6), and 1-ethyl-3-methylimidazolium bis(tri-
uoromethylsulfonyl)imide (BTFMSI). This method provides
a comprehensive understanding of how the counterion affects
© 2024 The Author(s). Published by the Royal Society of Chemistry
the material's thermoelectric properties. The counterion that is
utilized affects both the electrical conductivity and the Seebeck
coefficient. Notably, the highest gure of merit (ZT) was ach-
ieved for PEDOT polymerized in the presence of BTFMSI
attributed to the enhanced carrier mobility facilitated by this
specic counterion (Fig. 32a).78 PEDOT:PSS lms (60) are
signicantly improved in thermoelectric characteristics using
a multi-step production approach. Initially, these lms are
produced via spray coating followed by a sequential two-step
post-treatment process involving ethylene glycol (EG) and
a methylammonium iodide (MAI) solution. The rst step
utilizing ethylene glycol (EG) treatment notably enhances the
electrical conductivity of the PEDOT:PSS lm reaching up to
1752.1 S cm−1, while maintaining an unchanged Seebeck
coefficient within the range of 15–17 mV K−1. Subsequently, the
optimal utilization of 0.05 Mmethylammonium iodide (MAI) in
a DMSO/DI water solution during the second step results in
a high power factor of 122.3 mWm−1 K−2. Additionally, this step
further enhances the conductivity to 2226.8 S cm−1 and
increases the Seebeck coefficient to 22.8 mV K−1. The as-
fabricated PEDOT:PSS on a plastic substrate demonstrates
high thermoelectric performance evidenced by a facile proof-of-
concept thermoelectric generator capable of generating
a maximum power density of 12.1 nW cm−2. These polymer
RSC Adv., 2024, 14, 21706–21744 | 21733
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Fig. 31 (a) PVDF/CNT/Bi2Te3 composite based flexible thermoelectric energy (57). (b) Polymer-based n-type yarn for organic TE textiles (58).
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thermoelectric materials exhibit signicant potential for appli-
cation in wearable thermoelectric devices (Fig. 32b).79

Thermoelectric polymers offer a lightweight, exible alter-
native to traditional materials, with the added benet of low
thermal conductivity. Recent developments in polymer chem-
istry have enhanced their electrical properties, making them
increasingly viable for use in exible and wearable thermo-
electric devices.
7. Silicon-based thermoelectric
devices

The selection of an adequate electrode that provides smooth
electrical conduction across the module is crucial to optimizing
the performance of Mg2(Si,Sn) (61) based thermoelectric
generators. Through meticulous functionalization the TE legs
are augmented to exhibit impressively low electrical contact
resistances below 10 mU cm2 for both p- and n-type materials.
Even aer annealing processes, these values remain consistent
or are further reduced showcasing the efficacy of the chosen
electrode in maintaining optimal electrical connectivity within
the thermoelectric system. Moreover, the stability of the p-type
material has been affirmed within the Mg2(Si,Sn)-based module
with no evidence of charge carrier compensation due to the
electrode observed in the n-type material. This underscores the
suitability of aluminum as the preferred electrode material
ensuring stable performance and efficient electrical conduction
21734 | RSC Adv., 2024, 14, 21706–21744
throughout the system. As a result, aluminum emerges as the
optimal choice bolstering the potential of Mg2(Si,Sn)-based
modules for diverse thermoelectric applications in industries
ranging from automotive to aerospace. These advancements
signify a signicant step forward in achieving sustainable and
efficient energy conversion poised to shape the future of energy
utilization and conservation (Fig. 33a).80 Additionally, Mg2(-
Si,Sn) (62) stands out as a compelling material class owing to its
exceptional thermoelectric (TE) properties evidenced by
a remarkable maximum power density of 0.9 W cm−2 at DT =

375 °C. However, accurately determining the efficiency of these
devices poses challenges due to uncertainties in heat ow
measurements and parasitic heat losses. Thus, it becomes
imperative to validate measurement reliability by comparing
experimental data against theoretical calculations. This is
addressed by comparing observed data with predicted values
using thermoelectric generator (TEG) device simulations that
use a constant property model. Remarkably, the results reveal
a close alignment between experimental and theoretical
outcomes underscoring the robustness and accuracy of the
measurement technique. This validation process ensures
condence in the reported efficiency of Mg2(Si,Sn)-based ther-
moelectric systems bolstering their potential for various energy
conversion applications with enhanced reliability and perfor-
mance (Fig. 33b).81

