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ABSTRACT

Thermoelectric technology enables all-solid-state direct and clean conversion between thermal energy and electrical
energy, and is regarded as an effective strategy to address the issue of energy shortage. Especially in recent years, with
the popularity of wearable devices, flexible thermoelectric devices, as an excellent self-powered technology, have
experienced rapid development. Therefore, this review systematically summarizes recent advancements in this field. It
begins with the fundamental thermoelectric principles and key performance evaluation parameters for flexible devices.
Then we emphasize the design strategies to improve devices performance. It is followed by a critical discussion on
several material systems. Later, we demonstrate different strategies for fabricating flexible devices based on thin films,
fibers and fabrics. Furthermore, practical applications in energy harvesting, cooling, and sensing are also summarized.
Finally, the review concludes the challenges and perspectives on future innovations in flexible thermoelectric devices.
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1 Introduction

The rapid development of human society has intensified the
demand for energy, while the depletion of traditional fossil fuels
has simultaneously led to severe environmental pollution [1,2].
Consequently, there is an urgent need for green, efficient, and
recyclable clean energy sources. In this context, thermoelectric
(TE) conversion technology is recognized as a promising green
energy solution due to its capability to directly convert thermal
energy into electrical energy [3-5]. Beyond generating electricity
from ubiquitous waste heat, this technology exhibits significant
potential in thermal management with its precise temperature
control capabilities. Notably, flexible TE materials and devices can
be attached to various curved surfaces or integrated into wearable
devices, thereby expanding their application scope. With
advantages such as high reliability, the absence of moving parts,
and noiseless operation, TE technology, especially in its flexible
form, is facilitating the diversification of the energy structure and
promoting efficient utilization [6-9].

The TE effect is a physical phenomenon in which electrons or
holes in conductive or semiconductor materials migrate from
regions of higher temperature to the lower along a temperature
gradient when heated. This movement results in an electric
current generation or charge accumulation. As shown in Fig. 1(a),
TE effect primarily encompasses three fundamental forms: the
Seebeck effect, the Peltier effect and the Thomson effect [10, 11].

Discovered by the German physicist Thomas Johann Seebeck in
1821, the Seebeck effect reveals that when two dissimilar materials
are connected in a circuit and a temperature difference is
maintained at their junctions, an electromotive force and
consequently an electric current are generated within the circuit.
This phenomenon fundamentally arises from the diffusion and
accumulation of charge carriers under a temperature gradient. It is
quantified by the Seebeck coefficient (S) and serves as the
theoretical basis for TE power generation technology. As its
inverse, the Peltier effect was discovered by the French physicist
Jean Charles Athanase Peltier in 1834. When an electric current
passes through a circuit formed by two different materials,
reversible heat absorption or release occurs at the junction. This
results from charge carriers absorbing or releasing energy as they
cross the material interface to accommodate energy level
differences. This effect forms the core operating principle of
semiconductor-based refrigerators. Predicted and subsequently
observed by the British physicist William Thomson (Lord Kelvin)
in 1854, the Thomson effect describes the reversible, heat
absorption or release that occurs when an electric current passes
through a single conductor possessing a temperature gradient.
Although relatively weak, this effect holds significance in precise
TE systems. These three effects provide theoretical basis for TE
power generation, solid-state refrigeration and precise temperature
control.

Since the 1960s, TE power supplies based on radioactive
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Figure1 Summary of the review. (a) TE effects and their discoverers. (b) TE device design. Reproduced with permission from Ref. [36], © Chen, W. Y. et al. 2025.
Reproduced with permission from Ref. [37], © The Royal Society of Chemistry 2020. Reproduced with permission from Ref. [38], © Lee, B. et al. 2020. Reproduced
with permission from Ref. [39], © Liu, Y. et al. 2024. (c) Common TE materials. Reproduced with permission from Ref. [40], © WILEY-VCH, 2022. Reproduced with
permission from Ref. [41], © American Chemical Society 2025. Reproduced with permission from Ref. [42], © Liu, K. et al. under exclusive licence to Springer Nature
Limited 2025. Reproduced with permission from Ref. [43], © Wiley-VCH GmbH 2024. Reproduced with permission from Ref. [44], © Zhang, L. et al. 2025.
Reproduced with permission from Ref. [45], © Elsevier Inc. 2025. (d) Film-based and fiber-based TE Devices. Reproduced with permission from Ref. [46], © American
Chemical Society 2020. Reproduced with permission from Ref. [47], © Wang, D. Y. et al. under exclusive licence to Springer Nature Limited 2024. Reproduced with
permission from Ref. [37], © The Royal Society of Chemistry, 2020. Reproduced with permission from Ref. [48], © WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim 2016. (e) Applications. Reproduced with permission from Ref. [49], © Liang, L. L. et al. Published by Elsevier Inc. 2025. Reproduced with permission from
Ref. [50], © Wiley-VCH GmbH 2024. Reproduced with permission from Ref. [51], © Elsevier Ltd. 2023. Reproduced with permission from Ref. [52], © American
Chemical Society 2025. Reproduced with permission from Ref. [53], © Published by Elsevier Ltd. 2024.

isotopes have been successfully utilized in deep space exploration,
while Bi,Te; materials have achieved significant commercialization
at room temperature (RT) [12,13]. However, due to the low
reserves of Te elements, high costs, and inadequate mechanical
strength, researchers continue to seek high-performance TE
materials without Te. To date, various inorganic TE material
systems, including SnSe [14-16], PbSe [17, 18], Mg;Bi, [19,20],
and half-Heusler alloys [21,22], have made remarkable
advancements, demonstrating extremely high TE figures of merit
(ZT). Concurrently, theoretical research into the thermal and
electrical transport properties of these materials has progressed,
with strategies proposed for optimizing electronic transport
properties via carrier concentration (n) regulation and band
structure engineering [23-25], as well as for reducing thermal
conductivity (x) through nanostructures and defect engineering
[21, 26, 27]. Nonetheless, these inorganic materials often contain
toxic elements or exhibit insufficient stability at high temperatures
[28-30]. Furthermore, their application in flexible devices has
been limited due to their inherent rigidity [31, 32]. Therefore, the
development of high-performance TE materials with flexible will
undoubtedly broaden their application scope. It is necessary to
clarify that ionic TE materials also represent promising candidates
for fabricating flexible TE devices (F-TEDs) [33]. The fundamental
difference between the electronic and ionic TE materials lies in
that ionic TE materials operate based on the thermal diffusion
effect (Soret effect), where ions selectively migrate under the
applied temperature difference to form a concentration gradient,
thereby generating a TE voltage. In terms of application, due to
higher ion enthalpy, ionic TE materials can generate higher S; of
several millivolts per kelvin [34]. However, due to the limitations
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of ion saturation concentration and diffusion rate, they often face
challenges such as slow response, low energy density, and unstable
output [35]. This review mainly focuses on electronic F-TE
materials.

Several previous works have reviewed topics related to F-TE
materials and devices, particularly focusing on ductile inorganic
TEs [54,55], polymer-based TEs [56,57], hybrid organic-
inorganic TEs [58-60] and carbon-based TEs [4, 61]. In contrast
to these prior systematic reviews, this review aims to provide a
comprehensive perspective, enabling a more detailed and
thorough understanding of the latest advancements in F-TE
materials and devices. The second section briefly introduces
fundamental principles in the field of thermoelectricity. The third
section discusses the design of F-TEDs. The fourth section
systematically presents common TE materials, including novel
plastic inorganic TE materials, organic TE materials and carbon-
based TE materials. The fifth and sixth sections summarize classic
and recent F-TEDs from two distinct perspectives: film-based and
fiber-based. The seventh section presents common applications.
Finally, the eighth section outlines the challenges and prospects in
realizing high-performance F-TE materials and devices with stable
mechanical strength.

2 Fundamental TE principle

Typically, the energy conversion efficiency of a TE material is
represented by the dimensionless figure-of-merit ZT [62]:

S

K

zZT -T

(1)

where S is the Seebeck coefficient, representing the voltage
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generated per unit temperature difference across the material, o
represents the electrical conductivity, and x denotes the total
thermal conductivity of the TE material, which is the sum of the
electronic contribution (x,.) and the lattice vibration contribution
(). The numerator, S, is referred to as the power factor (PF),
reflecting the material's electrical performance for power
generation or cooling [43]. It should be underlined that PF is
frequently employed to assess the TE properties due to the
inherently low x of polymer materials and the absence of reliable
and standard testing techniques [63]. Obviously, a high ZT value
relies on a high o to reduce Joule heating, a high S for conversion
of thermal energy into electrical energy, and a low x for maximum
temperature gradient. The parameters S, ¢ and x4, can be
expressed as [64]:

_ 8k TN
5= et (3n) (2)
0= ney (3)
Koo =LoT (4)

where kj is the Boltzmann constant, e is the electron charge, % is
the Planck constant, m* is the carrier effective mass, 7 is the carrier
concentration, y is the carrier mobility, and L is the Lorenz
constant. Evidently, the performance enhancement of TE
materials is fundamentally constrained by the complex
coupling relationship between S and 0. And both parameters are
strong opposite dependence on #. Therefore, it is important to
develop appropriate strategies for synergistic optimization of
Sand o [26, 65-67].

In terms of a device, the maximum energy conversion efficiency
(Mma) Of @ flexible TE generator (F-TEG) can be defined as [68]:

- Ty—Te /1+ZT,,.—1 (5)
max TH 1+ZTavg + E
H

7 [ zrdT 6

e = LT (6)

where Ty and T are the hot-side and cold-side temperatures,
respectively, ZT,,, represents the average ZT between Ty and Tc.
The above equation highlights that the performance of a F-TEG
depends not only on the material itself (ZT,,,) but also on the
temperature difference (AT).

In addition, the open-circuit voltage (V) and power output

(P, for F-TEGs are defined as follows [69]:

Voo =N-(S,—S,) - (Ty — Tc) (7)
VZ

Py = =9 Ry, 8

(Rin + Riond) Fod ( )

where N is the number of p/n couples, S, and S, are the Seebeck
coefficients of p-type and n-type materials, respectively. R, is the
internal resistance of the device, and R4 is the load resistance in
the circuit. Especially, when Ry,=Ry.q P, reaches its maximum
value [70]:

‘/ZOC

Pmax =
4Rioaa

(9)

In practical applications, the maximum power density (w,,,,)

holds greater reference value than 7., especially in cases of
harvesting low-grade heat to generate sufficient power that can
drive electronic components. It can be expressed as [69]:

Pmax (T‘HiT‘C)2 (Sp*S )2F

W = 8 = ) (10)

where Ay, is the cross-sectional area of the TEG, F is the fill factor
(the ratio of the TE legs area to Ap), H denotes the height of the
legs, and p represents the electrical resistivity of the legs.

The cooling capacity of a TE cooler (TEC) is assessed by the
coefficient of performance (COP) [17]:

Ty

r.  VIFZTa— T
Tu—Te /14 ZTo,+1

Compared to traditional refrigeration systems, TECs usually
exhibit a lower COP. To obtain comparable cooling performance,
a ZT,, greater than 4 is necessary, which remains a challenge for
current technologies. Therefore, TECs are commonly used for
precise temperature management on a small scale.

COP =

(11)

3 TE device design

Currently, most research on F-TEDs are the search of appropriate
materials and improvement of their TE properties alongside
flexibility and stability. And it is most important to translate the
inherent material advantages into device high-performance
outputs in practical applications through multiscale device
engineering. This involves the selection of suitable device
architectures, optimization of TE legs’ geometry, distribution and
fill factor, identification of compatible interfacial materials, and
improvement of the thermal management.