The SiGe nanowires offer a straightforward yet powerful
solution for thermoelectric generation. They are perfect for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 32 (a) Electrochemical polymerization based thermoelectric generator (59). (b) Seebeck coefficient study of PEDOT-PSS based high
thermoelectric device (60).
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effectively turning heat into electricity because of their special
qualities. Their exibility to be adjusted allows them to be more
widely applied across a range of sectors by optimizing them for
varied temperature differentials. The SiGe nanowires (63) might
revolutionize energy harvesting systems as research advances
offering a low-tech yet efficient way to generate sustainable
electricity. In the pursuit of enhancing thermoelectric generator
efficiency, a bottom-up vapor–liquid–solid chemical vapor
deposition method is utilized to incorporate heavily boron-
doped SiGe nanowires onto the generators. These nanowires
undergo comprehensive characterization of their thermoelec-
tric properties across a temperature range spanning from 300 to
600 K. This thorough analysis facilitates the complete deter-
mination of the gure of merit (ZT), which stands as a crucial
metric for thermoelectric performance evaluation. Impressively,
the obtained ZT values reach 0.4 at 600 K for nanowires that are
optimally doped. This breakthrough underscores the potential
of heavily boron-doped SiGe nanowires as a key component in
advancing thermoelectric generator technology, offering
signicant strides toward more efficient energy harvesting
systems. Using advanced elemental mapping techniques
researchers establish a direct link between doping levels,
© 2024 The Author(s). Published by the Royal Society of Chemistry
thermoelectric performance, and elemental distribution in
heavily boron-doped SiGe nanowires. They also present p-doped
SiGe nanowires function in silicon micromachined thermo-
electric generators. These generators are tested both individu-
ally and in series- and parallel-connected arrays of nanowires.
This straightforward approach provides valuable insights into
optimizing thermoelectric performance and understanding
device functionality under various congurations. Micro-
thermoelectric generators based on SiGe nanowires can
provide power outputs of up to 15.6 mW cm−2 in parallel and
series topologies with a maximum open circuit voltage of
13.8 mV. These results are obtained using thermal gradients
generated with hot sources at 200 °C and air ows of 1.5 m s−1.
This advancement paves the way for the direct application of
these generators in IoT devices offering a sustainable energy
solution for powering various applications in IoT ecosystems
(Fig. 34a).82 The thermoelectric properties of a Si thin-lm (64)
integrated into a planar micro thermoelectric generator (TEG)
are investigated using phosphorus (n) and boron (p) doping to
form thermocouples. These thermocouples, dened through
selective ion implantation doping on a 100 nm thin Si lm
undergo thorough characterization at various temperatures.
RSC Adv., 2024, 14, 21706–21744 | 21735
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Fig. 33 (a) Seebeck coefficient study of Mg2(Si,Sn)-based thermoelectric devices (61). (b) Thermoelectric characteristics of the thermoelectric
generator based on Mg2(Si,Sn) (62).
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The thermal conductivity, Seebeck coefficient, and electrical
resistivity of each Si thermocouple are experimentally deter-
mined using built-in heater/sensor probes. The obtained values
are further rened through nite element modeling (FEM). The
results reveal a thermoelectric gure of merit (ZT) for the Si thin
lms of 0.0093 at room temperature representing a notable 12%
improvement compared to bulk Si. Additionally, the overall
thermoelectric performance of the TEG is assessed yielding
a gure of merit of 0.0046 at room temperature. This research
demonstrates the efficacy of utilizing selective doping and thin-
lm integration techniques to enhance the thermoelectric
properties of Si-based micro TEGs. The achieved ZT values
signify a signicant advancement in the efficiency of Si thin-
lm thermoelectric materials holding promise for applica-
tions in energy harvesting and conversion technologies
(Fig. 34b).83

The Mg2(Si,Sn)-based solid solutions (65) offer a promising
solution for mid-to-high temperature waste heat recovery due to
their efficient thermoelectric conversion, non-toxicity, low
density, and cost-effectiveness. However, challenges arise from
the degradation of n-Mg2(Si,Sn) at temperatures $400 °C
attributed to magnesium loss and charge carrier reduction,
21736 | RSC Adv., 2024, 14, 21706–21744
particularly in Sn-rich compositions. To address these chal-
lenges and develop a thermoelectric generator (TEG) stable up
to 400 °C a solution is proposed. By employing Ni45Cu55 and Ni
for electrical contacts the TEG achieves low electrical contact
resistance (<5 mU cm2) without compromising the thermoelec-
tric properties of n-Mg2Si. This approach ensures stable TEG
operation at high temperatures while preserving the desirable
thermoelectric characteristics of n-Mg2Si. It represents a signif-
icant advancement in waste heat recovery technology offering
a reliable and efficient solution for mid-to-high temperature
applications (Fig. 35a).84 Despite bulk silicon crystal's promi-
nence, its thermoelectric performance has been constrained by
its high thermal conductivity even with nanostructuring
attempts. However, a breakthrough has been achieved with the
development of nanostructured silicon material (66), boasting
a remarkable ZT exceeding 0.3 at room temperature. This
accomplishment was made possible through a scalable process
involving metal-assisted chemical etching and plasma-activated
sintering. This innovative approach not only enhances the
thermoelectric properties of silicon but also offers a practical
and scalable manufacturing method. As a result, nano-
structured silicon material holds signicant promise for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 34 (a) Microdevice structure of SiGe NWs (63). (b) Thin-film Si-based TE microgenerator (64).

Fig. 35 (a) Thermoelectric study of Mg2(Si,Sn)-based thermoelectric generators (65). (b) Multi-nanostructured silicon based thermoelectrics (66).

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 21706–21744 | 21737
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advancing thermoelectric technology opening doors to efficient
energy conversion and waste heat recovery applications. Heat
conductivity is greatly reduced without signicantly losing
electrical conductivity due to the very complex material struc-
ture consisting of hierarchically sized metal nano-precipitates,
randomly dispersed nanograins, and nanopores. Further
research, both theoretical and experimental reveals that the
soening of grain boundaries, which severely reduces interfa-
cial phonon transmission is the primary source of the decrease.
By reducing the prices of materials and processes, the created
high-performance silicon nanocomposite is anticipated to
signicantly improve the application of thermoelectrics
(Fig. 35b).85

Microelectronic thermoelectric generators (TEGs) utilizing
nanostructured silicon thermopiles (67) have been developed
on an industrial silicon complementary metal-oxide-
semiconductor (CMOS) process line. These TEGs demonstrate
a high specic power generation capacity near room tempera-
ture comparable to typical (Bi,Sb)2(Se,Te)3-based TEGs. The
extraordinary power capacity is ascribed to CMOS processing's
ability to precisely manage electrical and thermal impedances
and create thermocouples with a high surface density and low
packing fraction. Remarkably, TEG power was shown to rise
Fig. 36 (a) Silicon CMOS-based thermoelectric generators (67). (b) Mg–

21738 | RSC Adv., 2024, 14, 21706–21744
dramatically with decreasing thermocouple width providing
a route for further improvements. While silicon-integrated
circuit TEGs may be inexpensively added to large-scale silicon
CMOS microelectronic circuits, they are not as easily integrated
as (Bi,Sb)2(Se,Te)3 TEGs. This innovation represents a signi-
cant advancement in microelectronic TEG technology offering
a promising avenue for efficient and cost-effective energy har-
vesting in various applications (Fig. 36a).86 Strong fracture
resistance in exible thermoelectric materials has intriguing
prospects for wearable thermoelectric device applications. In
this regard, an environmentally friendly two-dimensional (2D)
magnesium-silicon monolayer (68) was designed using the
CALYPSO package and rst-principles calculations. Notably,
this stable 2D Mg Si monolayer exhibits a semiconductor
behavior with an in-plane negative Poisson's ratio of −0.364.
More impressively, the thermoelectric gure of merit (ZT) values
for the p-type doped Mg Si monolayer in the x direction achieve
2.51 at room temperature and 3.92 at 500 K surpassing the
conventional thermoelectric material threshold of 2.0. This
exceptional thermoelectric performance is attributed to reso-
nant bonds between magnesium and silicon atoms strong
coupling between acoustic and optical phonon modes, leading
to pronounced phonon anharmonicity, and effective reduction
Si monolayer-based thermoelectric device (68).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 37 (a) SiGe nanowires-based thermoelectric microgenerators (69). (b) Thermoelectric properties of Si-NWs (70).
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of lattice thermal conductivity through four-phonon scattering
processes. Moreover, considering that a portion of phonon
mean free paths falls below the Ioffe-Regel limit a two-channel
model is employed to calculate lattice thermal conductivity.
These ndings offer valuable insights into the diverse struc-
tural, thermoelectric, and mechanical properties of the Mg Si
monolayer thereby paving the way for the development of
wearable thermoelectric devices with enhanced performance
and durability (Fig. 36b).87