3.1 Device structure

The energy conversion efficiency and potential application
scenarios of TEDs are significantly influenced by their structural
design. Figure 2 illustrates architectural types of TEDs in vertical,
horizontal, Y-type, circular and monopole structures [69, 71, 72].

(2)
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n-type:
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Electrode:

(d)

°
Metalﬁ:t /
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Figure2 Basic structures of F-TEDs: (a) vertical, (b) horizontal, (c) Y-type, (d)
annular and (e) monopole structures.
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Each configuration possesses distinct characteristics. Choosing the
appropriate device structure is a critical step that depends on the
specific application.

The vertical structure represents one of the most classic device
architectures (Fig.2(a)). In this arrangement, TE elements are
oriented perpendicular to the substrate. Using its compact spatial
structure and efficient heat transfer path from hot to cold side, it
reaches extremely high heat flux density and conversion efficiency.
This makes it particularly well-suited for small-scale devices with
limited spatial extents that also require higher output power
[73,74]. However, the overall device typically possesses a relatively
high rigidity. In contrast, the TE elements with a horizontal
structure are arranged parallel to the substrate (Fig.2(b)). This
configuration enables the easy integration of devices with planar
systems, making it an ideal choice for flexible and wearable
electronics [36, 75]. Thus, its advantage lies in the ability to utilize
large surface area for heat management. Nevertheless, it is a
considerable challenge to establish a large temperature gradient in
the plane. A novel Y-type structure has been designed to solve the
inconsistency between the planar temperature gradient and out-of-
plane heat dissipation (Fig.2(c)). This architecture employs a
branched geometry and is typically combined with metal
conductors to accurately guide the heat flow path and promote the
establishment of a larger temperature difference [76, 77].

It offers high flexibility and adaptability to complex and
irregular surfaces, demonstrating great potential in the field of
medical devices that require targeted heat delivery and precise
temperature control. In annular structure (Fig 2(d)), the
components are organized in a cylindrical or annular manner
[78,79]. This configuration is particularly well-suited for wrapping
around tubular surfaces for waste heat recovery or thermal
management. The monopolar structure consists of a vertical stack
of TE units, all the same type, either n-type or p-type. Although
such a device does not exhibit high performance, it serves as a
simple and fundamental research evaluation tool for assessing the
potential of any new material under device conditions and for
studying the interfacial characteristics between electrodes and the
TE materials [80, 81]. However, due to its high thermal resistance
and low efficiency, this structure is not suitable for practical
cooling applications. In summary, the choice of device structure
requires a balance among efficiency, power, flexibility, thermal
management, and integration methods [71, 82]. Based on actual
needs, the selection of suitable device structure will facilitate full
utilization of material properties.

3.2 Simulation calculation

The continuous refinement of various physical theories has
established calculational simulation as an indispensable tool in the
research of TE materials. First-principles calculations based on
density functional theory (DFT) can reveal the electronic band
structure and phonon spectra of materials at the microscopic level,
enabling accurate predictions of intrinsic electrical properties such
as S and m* [83-85]. Furthermore, the combination of DFT and
Boltzmann transport theory allows to simulate the variation of
transport coefficients with doping concentration, which can
provide clear experimental optimization guidelines [86,87].
Simultaneously, phonon spectrum calculations and molecular
dynamics (MD) expand the understanding of decreasing lattice
thermal conductivity mechanism [88-90]. These methods analyze
phenomena such as point defect scattering and phonon scattering
by nano-precipitates and grain boundaries, thereby guiding the
design of "phonon glass-electron crystal’ materials [91, 92]. In the
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realm of materials development, the integration of high-
throughput computing and machine learning has significantly
accelerated the screening and prediction of novel high-
performance TE materials by rapidly screening material databases
and establishing structure-property mapping relationships
[93-95]. Moreover, simulations have been extended to investigate
the atomic-level mechanisms of doping behavior, for instance,
calculations of doping formation energy and defect energy levels
help elucidate the influence of dopants on electrical and thermal
transport properties [96, 97].

At the macroscopic device level, multi-physics coupling
simulations based on the finite element analysis (FEA) method
can model the temperature field distribution, thermal stress, and
output power of TEDs, thereby optimizing thermal management
design and device architecture [98-100]. For instance, Fan et al.
utilized FEA method to investigate the influence of leg geometry,
fill factor, and leg height on the TE performance and mechanical
reliability of wearable TEGs (Fig. 3(a)) [98]. Among these factors,
cuboid-shaped legs exhibited the lowest stress levels while
maintaining an output power only marginally lower (by 1.22%)
than that of triangular prism-shaped legs, indicating superior
mechanical reliability. Increasing the fill factor enhances output
power but also increases the minimum safe bending radius,
thereby reducing flexibility. However, increasing the number of
thermocouples to 64 pairs simultaneously boosted the output
power and reduced the maximum stress within the legs, achieving
synergistic optimization of performance and reliability. This
research provides crucial guidance for the structural design of
wearable TEGs, emphasizing that optimizing geometric
parameters, specifically adopting cuboid-shaped legs and
increasing the number of thermocouples, can ensure high TE
output while significantly enhancing mechanical robustness. Liu et
al. employed FEA method to solve their model under different
temperature gradients and load conditions, incorporating all
essential components and realistic natural convection boundary
conditions for a wearable TEG [99]. The simulation results
showed excellent agreement with experimental data. By analyzing
the resulting temperature and voltage distributions within the
TED, they elucidated the impacts of side heat loss and internal
heat conduction of the encapsulation. Furthermore, they explored
the influence of the x of the encapsulation and the geometric
dimensions of the TE legs on the output performance. As
exhibited in Fig. 3(b), Zheng et al. systematically studied the
temperature differences and output voltages of three different
textile structures using FEA method, providing valuable references
for subsequent experiments [37]. The effects of these three distinct
textile architectures, specifically weft-knitted, warp-knitted spacer
and woven fabrics, on the TE performance of F-TE textiles were
systematically investigated. The results demonstrated that the
knitted fabric structure could establish the largest temperature
difference. In contrast, the woven fabric, due to its regular yarn
arrangement in the thickness direction, formed fewer static air
pockets capable of suppressing heat convection. By weaving spacer
fabrics, a w,, of 51.5 mW-m™ was achieved under a temperature
difference of 47.5 K. In summary, simulation technology provides
insights into the intrinsic physical mechanism of TE materials,
while also reducing experimental trial-and-error costs.

3.3 Interface layer

Interface issue is another critical factor that affects the
performance and reliability of F-TEDs. These problems may arise
from interdiffusion between TE materials and electrode materials
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Figure3 Computer simulation calculation for flexible TEDs. (a) Von Mises stress profiles in four different geometrical shape TE legs. Reproduced with permission
from Ref. [98], © Elsevier Ltd. 2021. (b) Finite element simulations of three typical fabric structure including weft-knitted, warp-knitted spacer and woven fabrics.
Reproduced with permission from Ref. [37], © The Royal Society of Chemistry 2020.

during long-term operation under thermal cycling, high contact
resistance at the interface. And the reliable adhesion is necessary
for flexible applications, particularly avoiding cracking induced by
stress concentration [101-104]. These challenges degrade the
device's overall performance and mechanical stability.

Many innovative strategies have been proposed to solve these
problems. For example, Zuo et al. offered an atomic-level interface
reinforcement strategy to successfully achieve efficient and stable
all-Mg-based TEDs through precisely controlling interfacial
chemical bonding and diffusion behaviors (Fig. 4(a)) [95]. A high-

throughput screening method was developed to greatly improved
efficiency in the identification of suitable barrier layers. This
method utilized a multi-interface synchronous construction
technology. The formation of multi-heterogeneous interfaces and
parallel resistance testing were possible in one sintering process,
which significantly boosted experimental efficiency. Co metal was
found to be an exceptional candidate for barrier layer material,
showing ultra-low and stable contact resistance of less than
2.5 pQ-ciy’, high bonding strength of 60.6 MPa, and negligible
elemental interdiffusion after prolonged service. The advantages of
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Release interfacial stress via a lowered Young’s modulus and particle sliding. Reproduced with permission from Ref. [106], © Sun, Y. X. et al. 2023.

this atomic-level interface were further confirmed with molecular
dynamics simulations. Experimental results demonstrated that
devices using this atomic interface design retained stable
conversion efficiency even after 600 full thermal cycles in a high
temperature range of 373 to 573 K, much better than devices with
conventional interfaces. In addition, Fig.4(b) described an
innovative interface by adding an approximately 10 nm thick Ti
contact layer between the Cu electrode and the polyimide (PI)
substrate. And a barrier layer with the same thickness was
introduced between the Cu electrode and the TE thin film [105].
The devices' flexibility as well as output performance was
enhanced significantly because of improved interfacial adhesion
and lower contact resistance. A device comprising 162 pairs of p/n
thin-films showed a small resistance change rate of only about 3%
after more than 100 bending cycles at 10 mm radius. It displayed a
high normalized power density (w,) of greater than 4 yW-cm™>K>
at a small temperature difference of 5 K. Furthermore, when
attached on an irregular heat source at 50 °C, three devices in
series generated a V¢ of 1.85 V, successfully powering a light-
emitting diode (LED) without extra heat sink or booster circuit.
Similarly, as shown in Fig. 4(c), Sun et al. put forward a loose Ti
barrier layer that took advantage of its low Young's modulus and
particle sliding mechanism to relieve interface stress [106]. A TiTe,
nano-reaction layer formed in situ at the Bi,Te; interface to
achieve metallurgical bonding and ohmic contact. This design
enabled the device to operate for 360 hours at a hot-side
temperature of 523 K without appreciable performance
degradation. These works indicate that atomic-level interface
bonding design has been a resultful method to overcome the
challenge of interface failure [107].

(8 i#% 4 mar | Sci@pen

34 Thermal management

The thermal management of TEDs is a systems engineering issue
that is crucial for ensuring their conversion efficiency and
reliability. Essentially, it aims to establish and keep the maximum
effective temperature difference (AT) between hot and cold sides,
since the output power and conversion efficiency of TEDs are
proportional to the square of AT [108-111]. Thermal resistance at
either side directly reduces the utilizable temperature gradient and
so significantly impairs performance. Therefore, for TEGs, the hot
side must closely contact the heat source for efficient heat
absorption. On the other hand, the cold side requires high-
performance heat dissipation components to rapidly release waste
heat into surrounding environment. For TECs, it is important that
the waste heat generated at the hot side must be dissipated quickly
to avoid negatively impacting their cooling effect or even the
failure of such devices. In addition, effective thermal management
minimizes localized thermal stress and protects the long-term
device reliability. It inhibits mechanical failures, including
interfacial cracking and solder joint detachment caused by
mismatch in coefficients of thermal expansion among different
materials. It also suppresses performance degradation arisen from
adverse interfacial diffusion and chemical reaction at high
temperature [112-114]. As seen in Fig. 5(a), Lee et al. designed a
soft thermal conductor by magnetically self-assembling Ag-coated
Ni particles within an elastomeric substrate, significantly
enhancing heat transfer to the TE legs [38]. Utilizing a highly
automated manufacturing process, they assembled a F-TED
comprising 220 p-n thermocouples pairs. The elastomeric
substrate allows the device to conform perfectly on curved surfaces
without any air gaps, which helps to reduce interfacial heat loss.
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Thereby, a bigger temperature difference was set up. The TED
produced a P, of 7.02 mW and a Vo of 2.12 V, under
AT=40K.

To achieve efficient heat dissipation, various heat dissipation
structures or components have been extensively developed and
applied. The fin-type heat sink is a classic and widely used
structure that achieves effective heat dissipation by increasing the
surface area, thereby enlarging and maintaining the temperature
difference across the device [116, 117]. For example, Khan et al.
achieved a w of 1146 pW-cm™ and a V¢ of 24 mV during
nighttime by attaching a fin-shaped heat sink to the cold side
[118]. Generally, these fin-like heat sinks are fabricated from
metallic materials with high x. However, their drawbacks
including high rigidity, substantial weight, and space consumption
limit their application in flexible devices [119, 120]. To overcome
these limitations, lighter-weight alternatives such as Cu foams and
Cu fabrics which offer certain flexibility and high «, have been
integrated into TEGs as heat dissipation components [114, 121,
122]. In recent years, radiative cooling materials have garnered
significant attention [123-125]. These materials can radiate heat
directly into the cold universe (approximately 3 K) to achieve sub-
ambient cooling through the atmospheric window (8-13 pm
band) without additional energy consumption [119, 126, 127]. As
demonstrated in Fig. 5(b), Liu et al. integrated an electrospun
poly(vinylidene  fluoride-hexafluoropropylene) ~ (PVDEF-HFP)
radiative cooling film onto a screen-printed carbon nanotube-
based TE textile [115]. The 0.2 m? TE textile produced a
temperature gradient of 37 K under a solar irradiance of
~800 W-m™ and a w,,,, of 0.20 mW-m™. Besides applying radiative
cooling technology to lower the cold-side temperature, other
functional materials can be incorporated to optimize the thermal
management of TEDs for higher performance. For instance,
photothermal conversion materials can be deposited on the hot
side to convert ambient light energy into heat, which helps in

raising the hot-side temperature to increase AT [128-130]. Phase
change materials (PCMs) can also be incorporated to mitigate
intermittent heat sources and stabilize the hot-side temperature
[112, 131]. These materials act as thermal buffers by absorbing or
releasing latent heat during phase transition processes.

4 Materials

4.1 Plastic inorganic materials

Traditional inorganic TE materials, such as Bi,Te;, tend to be
inherently brittle at RT. The reason for their brittleness is their
atomic bonding, which primarily consists of strong highly
directional ionic or covalent bonds [132, 133]. These bonds create
a rigid crystal lattice. That means these materials cannot dissipate
energy through plastic deformation mechanisms such as
dislocation glide or grain boundary sliding when subjected to
external stress. Consequently, stress tends to concentrate at
defects, which leads to directly cleavage fracture. This
characteristic severely limits their application in flexible devices
[54,134]. However, recent studies have discovered metal-like
plasticity in materials such as Ag,S [133,135], InSe [136, 137],
SnSe [16,138] and SnSe, [139,140] at RT. This unusual
characteristic is often attributed to their unique layered structures,
weak van der Waals (vdW) interactions between layers, or specific
atomic bonding configurations [54, 90]. These findings provide a
promising new direction for overcoming the intrinsic rigidity of
inorganic TE materials.

4.1.1 Silver chalcogenide

In the past, the research on inorganic TE materials mainly focused
on rigid systems. A significant breakthrough occurred in 2018,
when Shi et al. discovered that a-Ag,S ingots could sustain
compressive strains of up to 50% without fracture [133]. It was
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also a surprise that this material could also withstand bending
strain of 20% without cracking, which was extremely rare in
previous studies. This finding had opened up new avenues for the
development of F-TE materials. However, the TE performance of
Ag,S at room temperature is not satisfactory due to its very low n
(10%-10" cm™) [141]. Further investigations are needed to
ascertain the viability of these newly discovered plastic inorganic
semiconductor materials as TE candidates. Based on the
optimization strategies such as doping and alloying employed in
previous studies for TE materials, researchers have synthesized a
variety of silver chalcogenides Ag,Q (Q =S, Te, Se) [40, 142-144].
For instance, Liu et al. demonstrated that I doping in Ag,S not
only optimized » but also suppressed . Consequently, the ZT
value increased threefold compared to pristine Ag,S [145].
Similarly, Chang et al. achieved an optimal 7 in the AgssSSeg¢Te, 4
material by reducing the electronegativity of the anion sublattice
and introducing Ag vacancies at the cation sites, which led to a
high PF of 6.0 uyW-cm™K? and a low « of 0.27 W-m™K™ at RT.
Under a bending radius of 7 mm, the electrical resistance value
remained basically unchanged over 500 cycles [146].

Unlike Ag,S, the materials Ag,Se and Ag,Te possess better TE
properties, but lack mechanical flexibility [147-149]. In order to
effectively use the respective advantages of Ag,S and Ag,Se, Wu et
al. ingeniously designed a novel sandwich-structured Ag,(S, Se)-
Ag,Se TE film [25]. The Ag,(S, Se) core layer contributed to
plasticity while maintaining low « in this architecture. Thanks to
the epitaxial growth method, the Ag,Se layers were highly oriented
and exhibited strong bonding between layers, which ensured
efficient carrier transport and structural integrity during bending.
As a result, a high ZT value of 0.91 was achieved for this unique
structure within the near-room temperature region. During the
bending cycle test, the Ag,Se shell layer did not show obvious
cracks until 400 cycles, which was associated with the increased
resistance observed during the test. Although adjusting the alloy
elements content can enhance TE performance, it might also
deteriorate the material’s intrinsic plasticity [150]. Therefore, there
is an optimal compositional range to obtain excellent TE
properties and plasticity. For Ag,S,_,Se,, this range is about x = 0.4
to 0.6. And that is about x = 0.3 to 0.9 in Ag,S, Te, [55]. To
balance TE properties and plasticity, it is necessary to clarify the
relationships among composition, structure and properties. For
the Ag,S, .Se, system, the material began to transforms from
monoclinic to orthorhombic crystal structure when x > 0.7. And
the mechanical property tests suggested that the monoclinic
Ag,S,_Se, retained ductile and flexible, while the orthorhombic
samples were brittle [151, 152]. In contrast, the crystal structure of
the Ag,S,_Te, system is more complex. A small amount of Te
(x = ~ 0.16) can induce a phase transition from monoclinic to
cubic, which significantly enhances TE performance while
maintaining plasticity [144]. With further Te introduction, an
amorphous phase appears. The results showed that the
precipitation of the monoclinic phase Ag,Te will seriously
deteriorate the plasticity, while the cubic-crystalline/amorphous
composite material exhibited plasticity. Through appropriate heat
treatment processes, the phase structure can be regulated,
thereby optimizing the comprehensive performance of the
material [153, 154].

The common TE devices operate through alternately connected
n-type and p-type legs. Furthermore, if these legs consist of
materials with similar physical properties, the internal stress
caused by differing coefficients of thermal expansion can be
minimized, which is crucial for high-efficiency devices [155-157].
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Due to the low defect formation energy of Ag interstitials in Ag,Q
compounds, nearly all Ag,(S, Se, Te) pseudobinary solid solutions
exhibit n-type semiconducting behavior [158]. Consequently,
developing p-type TE materials based on silver chalcogenides has
attracted significant research attention [64, 159]. Hrickova et al.
attempted to achieve a p-type transition in a-Ag,S by doping with
Ge [135]. Although Ge doping resulted in a marked increase of o
and a shift of S towards positive values, the overall attempt was
ultimately unsuccessful. Further studies indicated that Ge did not
integrate into the Ag,S lattice but instead precipitated as another
phase within the matrix, indicating the low solubility of this
foreign dopant. The selection of suitable dopants that possess high
solubility and shallow defect levels is still a challenging task. In a
breakthrough, Gao et al. successfully achieved an n- to p-type
transition by alloying with Cu at the Ag sites and precisely
controlling the Cu/Ag ratio to manipulate lattice defects,
specifically Ag interstitials and Cu vacancies [159].
(Ag-.Cu,),S,,Seg;  samples  exhibited p-type  conduction
characteristics within the composition range of x = 0.7 to 0.8 while
retaining good plasticity. As a result, (Ag,,Cuyg),S,75€y3 achieved
a ZT of 0.42 at 800 K. Furthermore, by introducing a slight Cu
deficiency to increase the hole concentration, the ZT value of
(Agy2Cuyg5)250,5€p3 was enhanced to 0.95 at 800 K. However,
their TE performance within the room temperature range
remained still poor. Therefore, Yang et al. developed a series of
high-performance p-type plastic TE materials based on the
composition-property phase diagram of AgCu(Se, S, Te)
pseudoternary solid solutions. These materials achieved notable
ZT values of 0.45 at 300 K and 0.68 at 340 K [31]. Furthermore,
Shen et al. employed a similar approach to increase the ZT value
of the p-type Agyg0sCuSey,,S0sT€; material to 0.81 at 340 K. And
an in-plane TED assembled based on this material showed an
extremely good mechanical stability after 500 bending tests under
a bending radius of 10 mm, with the resistance change being only
about 1% [160].

4.1.2  Tin chalcogenides

The exceptional ductility of Ag,S, stemming from metallic Ag-Ag
bonds that enable the sliding of Ag-S octahedral units without
disrupting the Ag-S framework, has inspired researchers to shift
their focus to 2D vdW semiconductor materials [54, 55]. In typical
2D vdW bulk inorganic semiconductors, intralayer bonding is
usually covalent or ionic-covalent, resulting in in-plane rigidity
[161, 162]. The presence of vdW gaps makes these materials prone
to cleavage, thereby hindering their ability to retain structural
integrity through plastic deformation [163]. In 2020, Wei et al.
discovered that bulk single-crystal InSe can be compressed by
several orders of magnitude at RT and deformed into Mobius
strips or simple origami shapes [164]. This unusual plasticity in a
2D vdW inorganic semiconductor was attributed to interlayer
sliding and dislocation glide, which was governed by long-range
In-Se Coulomb interactions across the vdW gap and soft in-plane
In-Se bonds. More significantly, they proposed a deformation
factor as a criterion for pre-screening bendable and deformable
candidate inorganic semiconductors. Building on this, Gao et al.
further developed a nearly automated and efficient high-
throughput screening method, identifying dozens of potentially
deformable 2D chalcogenides, such as MoS,, GaSe, and SnSe, [94].
Among these materials, SnSe, achieves the optimal compromise
between plasticity and TE performance. Compared to InSe, which
exhibits excellent plasticity but suffers from extremely low intrinsic
n that hinders the optimization of its TE properties, SnSe, stands
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out with higher room-temperature ZT values among similar
plastic materials through strategies such as doping and phase
structure engineering. Meanwhile, unlike other plastic materials
like Ag,S, which often require extensive alloying to enhance TE
performance, typically at the expense of plasticity, SnSe,
demonstrates superior and effectively tunable electrical transport
properties via doping, while maintains significant macroscopic
plasticity and inherent slip characteristics of its layered structure.