Functional device-level comparisons have been made
between the thermoelectric performance of nanostructured low-
dimensional silicon and silicon-germanium (69). Arrays of
nanowires of both materials grown using a VLS-CVD method
were monolithically integrated into a silicon micromachined
structure to leverage the enhanced thermoelectric properties of
nanostructured silicon-based materials. A vertical temperature
gradient may be translated into a lateral temperature differen-
tial across the nanowires more easily because of the device
design. A thin lm metal leg in a uni-leg form completes each
thermocouple. The device operates independently and can be
efficiently replicated using standard IC and MEMS technolo-
gies. Despite SiGe nanowire devices exhibiting a lower Seebeck
coefficient and higher electrical resistance compared to silicon
nanowires, they demonstrate superior performance with larger
open circuit voltages and overall power supply. This is
© 2024 The Author(s). Published by the Royal Society of Chemistry
attributed to the lower thermal conductance of the nano-
structured SiGe ensemble, enabling a signicantly larger
internal temperature difference for the same external thermal
gradient. As a result, these devices can achieve power densities
in the mW cm−2 range when placed on hot surfaces within the
50–200 °C range under natural convection even without the
presence of a heat exchange mechanism (Fig. 37a).88 Thermo-
electric modules utilizing silicon nanowires (Si-NWs) have
garnered signicant interest for their improved thermoelectric
efficiency attributed to reduced thermal conductivity. A top-
down fabrication approach has been developed to substan-
tially decrease the thermal conductivity of vertical Si-NWs. This
reduction is achieved through increased surface roughness,
decreased diameter, and elevated doping concentration,
leading to enhanced phonon scattering dependent on phonon
wavelength. Boron- and phosphorus-doped rough Si-NWs (70)
with a diameter of 200 nm and surface roughness of 6.88 nm
exhibit remarkably low thermal conductivity of 10.1 and 14.8 W
m−1 K−1, respectively. These values are 5.1- and 3.6-fold lower
than those of smooth intrinsic nanowires and 14.8- and 10.1-
fold lower than bulk silicon. Utilizing this doped rough Si-NW
array a thermoelectric module has been fabricated demon-
strating exceptional performance with an open circuit voltage of
216.8 mV cm−2 and a maximum power output of 3.74 mW cm−2

under a temperature difference of 180 K representing the
RSC Adv., 2024, 14, 21706–21744 | 21739
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Table 1 This table provides a structured overview of different materials are synthesized, their controlled properties, key observations, underlying
principles, and typical applications in the field of thermoelectric materials

Materials
Synthesis
parameters

Controlled
properties Key observations Principles Device design Performance Applications

Gels Sol–gel method Temperature, pH,
aging time

Nanostructured
morphology, lm
thickness

Nanoscale
chemistry, thin
lm deposition

Scaffold
structures for
tissue engineering

Controlled release
rates, mechanical
integrity

Thermoelectric
devices, sensors

Ceramics Solid–state
reaction

Temperature,
atmosphere,
doping elements

Grain boundaries,
crystalline
structure

Crystal growth,
phase control

Thin lms for
electronics,
porous structures
for implants

High dielectric
strength,
biocompatibility

High-
temperature
applications

Metals Arc melting,
alloying

Temperature,
atmosphere,
doping elements

Band structure,
electron mobility

Metallurgy, solid-
state physics

Conductive wires,
structural
frameworks

High conductivity,
tensile strength

Energy
harvesting,
cooling

Nanoparticles Chemical
reduction,
solvothermal

Temperature,
surfactants,
precursors

Size effects,
surface chemistry,
stability

Quantum
mechanics,
surface science

Nanoscale drug
carriers, sensor
elements

Enhanced
reactivity, target
specicity

Catalysis,
nanocomposites

Silicon Czochralski
method, ion
implantation

Crystal growth
rate, doping
concentration

Defect
engineering,
carrier mobility

Semiconductor
physics,
crystallography

Microchips,
photovoltaic cells

High efficiency,
low power
consumption

Electronics,
energy
conversion

Polymers Solution casting,
electrospinning

Solvent choice,
processing
temperature

Mechanical
exibility,
molecular
alignment

Polymer
chemistry,
material science

Flexible lms,
adhesive layers

Durability,
exibility,
biocompatibility

Flexible
electronics,
wearables
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highest reported values for Si-NW thermoelectric modules
(Fig. 37b).89

Silicon, a widely used semiconductor, is being explored for
its potential in thermoelectric devices due to its abundance and
compatibility with existing technology. Advances in nano-
structuring and doping have signicantly improved its ther-
moelectric properties, making it a promising material for future
applications.