Deng et al. reported in 2022 that bulk single-crystal SnSe, exhibited
significant plasticity at room temperature [139]. Furthermore,
upon doping with a small amount of halogen elements,
SnSe, o;Bry s demonstrated a high PF of 10.8 pW-cm™K™ and a
ZT of 0.09 along the in-plane direction at 375 K. Like other
discovered plastic inorganic TE materials, SnSe, has a band gap of
~1.16 eV. Although this relatively large band gap contributes to a
higher §, it also results in a low n (1.6x10" cm™), leading to a low
ZT value. Based on halogen doping, they employed a dual-doping
strategy, introducing Cl/Br at Se sites while intercalating Cu into
the vdW gaps, to change the stacking sequence of SnSe, [165].
Successfully inducing a phase transition from the 18R to the 4H.
In 4H-CuygsSnSe; osBrogs, the # increased to 4.2x10° cm™.
Therefore, the PF and ZT value were 18.0 yW-cm™K™ and 0.14,
respectively at 375 K. A planar flexible TED fabricated from this
material achieved a w of 0.18 W-m' under AT = 30 K
Furthermore, Liu et al. introduced Na atoms into the vdW gaps
[166]. The Na intercalation acted as an n-type dopant, providing
additional electrons and increasing the # to 3.3x10" cm™. Unlike
Cu intercalation, Na intercalation did not alter the crystal
structure, but instead reduced the lattice vibration energy and
weakened phonon scattering. As a result, the carrier mobility also
increased with higher Na content. This led to an ¢ of 2500 S‘m™ in
Nay,SnSe,, which was an order of magnitude higher than that of
pristine SnSe,, although its efficiency remained significantly lower
than that achieved with Br/Cl doping. Na,,SnSe, achieved the
highest PF of ~5.6 yW-cm™K™ at 300 K. When x < 0.05, Na,SnSe,
exhibited plasticity comparable to SnSe,, sustaining a bending
strain of up to 15%. Nonetheless, when x > 0.07, the plasticity
decreased significantly due to the weakening of interlayer Se-Se
bonds. Recent research had shown that the addition of Br could
effectively improve n and o, hence significantly improving PF
[167]. Additionally, Pb doping induced a strong phonon softening
effect, which reduced the phonon group velocity and x. As a
result, the SnSe,-2% PbBr, sample achieved a peak ZT of
approximately 0.76 at 773 K and an average ZT of about 0.51,
which is more than 530% improved than the undoped sample.
This work provides a feasible strategy for enhancing the TE
performance of SnSe,-based single crystals over a wide
temperature range.

In contrast to SnSe,, SnSe, composed of the same elements but
distinct highly distorted orthorhombic crystal structure, achieves
an extremely low lattice thermal conductivity and high ZT due to
its strong phonon anharmonicity and pronounced anisotropy
[168-170]. However, its distorted layered structure impedes
effective interlayer sliding, rendering it challenging to directly
apply in flexible devices [171, 172]. Numerous attempts have been
made to expand the application of SnSe into the field of flexibility.
For example, Nicolas Augustus Rongione et al. reported flexible
SnSe films for lower grade waste heat recovery near room
temperature by surfactant-free hydrothermal synthesis method
[173]. The stacked SnSe nanosheets introduced strong interface
phonon scattering, leading to an extremely low x of 0.09
W-m™"-K™. The maximum fluctuation of S, resistance value and «

R ..

of the SnSe film deposited on the polyethylene terephthalate (PET)
substrate after 1000 bending cycles were respectively 7%, 6% and
5%, showing a superior flexibility and stability. In addition, Natalia
V. Morozova et al. significantly enhanced the PF of layered p-type
SnSe single crystals up to approximately 180 pyW-cm™K™ at room
temperature via manipulating an external stress [174]. This giant
enhancement can be attributed to band-gap narrowing leading to
optimize the n, Lifshitz transition resulting in introducing multi-
valley conduction while maintaining a high S, and strong crystal
transformation bring about inducing severe intralayer plastic
deformation while preserving the layered stacking.

4.1.3 Mg;Bi,-based

In previous studies, Mg-based TE materials have achieved
significant development due to their abundant raw materials, good
processability, and excellent TE properties, showing potential for
room-temperature applications [175-177]. In 2020, Li et al.
discovered that Nd doping in Mg;Sb,-based compounds increased
the n to ~8x10® cm™ because of the substitution of Nd for Mg
[178]. As a result, Mg;,Nd,(;Sb,sBiys achieved a high PF of
20.6 yW-cm™K? at 725 K and a maximum ZT value of 1.8.
Remarkably, alongside its excellent TE performance, the material
also exhibited superior processability. The sample could be easily
machined into a dog-bone shape with external threads at both
ends. Its measured hardness, Young's modulus, and fracture
toughness were 1.1 GPa, 49.8 GPa, and 1.4 MPa-m'", respectively.
Building on the discovery of this plasticity and to weaken the
strong scattering effect of carriers by Mg-deficient phases at grain
boundaries, Zhang et al. employed a cold deformation technique
instead of a high-temperature solid solution process [179]. Under
high pressure, the grain size increased perpendicular to the
pressure direction, significantly reducing grain boundary
scattering. Consequently, the Mg; Bi, ;Sb, 4 Te,; sample achieved
a carrier mobility of ~86.6 cm*V™'s' while maintaining n
unchanged. And the PF at room temperature reached
162 pW-cm™K?, comparable to samples prepared by high-
temperature sintering. However, its relatively low room-
temperature ZT still limited its application potential. To enhance
room-temperature TE performance, Li et al. revealed the origin of
the intrinsic high plasticity in Mg;Sb, and Mg;Bi, [180]. By
optimizing the Bi content in Mg,Sb, Bi, to regulate both TE
properties and plasticity, they achieved a large compressive strain
of 43% and a high ZT of 0.72 at room temperature in the
polycrystalline sample Mg;SbysBi; 4¢T€40o- The abundance of
dislocations facilitates the sliding of atomic layers during
deformation, while the continuously connected Mg-Sb/Bi bonds
within the sliding layers ensure structural integrity, which is a key
reason for the material's high plasticity. Furthermore, the high
plasticity and toughness of this compound allow it to be easily
processed into particles smaller than 100 um %100 pm, which can
be assembled into both in-plane and out-of-plane flexible TE
modules. Otherwise, Hu et al. used magnetron sputtering and ex-
situ annealing techniques to fabricate high-performance (PF =
1.59 pW-cm™K?, 60 °C) n-type flexible Mg;Bi, TE films, while
ensuring high adhesion to various substrates. After 500 bending
cycle tests with a radius of 5 mm, the resistance increase was less
than 10% [20]. The high internal resistance at the material-
electrode interface is identified as a primary factor limiting device
performance, highlighting the necessity of optimizing the contact
interface to fully utilize the material's high TE potential.

The plasticity of Mg;Bi, is not limited to polycrystalline
materials. Zhao et al. discovered that single-crystal Mg;Bi, can
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withstand compressive strains exceeding 75% and tensile strains
up to 100% along the ab-plane at room temperature [19]. This is
an order of magnitude higher than those of traditional TE
materials and even surpassing some metals with similar crystal
structures (e.g., Ti, Mg, Zr, Co, Hf). This exceptional deformability
allows single-crystal Mg;Bi, to be easily bent, twisted, and undergo
other plastic deformations at RT. In addition, the optimized
Mg;Bi g5Teyp, single crystal also exhibits a high PF of
55 uW-cm™K? and ZT of approximately 0.65 within the ab-plane
at room-temperature, comparable to commercial n-type Bi,Tes-
based materials. Based on this work, Hu et al. further investigated
the underlying mechanism of the superior plasticity in single-
crystal Mg;Bi, using the integrated differential phase contrast
technique [181]. They revealed the atomic distribution of heavy Bi
and light Mg atoms. The results showed that the strain-induced
helical dislocations drive interlayer slip on the (0001) plane was
the microscopic mechanism of plastic deformation. The small size
of Mg atoms led to weak interlayer bonding, allowing the low-
modulus Mg,Bi,” network to slide easily along the ab-plane.
During sliding, the weak interlayer Mg-Bi bonds also maintain the
overall structural integrity. Furthermore, the high TE performance
along the c-axis (PF = 26.2 pW-cm™K?) contributed to the high
output performance of the out-of-plane F-TEG. The fabricated F-
TEG exhibited a high w, of 8.1 yW-cm™"-K™ under a temperature
difference of 7.3 K. These studies demonstrate that high-
performance, low-cost plastic inorganic Mg,Bi,-based materials
are promising for advancing the development of flexible
electronics.

4.2 Organic thermoelectric materials

The fast development of organic conductive polymers has shown
the potential of conjugated polymers for flexible devices [182].
These polymers possess advantages like intrinsic flexibility, tunable
molecular structures, solvent processability, and low x [183].
However, their applications in TE field still face some challenges,
such as strong coupling between ¢ and S, poor air stability of n-
type doping, and relatively low carrier mobility [184]. To address
these issues, molecular engineering strategies, including backbone
modification, side-chain engineering, and donor-acceptor (D-A)
structure design, have been developed. Combined with efficient
chemical doping, these strategies have significantly enhanced the
TE performance [185-187].

4.2.1 Polyaniline (PANI)

As a widely studied p-type conductive polymer, PANI has the
characteristics of easy synthesis, low cost, adjustable doping level,
and environmental stability [188]. However, the rigid parts in its
molecular structure and the strong hydrogen bonds between
molecules make it difficult to dissolve, which limits its application
in the TE field [189]. Nevertheless, due to its reasonable g, it is
often composited with other high-performance TE materials
through in-situ polymerization to introduce heterogeneous
interfaces and create energy filtering effects [190]. For example,
when composited with single-walled carbon nanotubes
(SWCNTs), it improved the dispersion of SWCNTs in aqueous
PEDOT:PSS and formed a large number of highly uniform dual-
interfaces with more efficient energy filtering effect, thereby
improving the TE properties [191]. Additionally, incorporating
metal oxides or metal-doped oxide nanoparticles into the PANI
matrix to enhance S represents an effective strategy for improving
the TE performance of PANI [192-194]. Currently, the potential
of PANI in TE field lies in its role as an important component
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with composite materials, which can synergistically optimize
overall performance.

4.2.2  Polypyrrole (PPy)

Similar to PANI, the application of PPy in TE field benefits from
its relatively high o and stability. Particularly, its good
biocompatibility gives it unique potential in self-powered wearable
or implantable sensors for biomedical applications [195, 196].
However, its insoluble and infusible properties make it difficult to
prepare high-quality films through solution processing. Therefore,
its preparation primarily relies on in-situ polymerization, but this
process is difficult to precisely control the thickness of the growth
layer [197]. Qi et al. utilized a simple in-situ freezing interfacial
polymerization technique to fabricate self-supporting PPy films
with high o [198]. Nevertheless, the TE properties of the pure PPy
films remains not satisfactory, and they are more often used to
enhance the conductivity of composites [199, 200]. However, its
unique conjugated molecular structure enables strong absorption
of solar radiation ranging from ultraviolet to near-infrared regions
and efficient conversion into thermal energy. This property can be
strategically utilized to establish larger temperature gradients in TE
systems [201, 202].

4.2.3  Poly(3-4 ethylenedioxythiophene) (PEDOT)

PEDOT is currently the most promising material in the field of
organic TE. Its core advantage lies in its ability to achieve
extremely high o, low x, metallic and semi-metallic characteristic,
good environmental stability and intrinsic flexibility, making it
ideally suited for flexible devices [203, 204]. However, the inherent
rigidity of PEDOT’s conjugated backbone, strong interchain
interactions and lack of soluble functional groups render it
insoluble in water and most common organic solvents, severely
limiting its processability and application. To address this
problem, a template polymerization strategy employing water-
soluble poly(sodium 4-styrenesulfonate) (PSS) has been adopted.
During the polymerization of PEDOT, its positively charged
backbone in the oxidized state forms a stable complex with
negatively charged PSS anions via electrostatic interactions. The
hydrophilic PSS chains encapsulate the hydrophobic PEDOT
chain clusters, resulting in the formation of stable colloidal
particles with a PEDOT-rich core and a PSS-rich shell. The
sulfonate groups on the PSS shell undergo strong hydration with
water molecules, enabling the entire PEDOT:PSS complex to
disperse stably in aqueous solution, thereby resolving its
processability issue. Unfortunately, the presence of an excess
amount of the electrical insulative PSS greatly reduces the o of
PEDOT. And its further advancement is constrained by the
inherent trade-off relationship between ¢ and S. Unlocking its full
potential could rely on doping, secondary doping and dedoping,
precise manipulation microstructure, constructing 3D conductive
networks by compounding with inorganic nanomaterials
[197,205]. The process of secondary doping involves the addition
of secondary dopants to the PEDOT:PSS suspension, which
facilitates the removal of PSS chains and alters the conformation
of the PEDOT chains from benzoid to quinone structure. This
transformation enhances the n-nt stacking of PEDOT chains and
improves crystallinity, which leads to a reduction in the barrier for
carrier transport [206,207]. Dedoping aids in balancing the
electrical parameters and optimizing the overall PF by reducing n
[208,209]. To eliminate the use of toxic organic solvents,
biocompatible and non-toxic deep eutectic solvents have also been
utilized to enhance the TE properties of PEDOT:PSS [210].
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Furthermore, a sequential treatment utilizing both secondary
doping and dedoping has been shown to simultaneously raise o
and S [211,212].

4.2.4  poly(3-hexylthiophene) (P3HT)

P3HT, as a typical p-type conjugated polymer, has garnered
significant attention in the field of TE due to its suitable band gap,
solution processability, and environmental stability. Its thiophene
backbone and the hexyl side chains on the thiophene rings
provide a broad scope for tuning its charge transport properties.
Mardi et al. investigated the influence of polymer molecular
weight on dopant distribution [213]. The lower molecular weight
tended to promote dopant aggregation, whereas longer polymer
chains provided more spatial freedom, facilitating a more uniform
distribution of additives. A large amount of works has shown that
chemical doping demonstrates great potential in regulating the TE
properties of P3HT, but the contradiction with the polymer
orientation also limits the high ¢ of the material. Thermal
annealing can be employed to modify the crystallinity and
orientation of the material, thereby constructing more efficient
charge carrier pathways [214]. To break through the limitation of
low o, Byeong et al. focused on establishing conductive pathways
within the amorphous region [215]. They reduced the side chain
density of P3HT and introduced small-sized -7t aggregates into
the disordered matrix to promote the delocalization of carriers in
the amorphous region, which led to a 0 of 528.3 S-.cm™ and a PF of
1269 yW-m™ K™

4.2.5 Donor-Acceptor (D-A) polymers

The design of donor-acceptor (D-A) polymers aims to exploits the
push-pull effect between donor and acceptor units through
reasonable molecular structure [216,217]. The push-pull effect
refers to the phenomenon where the electron-rich donor units can
push electrons and the acceptor units can pull electrons because of
their strong electron attracting ability. The alternating D-A
structure helps to create a flat energy band structure that facilitates
electron transport along the polymer backbone. This strategy
guarantees intrinsically high o with minimal doping requirements,
and breaks the trade-off between o and S in traditional conductive
polymers [218]. More importantly, this material system is
expected to fill the gap in high-performance n-type organic
materials, laying the foundation for the construction of all-organic
TEDs [219,220]. Thanks to the ingenious molecular design of
organic chemistry, D-A polymers have a much broader design
space. By selecting different structural polymer units, the band gap
can be precisely controlled. Although there are still challenges in
terms of synthesis complexity, doping kinetics, and long-term
operational stability, the excellent molecular tunability and
inherent solution processability of these polymers provide vast
potential for their future TE applications [221].

4.3 Carbon-based materials

4.3.1 Carbon nanotubes

Carbon nanotubes (CNTs) have garnered significant attention in
F-TE field due to their unique one-dimensional nanostructure,
demonstrating exceptional electrical properties [4,222]. Their
extremely high carrier mobility enables the prepared macroscopic
films to have extremely high ¢ values. More importantly, their
superior mechanical flexibility and strength make them an ideal
choice for the flexible substrates. However, their TE applications
are limited by the high « and low S. Many effective strategies have
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been developed to address these issues, such as chemical doping
and hybridization. Chemical doping is the most effective method
to achieve charge transfer between CNTs and electron donors or
acceptors. Thus, it can precisely regulate the n and type. However,
there is a critical challenge in n-type doping, since the injected
high-energy electrons are easily captured by the surrounding
oxygen. Hybridization strategy is the key to achieving
performance breakthroughs. The energy filtering effect arises from
the combination of CNTs with other functional materials like
organic polymers or inorganic nanomaterials, which will enhance
S. The advantages of each component can be synergistically
combined to realize the improvement of ZT values by this method
[222-224]. During the manufacturing process, CNTs tend to
aggregate into bundles due to vdW forces, resulting in
inhomogeneous dispersion in solution [225]. To solve this
problem, surface modification strategies can improve dispersion
and optimize interface characteristics through covalent grafting or
surfactant encapsulation [226]. It should be noted that the solvent
polarity significantly influences the structure of surfactants or
polymers assembled on CNTs, which will affect the doping
efficiency and control the transformation between p-type and n-
type characteristics [227].

43.2 MXene

MXene, as a new type of 2D transition metal carbides/nitrides
material, demonstrates great potential in the field of TE energy
conversion due to its high o, tunable surface chemistry, flexible
layered structure, and rich elemental composition. Its inherent
high metallic o helps reduce energy conversion losses; while the
modification of surface functional groups can regulate the
electronic structures. And the customizable characteristics of
MXenes provide possibilities for energy collection in various
scenarios by designing different elemental compositions and
functional groups [228]. For instance, the natural defects
generated during chemical etching can be precisely controlled in
content through electrochemical methods [229]. During
electrochemical reduction, some -OH functional groups break,
forming more oxygen vacancies and reducing interlayer spacing.
These oxygen vacancies acted as donor defects and enhanced
interlayer electron transmission, which led to an increase in # and
carrier mobility simultaneously, while the S remained stable,
ultimately boosting the PF by fourfold. On the other hand, the
surface functional groups introduced during etching are prone to
oxidation and degradation in an aqueous and oxygen-containing
environment, resulting in severe attenuation of ¢ and TE
performance. Vacuum annealing can remove these surface
functional groups and change the work function of MXene.
Furthermore, for 2D materials, interlayer structure engineering
also serves as an effective strategy for optimizing their TE
performance [230]. Wang et al. constructed MXene/organic
superlattices through an exfoliation-self-assembly method [231].
The electron injection effect of the inserted organic molecules
increased n. And subsequent annealing treatment removed
interlayer water molecules, some surface groups, and edge TiO,,
enhancing interlayer coupling and carrier mobility. As a result, the
o of prepared film increased to 2.7x10° S'm™, approximately five
times higher than that of pristine MXene film, and the PF reached
~33 pW-m™K?, representing an improvement of over eightfold.

4.3.3 Graphene

As another 2D material, graphene exhibits extremely high carrier
mobility, conductivity, and outstanding mechanical strength and
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flexibility [232, 233]. However, its relatively low S and high « lead
to a low ZT value. To improve the TE performance, some
methods like the assembly of nanoribbons and the introduction of
dopants or defects have been employed [234-236]. Significant
advancements have been made by introducing graphene as a
nanofiller into other TE material systems rather than only
enhancing the intrinsic performance. This approach can give play
to synergistic effects to overcome the performance limitations of
single-component materials [237-239].

5 Film-based F-TEDs

In order to meet the requirements of complex curved surface heat
sources, replacing the rigid ceramic substrate used in inorganic
TEDs with flexible materials to closely adhere to the heat source
surface is a feasible and straightforward method for fabricating F-
TEDs. In particular, some advanced fabrication techniques, such
as 3D printing, screen printing, vapor deposition, and magnetron
sputtering, have been applied to the preparation of F-TEDs
[39,73,240,241]. These manufacturing technologies have
provided significant assistance in improving F-TEDs
performance, flexibility, stability and production efficiency. As
previously mentioned, certain ductile inorganic TE materials can
be processed into thin-film forms and applied in F-TEDs due to
their unique plasticity. Additionally, many organic polymer
materials, including PEDOT, PANI, PPy, P3HT, PBTTT, etc,
inherently exhibit promising TE properties and are considered as
another effective pathway for realizing F-TEDs. Therefore,
according to the composition of the thin-film F-TEDs, they are
classified into two categories of F-TEDs based on flexible
substrates and free-standing F-TEDs.
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5.1 F-TEDs based on flexible substrates

5.1.1 Integrate bulk TE materials on flexible films

Currently, F-TEDs comprising of inorganic bulk TE materials are
predominantly fabricated using the strategy of integrating them
onto flexible substrates. The main advantage of this approach lies
in the ability to directly apply many mature process technologies
from traditional device fabrication to the manufacturing of flexible
devices. Particularly, PI has gained significant favor among
researchers due to its excellent flexibility, stability, and outstanding
heat resistance [244,245]. Additionally, polydimethylsiloxane
(PDMS) and ultra-soft Ecoflex silicone rubber are also frequently
chosen as flexible basements [43, 73, 246]. For instance, as shown
in Fig. 6(a), a F-TEG was previously fabricated by connecting
commercial Bi,Te; and Sb,Te; TE legs using liquid metal on a
thermosetting PI substrate featuring dynamic covalent bonds
[242]. While the PI with dynamic covalent bonds and the liquid
metal material endowed the device with new characteristics such
as recyclability, self-healing capability and stretchability, the
significant difference in mechanical stiffness between the flexible
polymers and the rigid TE legs made the junctions highly prone to
fracture, which limited the tensile resistance of the device. To
address this challenge, many design concepts from stretchable
flexible circuits have been adapted for F-TEDs. Yang et al. utilized
wavy serpentine interconnects on a flexible Ecoflex substrate to
link arrays of nanolayered p-type Sb,Te; and n-type Bi,Te; TE legs
prepared via hot pressing (Fig. 6(b)) [46]. The entire device
exhibited an extensibility exceeding 50% and could conform to
various curved surfaces. Simultaneously, the prepared 10x10 array
had a low internal resistance of only 22 ohms, delivering a P, of
approximately 0.15 mW-cm™ under a temperature difference of
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19 K. Similarly, Kang et al. mitigated interfacial failure caused by
modulus mismatch between rigid islands and the flexible substrate
(PDMS) by designing the interfacial chemical bonds [243]. As
demonstrated in Fig. 6(c), they fabricated a 4x4 vertical
temperature sensing array with good extensibility and distributed
sensing characteristics. This sensing unit could withstand up to
30% tensile strain, which is the maximum strain of human skin,
and demonstrated fast response time (0.157 s), high sensitivity
(729 uV-K"), and high spatial resolution (2.75 mm x2.75 mm),
showing great potential of self-powered temperature sensing.