Future research on thermoelectric materials should focus on
enhancing material properties and developing scalable
production methods. For ceramics, the emphasis should be on
improving mechanical and thermal stability and integrating
them into hybrid systems for automotive, aerospace, and
industrial applications. Thermally conductive gel-like materials
require advancements in exibility, durability, biocompati-
bility, and scalable fabrication for wearable electronics and
medical devices. Metal-based thermoelectric materials should
optimize alloy compositions and nanostructuring techniques,
with a focus on integration into existing infrastructures. For
nanoparticles, research should optimize synthesis and
assembly for uniform and stable materials, with applications in
exible and wearable devices. Polymers need improved doping
strategies and nanocomposites, focusing on sustainable and
exible applications. Silicon-based materials should enhance
performance through nanostructuring and alloying, with inte-
gration into electronic devices and renewable energy systems.
These directions aim to advance next-generation thermoelectric
technologies for sustainable energy solutions and efficient
thermal management.

A summary of materials, synthesis parameters, controlled
properties, key observations, principles and applications is
found in Table 1 below.
21740 | RSC Adv., 2024, 14, 21706–21744
8. Conclusion

The recent trends in thermoelectric devices and applications
represent a signicant advancement in the eld of energy har-
vesting, waste heat recovery, and thermal management. The
exploration of advanced thermoelectric materials, including
nanostructured, organic, and hybrid materials, has demon-
strated promising potential for enhancing the performance and
scalability of thermoelectric devices. Furthermore, the utilization
of advanced manufacturing techniques has opened new avenues
for the practical implementation of thermoelectric technology in
various industries. The emerging applications of thermoelectric
devices in automotive, aerospace, wearable electronics, and
industrial waste heat recovery underscore their versatility and
relevance in addressing contemporary energy and thermal chal-
lenges. The potential for thermoelectric devices to contribute to
sustainable energy solutions and efficient thermal management
systems is increasingly recognized, paving the way for their
integration into diverse technological landscapes. Looking
ahead, the future prospects of thermoelectric devices and appli-
cations are multifaceted and hold great promise for continued
innovation and impact. One of the key future prospects lies in the
further advancement of thermoelectric materials, with ongoing
research focusing on enhancing their efficiency, durability, and
cost-effectiveness. The development of novel materials and the
optimization of existing ones through advanced synthesis and
characterization techniques are expected to drive signicant
progress in the eld. Moreover, the integration of thermoelectric
devices into next-generation automotive technologies presents
a compelling opportunity for improving fuel efficiency and
reducing emissions. As the automotive industry continues to
prioritize sustainability and energy efficiency, thermoelectric
devices have the potential to play a pivotal role in advancing these
© 2024 The Author(s). Published by the Royal Society of Chemistry
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objectives. Similarly, in the aerospace sector, the utilization of
thermoelectric technology for waste heat recovery and thermal
regulation in aircra and spacecra holds promise for enhancing
operational efficiency and reducing environmental impact.

In the realm of wearable electronics, the miniaturization and
integration of thermoelectric generators into wearable devices
offer the potential for self-powered, autonomous systems. This
could revolutionize the way we power and interact with wearable
technology, enabling greater convenience and sustainability.
Additionally, the application of thermoelectric devices in indus-
trial waste heat recovery presents a compelling opportunity for
improving energy efficiency and reducing the environmental
footprint of industrial processes. The continued exploration of
thermoelectric devices for power generation from waste heat
sources, such as exhaust gases and industrial processes, holds
signicant promise for contributing to global efforts to mitigate
climate change and reduce reliance on traditional energy sour-
ces. By harnessing waste heat that would otherwise be dissipated
into the environment, thermoelectric devices have the potential
to make a meaningful impact on energy sustainability and
resource conservation. Furthermore, the integration of thermo-
electric devices into building andHVAC (heating, ventilation, and
air conditioning) systems offers the potential for more efficient
and sustainable thermal management. By leveraging thermo-
electric technology for localized heating and cooling, buildings
can reduce their overall energy consumption and environmental
impact. This application aligns with the growing emphasis on
sustainable building practices and energy-efficient infrastruc-
ture. As the eld of thermoelectric devices and applications
continues to evolve, interdisciplinary collaboration and innova-
tion will be essential for unlocking their full potential. The
convergence of materials science, engineering, and energy tech-
nology will drive the development of next-generation thermo-
electric materials and devices with enhanced performance
characteristics. Additionally, the integration of advanced
computational modeling and simulation techniques will facili-
tate the design and optimization of thermoelectric systems for
specic applications, further expanding their utility and impact.

In conclusion, the recent trends in thermoelectric devices
and applications represent a signicant step forward in the
pursuit of sustainable energy solutions and efficient thermal
management. The advancements in thermoelectric materials,
manufacturing techniques, and diverse applications across
industries underscore the growing relevance and potential
impact of thermoelectric technology. Looking to the future, the
continued innovation and integration of thermoelectric devices
hold great promise for addressing global energy and environ-
mental challenges, paving the way for a more sustainable and
efficient technological landscape.
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