5.1.2  Deposit on flexible films

However, in the fabrication process of the aforementioned devices,
each individual TE leg was prepared by separate cutting. Due to
limitations in machining precision and material brittleness, it is
difficult to achieve large-scale integration and inevitable for
performance loss during device assembly. With the emergence of
various micro/nano fabrication technologies, the number of TE
couples in a single device can be significantly increased, which
markedly enhances P, of the device and also shows great
application potential in the field of electronic device cooling.
Vacuum thermal evaporation method, centered on physical vapor
deposition, enables the preparation of micron-scale or even atomic-
scale thin films by precisely controlling parameters such as
vacuum level, temperature, and evaporation rate. Building on this,
improved multi-source co-evaporation techniques allow for the
preparation of alloy or multilayer films [247-249]. As exhibited in
Fig. 7(a), Yang et al. utilized vacuum thermal co-evaporation
method to prepare Te-doped Ag,Se films on flexible PI substrates
[245]. The Te doping reduced the formation energy of the (00])
planes, enhancing both the film uniformity and the (00])
preferential orientation, which led to higher carrier mobility.
Furthermore, Te doping widened the band gap, increasing the S
and PF. Concurrently, the introduction of Teg, point defects
caused phonon scattering, reducing the film's « to 0.71 W-m™-K".
As a result, the Ag,Se film with 3.2 at.% Te doping achieved a high

Flexible substrate Highly (00/)-orientated | =
polycrystaliine film

Flexible substrate Polycrystalline film

ZT value of 127 at 363 K. Following, an organic polymer
protective layer was spun coated on its surface to enhance the
film's flexibility. After 1000 bending cycles with a radius of
6.3 mm, the resistance change rate was only 2.5%. Finally, a F-
TED assembled from a pair of p-type Sb,Te; and n-type Ag,Se
films achieved a w of 1.5 mW-cm™ at AT = 20 K [245]. Similarly,
magnetron sputtering also falls under the category of physical
vapor deposition, which is an advanced technique conducted
electric and magnetic fields to control Ar jons for bombarding the
target substrate in a vacuum environment. This technology could
achieve target atoms sputtering and depositing onto a substrate to
form a thin film. By covering the patterned mask template on the
substrate, it is possible to achieve the one-step fabrication of
multiple TE materials, avoiding subsequent assembly steps and
improving overall device consistency [20, 86,250]. Figure 7(b)
displayed a meaningful attempt by utilizing magnetron sputtering
technology to fabricate an ultra-thin TED with 572 TE modules
[251]. As shown in Fig. 7(c), Zhang et al. developed a F-TED with
a vertical m-type structure using a pulse electroplating process
[252]. The main fabrication process was as follows: First, a 100 nm
thick Au electrode was deposited on a PI substrate. Next, the
bottom electrode and connecting lines were patterned through
photolithography and wet etching. Then, photolithography was
performed again to etch holes with a diameter of 200 um in SU-8
mold above each electrode. Subsequently, Bi,Te; and Sb,Te, TE
pillars were alternately deposited into each hole using pulse
electroplating. Finally, the top electrodes were prepared, and the
photoresist was removed. Precise control over the number and
duration of the electroplating cycles resulted in deposited TE
pillars with good uniformity and nearly identical heights. More
importantly, the electrical contact between the TE pillars and the
electrodes was improved by adjusting the electroplating conditions
and applying a deposition-dissolution treatment. After optimizing
the height and quantity of the TE pillars, the device achieved a w
of 14.3 mW-cm™ [252].
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5.1.3 Print on flexible films

While the aforementioned micro/nano fabrication processes show
great potential for device miniaturization and high-density
integration, their high cost and complex procedures often limit
large-scale applications. Screen printing technology, a relatively
inexpensive and scalable method for producing flexible films, has
been widely adopted in the TE field in recent years [36,240].
Bi,Te; is a commercially successful inorganic TE materials with
outstanding performance near room temperature. However,
Bi, Te, films prepared via screen printing typically suffer from poor
density, leading to low ¢ and a tendency to crack under bending.
That limits the overall device performance [251,253]. Therefore,
the ink formulation and sintering process are crucial factors in
obtaining flexible films with high TE properties [32]. Figure 8(a)
indicated single-crystal Ag-doped Bi,Te; nanosheets and Te
nanorods with controllable sizes via a specially designed
solvothermal method [254]. Subsequently, highly (00])-oriented
Bi,Te; films were obtained by screen printing and spark plasma
sintering (SPS) technology. In this process, the Te nanorods acted
as a “nano-binder”, effectively bridging the Bi,Te; nanosheets,
significantly enhancing the film’s density, and triggering an
effective energy filtering effect. The results demonstrated that by
optimizing # and mobility while maintaining a high S, a high PF
of 18.5 pW-cm™-K was achieved at 303 K. Furthermore, a flexible
device assembled on a PI substrate using two pairs of
n-type Bi,Te; and p-type Biy,Sb,¢Te; achieved a high w, of
3 uW-cm™K”. Additionally, 3D printing, as a rapidly developing
additive manufacturing technology, can construct block
components layer by layer based on 3D computer-aided design

#ﬂo Research Energy 2026, 5: 9120220

models. As demonstrated in Fig. 8(b), Xu et al. utilized extrusion-
based 3D printing for the high-efficiency, large-scale fabrication of
high-performance TE cooling devices [244]. By optimizing the ink
composition and concentration, n-type Ag,Se and p-type
(B1,Sb),Te; inks suitable for 3D printing were obtained. The n-
type ink was prepared by mixing Ag,Se particles with a size range
from 50 to 300 nm with glycerol at a 1:2 mass ratio. The p-type
ink was formulated by mixing BiysSb,sTe; powders with two
inorganic solid binders, Bi nanoparticles and Sb,Te, chalcogenide
(ChaM), in ethylene glycol and xanthan gum.

During the subsequent sintering process for solvent removal,
interfacial bonding between the inorganic particles was promoted,
resulting in high ZT values of 1.42 for p-type and 1.3 for n-type at
room temperature [244]. This work provides guidance for
developing  high-performance semiconductor particle ink
formulations suitable for 3D printing. As seen in Fig. 8(c), Liu et
al. controlled the ink formulation and printing parameters to
fabricate TE arrays with micro-scale resolution and controllable
dimensions using inkjet printing technology [39]. By further
tuning the film microstructure, the printed Ag,Se/15% Ag
composite film exhibited (00]) texture characteristic, achieving a
high PF of 1097 yW-m™-K? at 377 K. Benefiting from the high
integration density of the printed device, a record-high w, of
2 uW-K?*cm? was achieved. The device also demonstrated
excellent flexibility with less than 10% promotion in resistance
after 3000 consecutive bending cycles under different radii. These
works provide guidance for developing high-performance
semiconductor particle ink formulations suitable for printing.
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5.2 Free-standing F-TEDs

Numerous F-TEDs with application potential have been fabricated
by combining inorganic TE materials on flexible substrates in the
past decade. However, this fabrication strategy also faces several
limitations. Firstly, the flexible substrates used in the process are
mostly polymer materials, which generally cannot withstand high
processing temperatures and lack sufficient heat resistance.
Secondly, the inherently low x of polymers introduces high
interfacial thermal resistance, reducing the temperature difference
across the TE materials and limiting the device’s power output.
Finally, the significant modulus mismatch between the flexible
polymers and the rigid inorganic TE materials makes the interface
prone to delamination under long-term bending, stretching, and
other deformations, leading to device failure. Consequently, the
development of free-standing F-TE films without flexible
substrates has attracted considerable attention in recent years
[240, 255]. Next, we will introduce several common strategies for
preparing free-standing F-TE films. Firstly, many ductile inorganic
materials can be processed into film form through methods such

-
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as peeling or rolling. Secondly, self-supporting flexible films can be
obtained after removing the growth substrate. Finally, many
polymers that inherently possess TE properties can be further
modified to enhance their performance.

5.2.1 Inorganic free-standing films

Due to the metal-like processability exhibited by materials such as
Ag,Q (Q =S, Se, Te) and AgCuQ, inorganic TE films with certain
flexibility can be readily obtained by processing their ingots. For
instance, Liang et al. effectively developed a few-micron-thick fully
inorganic silver sulfide TE film using simple rolling process
(Fig. 9(a)) [256]. The Ag,S)455€p45T¢e,, film achieved a ZT value of
0.47 at room temperature, and a TEG fabricated with this material
realized a Vi of 1.19 mV and a w of 1.8 mW-m™ As shown in
Fig.9(b), Gao et al. reported that various bulk brittle
semiconductor materials, such as Cu,Se, Ag,Se, and BigSb,, can
be plastically deformed via warm metal processing. That was, they
can be processed like metals at temperatures of 400-500 K into self-
supported, large-area, high-quality films with thicknesses ranging
from the macroscopic scale down to the micrometer scale [257].
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The films processed in this way retained the excellent and tunable
physical properties of the bulk materials, such as carrier mobilities
as high as approximately 5000 cm*V~"s”, and o tunable over six
orders of magnitude via chemical composition adjustment. A case
study on a film-based TED demonstrated an ultra-high w, of
43-54 uW-cm™>K”. Interestingly, similar to the mechanical
exfoliation of graphene, Lu et al. successfully exfoliated layered
Bi,Te; films by adhering Scotch tape closely onto the (0001
cleavage plane of a single-crystal Bi,Te; (Fig. 9(c)) [12]. The study
found that atomic rearrangement around the vdW gaps during
exfoliation led to the spontaneous formation of a staggered-layer
structure. This structure allowed stress propagation during
bending, resulting in excellent flexibility of the film even after 1000
bending cycles. Simultaneously, it minimized the degradation of
carrier transport along the direction of the thermal gradient. At
room temperature, the n-type and p-type materials achieved PFs
of 4.6 and 42 mW-m™K?, respectively. This finding inspired to
use this method exfoliating other layered inorganic materials with
high ZT values, such as Bi,Se; and SnSe. Figure 9(d) displayed
high-quality SnSe single-crystal films obtained by combination of
growing SnSe single crystals using the Bridgman method and the
tape exfoliation technique [41]. These films maintained good
flexibility while achieving a high PF of 24 yW-cm™-K? at 300 K.
Furthermore, a F-TED was designed and assembled on a PI
substrate using two pairs of SnSe and Bi,Te,,Se, films, achieving
a w of 257.4 W-m™ under 60 K temperature difference. However,
this method is not universally applicable to all inorganic TE
semiconductors. Developing new inorganic TE materials with
intrinsic plasticity and improving the TE performance of existing
materials remain the research focus.

In contrast to the above top-down fabrication strategies, self-
supported inorganic TE films can also be prepared using bottom-
up method [260-262]. This approach requires a weak bond
between the inorganic material and the substrate, allowing the
substrate to be easily removed. As exhibited in Fig. 9(e), Paul et al.
used mica as a sacrificial substrate to synthesize flexible inorganic
calcium cobaltate (Ca;Co,O,) films via reactive radio-frequency
magnetron cosputtering [258]. Due to the weakly bound layered
aluminosilicate structure of mica, the Ca;Co,O, films could be
easily peeled off the substrate without compromising their
functionality. Within the temperature range from room
temperature to 673 K, the PF value of prepared flexible film
exhibited nearly constant, approximately 12 pW-.cm™'K>
Furthermore, there was very little performance change during the
bending test with a radius of 14 mm. Additionally, van der Waals
epitaxy (vdWE) is a technique that utilizes weak intermolecular
forces between the inorganic film and the substrate to realize
epitaxial growth. Its most significant feature is that it overcomes
the strict requirements for lattice matching in traditional epitaxy,
making it possible to grow high-quality, low-defect single-crystal
films on any substrates [263-265]. As shown in Fig. 9(f), Fu et al.
grew vdWE Biy;Sb, ;Te; (BST) films on a sapphire substrate using
pulsed laser deposition [259]. Subsequently, the films were
separated from the substrate via chemical etching and successfully
transferred onto flat or curved glass and flexible PET. During the
epitaxial growth, the weak vdW interaction between a
pseudomorphic Te monolayer formed in situ on the sapphire
substrate and the Te atomic layers in the BST film reduced the
traditional clamping effect between the epitaxial film and the
substrate. This ensured that the film could be separated from the
substrate by selectively etching the Te monolayer using dilute HF
solution. To protect the BST film during chemical etching and
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facilitate its transfer, a layer of poly(methyl methacrylate)
(PMMA) approximately 100 nm was spin-coated onto the BST
film and completely removed after the transfer was complete.
Furthermore, to achieve strong adhesion to the carrier, the BST
film was baked at 373-393 K. Because the BST film maintained
high crystallinity during the peeling and transfer processes, it
achieved a high ZT value of 0.9 at 300 K.

5.2.2  Orguanic free-standing films

In contrast to inorganic TE materials, the applications of
conductive polymers in the TE field are constrained by their lower
conductivity and the instability of n-type doping [42, 266, 267]. To
address these challenges, researchers have employed molecular
chain engineering. The TE properties of conjugated conductive
polymers are closely related to their structural characteristics.
Therefore, regulation of the polymer backbone and side chains
can significantly influence their charge transport behavior and
electrical properties. A fully conjugated backbone with alternating
single and double bonds, formed by sp*-hybridized carbon atoms
creating a delocalized m-electron system, provides a high-speed
channel for charge transport. The conjugation length and rigidity
of backbone structure are the core factors determining the upper
limit of its TE performance, as they fundamentally dictate the
material’s charge transport capability and conduction type
through its band structure [268-270]. The donor-acceptor (D-A)
alternating structure can systematically reduce the band gap and
precisely control the energy level through the intramolecular
charge transfer effect between the electron donor and acceptor
units [57]. As shown in Fig. 10(a), Tang et al. summarized the
optimal TE performance of doped conjugated polymers in a
coordinate diagram through an extensive literature review [56].
The results indicated that the donor (D) units in D-7 structure
polymers helps with a higher degree of charge transfer with
dopants, thus having a larger 0. In contrast, the acceptor (A) units
in D-A type polymers promote energy disorder along the n-
backbone, favoring a higher S. Most high-performance p-type -
conjugated polymers belong to the D-m structure. Considering the
application of polymer TE materials in wearable devices, a high S
is often required due to small temperature gradients. D-m
polymers seem to be difficult to meet this demand. Therefore, the
D-A structure could be a better platform for achieving superior
TE performance. But simultaneously realizing higher o while
maintaining an excellent § (>100 uV-K") remains a primary
challenge. Unlike the situation in p-type polymers, no obvious
aggregation of data points was observed for n-type polymers. The
main reason for this phenomenon is the lower n-type doping
efficiency [56]. To match the o of p- type polymers and construct
all-polymer F-TEDs, A-m- and A-A-type structures might be
better platforms. Higher n-type doping efficiency can be achieved
through rational design of the polymer mn-backbone [270].
Additionally, the polymer backbone structure that tends to a
planar conformation will facilitate ordered intermolecular packing,
thereby enhancing mobility [271,272]. As can be seen in
Fig. 10(b), Sun et al. prepared a structurally simple quinoid
molecule, thieno[3,2-b]thiophene-2,5-dione (TTD), with small
steric hindrance, strong electron-deficient character, and absence
of isomers via a one-step synthesis [273]. Single-crystal structure
analysis of TTD confirmed its quinoidal character, exhibiting a
fully planarized backbone structure and a nt-m stacking distance of
3.45 A. Thanks to the strong electron affinity and quinoidal nature
of the TTD unit, the polymers PQD and PQTD exhibited low
lowest unoccupied molecular orbital (LUMO) energy levels of
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Figure 10 Regulate molecular chain structures to enhance the TE performance of free-standing organic film. (a) Summary of the best-performing p- and n-type
Donor-Acceptor polymeric TE materials in literatures. Reproduced with permission from Ref. [56], © American Chemical Society, 2022. (b) Molecular design to gain a
polymer backbone with planar conformation. Reproduced with permission from Ref. [273], © Wiley-VCH GmbH 2025. (c) Regulation of the side chain length.

Reproduced with permission from Ref. [274], © American Chemical Society 2024. (d) TRAC method to remove silane side chains. Reproduced with permission from

Ref. [275], © Wiley-VCH GmbH 2025.

-391 and -3.73 eV, respectively, and displayed a thermal
population of radical states. Additionally, PQD and PQTD had n-
type transport characteristics, with optimized electron mobilities
reaching 0.19 and 0.011 cm*V™s”, respectively. Notably, the
carrier polarity in organic field-effect transistors (OFET) based on
PQD and PQTD transitioned from p-type to ambipolar, and
eventually to n-type during thermal annealing. This transformation
stemmed from the enhancement of crystallinity induced by the
annealing treatment, which reduced the barrier for electron
transport but increased the barrier for hole transport. After being
n-type doped with the dopant molecule TAM, the PQD film
gained a high o of 192 S.cm™ and a PF of 36.7 pW-m™K?, with
the PF being the highest value reported among n-type conjugated
polymers containing quinoid structures [273].

The side chain structures also significantly influence the
properties of TE materials. The effect of side chains on molecular
packing and microscopic morphology can modulate charge
transport. Introducing polar side chains can create stronger
interactions with dopants, promoting a more uniform distribution
of the dopants in the matrix. This improved the compatibility and
prevented aggregation, which will damage the electrical
performance. Thereby, the balance between ¢ and S was achieved
through fine regulation of n. Furthermore, side chains with
appropriate length and structure can induce ordered m-t stacking
of the rigid conjugated backbone, forming crystalline or semi-
crystalline regions, thereby significantly enhancing carrier mobility
and conductivity [276-278]. Long and flexible alkyl side chains

can increase the isolation and mobility among backbones, thereby
improving the solubility to meet the requirements of solution
processing. However, overly long side chains may cause molecular
chain entanglement. What is more serious is that longer alkyl side
chains will lead to excessive isolation and hinder charge
transmission. For example, Peng et al. synthesized three
naphthalenediimide (NDI)-based conjugated polymers with
amphiphilic side chains that possessed ethylene glycol end-groups
of varying lengths, as seen in Fig. 10(c) [274]. And the effects of
side chain polarity, conformation, and length on doping efficiency,
charge mobility, and TE performance were systematically
investigated. The study found that the polarity of the conjugated
polymer increased with the length of the ethylene glycol-
terminated side chain. Simultaneously, the side chains adopted a
more extended conformation in solution, which reduced the
spatial obstruction to backbone m-stacking, thereby enhancing
dopant-polymer compatibility. This was beneficial for improving
both carrier mobility and doping efficiency. However, excessively
long insulating side chains also dilute the charge transport
pathways. Consequently, PNDI-40-Tz, with a medium-length
side chain, exhibited the best performance, achieving a o of
2.76 S-cm™ and PF of approximately 28.4 yW-m™K? [274]. To
avoid the adverse effects of insulating side chains on the
conductivity of conjugated polymers, Zhong et al. ingeniously
introduced silane side chains into a benzothiadiazole (BT)-based
conjugated polymer (Fig. 10(d)) [275]. After the polymer film was
prepared via solution processing, the silane side chains were
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rapidly cleaved under heating using trifluoromethanesulfonic
(TfOH) acid. This termed thermal-assisted rapid acid cleavage
(TRAC) method successfully helped the molecular packing
orientation shift from a mixed face-on/edge-on to a
predominantly edge-on orientation. Concurrently, the lamellar
spacing and m-m stacking distance decreased significantly,
indicating intense molecular packing of the skeleton. This
markedly promoted backbone delocalization and facilitated rapid
charge transport. Finally, the BT-TT film doped by FeCl, achieved
an exceptional o of up to 730 S-cm™ and a PF of 81 pW-m™K?,
respectively [275]. Similarly, Li et al. reported a n-type conjugated
polymer, P(Py2FT), characterizing a cationic backbone without
side chains [279]. Compared with other polymers with long side
chains, this polymer exhibited a shorter lamellar distance and a
comparable m-m stacking distance. Simultaneously, the cationic
units significantly increased the electron density of the LUMO
along the entire connecting chain. This led to a shortening of C-C
single bonds and an enhancement of backbone planarity upon
doping. Ultimately, the P(Py2FT) film demonstrated an n-type o
of 28.1 S.em™ and a PF of 28.7 pyW-m™ K™ These results indicate
that side-chain-free polymer design is an effective method to
enhance the electrical transport properties of TE polymers.

The aggregated state of polymers also plays a crucial role in
their TE properties. Therefore, it can be significantly enhanced by
precisely controlling their microstructural orientation, such as
chain alignment and crystalline domain orientation. By applying
external forces to make the polymer chains preferentially align
along the charge transmission direction, highly ordered crystalline
domains can be formed, which markedly reduces grain boundary
scattering and improve the carrier mobility along the orientation
direction. For this purpose, researchers have developed a series of
physical and chemical methods to induce and optimize the
microstructural orientation of polymers. Inducing the orientation
of polymer chains through the shear force during the solution
processing is the commonly used and most scalable method. That
is, move the coating rod on the substrate to make the polymer
solution flow under the shear force, and the molecular chains
are straightened and aligned in the flow direction. As shown
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in Fig. 11(a), Wu et al. synergistically optimized TE property of a
thiophene-based polymer thin film via blade coating, combining
with the novel conformational locking molecular structure design
[280]. Additionally, mechanical stretching is another common
method for controlling the polymer’s aggregated structure
[281,282]. In addition to the aforementioned physical methods,
Chen et al. employed a chemical blending method by adding a
small amount of nucleating agents to a thiophene-based polymer
to achieve controllable modulation of the film’s crystallization
behavior (Fig. 11(b)) [283]. By adjusting the amount of nucleating
agent, they successfully reduced the grain boundary resistance and
promoted crystalline order within domains, thereby enhancing PF
to 1894 S-em™. Beyond microstructural orientation, manipulating
the film structure through post process to reduce « has also been
exploited to improve TE performance. For example, Fig. 11(c)
described a porous polymer PDPPSe-12 film using microstructure
engineering, which exhibited not only high TE performance but
also rich structural colors [43]. The porous structure enhanced
phonon-like scattering, resulting in a reduction of x over 50% for
the film. This led to an increase in ZT value by 170%, reaching
0.52 at 363 K. The highly ordered porous structure endowed the
PDPPSe-12 film with rich structural colors and excellent
stretchability. Such high-performance, colorful and stretchable
porous TE polymer has considerable application prospects for
wearable energy harvesting. As depicted in Fig. 11(d), Wang et al.
achieved a high ZT value by creating TE plastics with a periodic
double-heterojunction architecture [47]. Each period consisted of
two polymers forming sub-10 nm heterojunction layer and
interpenetrating bulk-heterojunction interfaces. Surprisingly, such
geometric configuration enables highly efficient charge transport
while generating greatly increased interfacial phonon-like
scattering, resulting in a remarkable suppression of x by more
than 60%. Compared to the single polymer, a ZT value as high as
1.28 was reached at 368 K. This property surpassed that of existing
F-TE materials and commercial TE materials. What’s more, the
compatibility of this multi-heterojunction structure with solution-
coating technology can meet the requirements for fabricating large-
area F-TEDs.

Figure 11 Regulate microstructural alignment and membrane structure to enhance the TE performance of free-standing organic film. (a) Induce the orientation of
polymer chains through the shear force by blade coating. Reproduced with permission from Ref. [280], © The Royal Society of Chemistry 2023. (b) Add nucleating
agent to promote semicrystalline conducting polymer crystallization. Reproduced with permission from Ref. [283], © Wiley-VCH GmbH 2025. (c) Introduce periodic
porous structures to reduce the thermal conductivity of the film. Reproduced with permission from Ref. [43], © Wiley-VCH GmbH 2024. (d) Multi-heterojunctioned
structure to reduce the thermal conductivity of the film. Reproduced with permission from Ref. [47], © Wang, D. Y. et al. under exclusive licence to Springer Nature

Limited 2024.
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5.2.3 Inorganic/polymer composite free-standing films

Benefiting from the solution processability of organic polymers,
inorganic TE fillers can be introduced into organic polymer
matrices or carbon materials via simple solution blending or in-
situ synthesis methods. Subsequently, flexible self-supported TE
films can be readily constructed using techniques like casting, spin-
coating, printing, or vacuum filtration. The energy barriers that
form at interfaces between inorganic fillers and the matrix can
filter out low-energy charge carriers, which results in an enhanced
S. To achieve higher TE performance, a high loading of fillers is
usually required. Therefore, it is particularly important to ensure
their uniform dispersion within the polymer solution and prevent
agglomeration or sedimentation during preparation. As shown in
Fig. 12(a), Culebras et al. synthesized positively charged PEDOT
nanoparticles (PEDOT:NPs) dispersible in water and used them as
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a structural directing agent [284]. Employing an electrostatic layer-
by-layer self-assembly method, they successfully deposited anionic
PEDOT:PSS-stabilized ~ double-walled ~ carbon  nanotubes
(DWCNTSs) and PEDOT:NPs aqueous solutions alternately onto a
substrate, ultimately obtaining a fully organic composite film with
hierarchical architectures. The results indicated that the highly
ordered 3D conjugated network formed between the DWCNTSs
and the PEDOT matrix via strong - interactions facilitated
charge transport within the film. A 20-bilayer film achieved a o of
744 S-cm™, a S of 83 uV-K", and a PF of 512 yW-m™-K” [284]. In
another work, Zhang et al. prepared a self-supported flexible
Ag,Se/carbon composite film by screen-printing a formulated
Ag,Se/PVP/EG ink onto a PI substrate, followed by annealing in a
vacuum furnace (Fig.12(b)) [240]. During high-temperature
annealing, the PVP gradually pyrolyzed and carbonized.
Concurrently, the evaporation of EG from the bottom to the top
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Figure 12 Enhance the performance of F-TE films through hybridization strategies. (a) Multilayer PEDOT:NPs/DWCNT-PEDOT:PSS thin films with highly ordered
structure. Reproduced with permission from Ref. [284], © Elsevier B.V., 2023. (b) Free-standing Ag,Se/carbon composite TE films. Reproduced with permission from
Ref. [240], © Elsevier Ltd. 2025. (c) Flexible free-standing g-C,sN;-COF/SWCNTs composite TE films. Reproduced with permission from Ref. [285], © Donghua
University, Shanghai, China 2025. (d) SWCNTs/Ag,Se films fabricated via in situ method. Reproduced with permission from Ref. [286], © Elsevier B.V. 2023.
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surface of the composite film created a carbon content gradient
distribution along the thickness direction. Accordingly, the Ag,Se
particles, constrained by both the substrate and the settled Ag,Se
layer, tended to grow with an in-plane textured orientation, while
the Ag,Se grains in the carbon-rich top layer preferred to grow
freely into equiaxed crystals. Therefore, a weak texture gradient
Ag,Se grains was also established. Meanwhile, the evaporation led
to the formation of numerous micropores in the film, which were
beneficial for releasing stress and consuming energy during
bending. As a result, the composite film exhibited excellent
stability and flexibility, retaining over 90% of its o after
3000 bending cycles with a radius of 4 mm. The removal of the
underlying slurry weakened the adhesion between the film and the
PI substrate, allowing the composite film to be easily peeled off
after high-temperature annealing process. Regarding TE
performance, the composite film exhibited a high PF of
1761 pW-m™K? and a ZT value of 0.81 at room temperature,
because of the well-crystallized grains and the low x caused by
strong phonon scattering. A F-TED constructed by connecting
such four film legs achieved a wg, of 229 W-m™ under
AT = 314 K [240]. Beyond polymers, low-dimensional carbon
materials are also used as flexible supports. In recent years,
covalent organic frameworks (COFs), as a class of crystalline
porous polymeric materials, have been explored for developing
novel TE materials due to their m-extended skeletons, long-range
ordered structures, and regular channels. As can be seen in
Fig. 12(c), Wang et al. synthesized vinylene-linked COFs with a
triazine core via Knoevenagel condensation [285]. They further
modulated the lengths and diameters of the nano-/micro-fibers by
changing the polyphenylene building blocks to ensure
compatibility with subsequently used SWCNTs for obtaining high-
quality thin films. Finally, flexible self-supported COF/SWCNTs
composite films were prepared via simple vacuum-assisted
filtration. The results showed that the film containing 30 wt.% g-
CsN;-COF achieved the highest PF of 68.93 yW-m™ K™ at 420 K.
And a F-TED was assembled by connecting four such legs in
series with silver electrodes, releasing a w,,, of 0.32 W-m™at AT =
35 K. Furthermore, the device demonstrated outstanding stability,
with a resistance change rate of less than 5% after 1000 bending
cycles with a radius of 15 mm. To mitigate the additional contact
resistance introduced by insufficient contact between the TE fillers
and the support materials in the ex-situ methods, in-situ synthesis
of the inorganic TE materials on the support surface is a common
modification strategy [42, 287]. For example, Hu et al. grew Ag,Se
in-situ on the surface of SWCNTs, which was shown in Fig. 12(d)
[286]. Subsequently, a SWCNTSs/Ag,,,Se film was successfully
prepared on a nylon membrane via vacuum filtration. After
drying, cold-pressing, and annealing, the film with 10 mol%
SWCNTs exhibited a PF of 19.36 uW-cm™ K™ at 300 K, attributed
to the increased » and enlarged effective mass caused by additional
interstitial Ag introduced during the in-situ growth of Ag,Se. This
film still retained 95% of its initial o after 1000 bending cycles with
a radius of 5 mm. A F-TEG assembled from this material achieved
a P, of 0.72 uW. Table 1 summarizes the flexibility and output
properties of advanced film-based TEDs in recent years.

6 Fiber-based F-TEDs

F-TEDs fabricated as thin films or on flexible substrates enable

unidirectional bending to some extent and can conform to regular
curved surfaces. However, in wearable applications, their dense
structure

results in inadequate breathability. And more

Sci@pen
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importantly, it’s difficult to achieve omnidirectional bending, thus
the poor comfort limits their practical application in wearable
scenarios requiring long-term wear. In contrast, fiber materials
offer unique advantages, including light weight, breathability,
stitchability and stretchability, allowing them to adapt readily to
various mechanical deformations encountered in daily human
activities. Therefore, fiber-based devices are widely utilized in the
wearable field [288]. Some conductive polymers can be easily
fabricated into TE fibers using wet-spinning, electrospinning and
dip-coating methods.

6.1 Single TE fibers or yarns

6.1.1 Individual n-type or p-type TE fibers/yarns

Earlier studies focused on enhancing the performance of TE fibers
and exploring the corresponding mechanisms. Individual n-type
or p-type TE fibers were connected in series via wires to measure
their output performance. Furthermore, owing to their distinct
one-dimensional characteristics, these fibers can be woven into
existing textiles or mesh support structures to more effectively
establish a temperature gradient. For instance, as shown in
Fig. 13(a), Komatsu et al. reported the TE performances of
macroscopically weavable CNT fibers [289]. The Fermi level was
tuned near the 1D van Hove singularity (VHS) through chemical
treatment to obtain a higher S. Simultaneously, since the prepared
CNTs fibers have high orientation, high density, high CNT aspect
ratio and low impurity content, they exhibited ultra-high o
exceeding 10 MS-m™, and a high PF of 14+5 mW-m™K” was
obtained. A power generation unit was constructed by stitching 15
CNT fibers together with stainless steel threads into a cotton fabric
and using Ag paste at the junctions to ensure reliable electrical
connections. Connecting four such units in series within a circuit
successfully powered an LED. As can be seen in Fig. 13(b), Wang
et al. attempted to apply metal framework polymers to the TE field
[80]. This is a novel class of polymers featuring a unique backbone
structure formed by metal atoms bonding with each other
through a metallic bond. This distinctive skeleton provides unique
quantum confinement effects for charge transport, enabling the
regulation of carrier transport properties. Meanwhile, various
functional designs can be achieved by changing the metal atom
types and ligand structure. They employed a shear-induced
orientation strategy to align the nickel-based polymer (NBP) onto
oriented CNTs, successfully preparing a novel NBP/CNT fiber.
The introduction of NBP not only reduced defect density but also
induced the dedoping effect, thereby achieving simultaneous
improvements in ¢ and S. This led to a PF of 719.48 yW-m™-K?,
which is 3.5 times that of pure CNT fibers. A power generation
device was fabricated by connecting 9 NBP/CNT fibers in series
using nylon thread coated by Ag and applying Ag paste at the
interface to achieve ohmic contact. When woven into a cuff, this
device generated an V¢ of 3.09 mV at a temperature difference of
8 K [80]. In order to address the shortcoming of n-type TE
materials, Li et al. introduced the n-type TE material Ag,Te into
the PEDOT:PSS fiber matrix (Fig. 13(c)) [290]. High-performance
n-type TE fibers required a sufficient content of Ag,Te within the
fiber. However, the poor compatibility between inorganic fillers
and the organic matrix often limited the realization of high filler
loading. They coated PEDOT:PSS on the surface of Ag,Te
nanowires (PC-Ag,Te) through a liquid-phase reaction, thereby
improving their dispersion within the matrix. Subsequently, the
PEDOT:PSS/PC-Ag,Te composite fibers with a high loading of
875 wt% were prepared by wet-spinning technique. The
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Table1 The comparison of flexibility and output properties of advanced film-based TEDs in recent years

Bending

. . Normalized PF Winax
Materials (mﬁ(;;lcl;rclles resistance change (WW-cm™K~) ZT Voc (mV) Prax (BW) (LW-m) w, Ref.
Ag,Se 5/2000 8% ~36 (300K) 1.15 ~236A';SlgoKp)a“s’ — ~256  ~9.09 yW-mK*  [3]
Ag,Se 5/1000 <10% 30.8 (343K) 0.9 ZZTISOI%S 0.58 8.07x10° 1.82 pW-cm>K?*  [75]
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composite fibers successfully transformed into n-type conduction
characteristics with increasing Ag,Te content. The prepared
composite fibers achieved a S of -61.3 uV-K* and a PF of
65.3 yW-m™-K?. Meanwhile, the elongation at break and tensile
strength of this composite fiber were 47.37% and 6.59 MPa
respectively, indicating excellent mechanical strength [290].
Compared with carbon-based or polymer-based TE materials,
inorganic semiconductor materials have greater practical
application potential due to their higher o and larger S, which
collectively result in higher ZT values. This makes them more
suitable for meeting the increasing power demands of wearable
devices [28]. In recent years, the thermal drawing technology has
emerged as an efficient and cost-effective solution for processing
high-performance inorganic TE materials into fibers that
simultaneously possess high conversion efficiency and excellent
flexibility. This process involves fixing one end of the preformed

rod in the heating furnace, and then thermally drawing the fiber
after the material is heated above its softening temperature. To
obtain ultra-long and continuous fibers, it is necessary for the core
and cladding materials of the fiber preform to match in terms of
viscosity, melting point, thermal expansion coefficient, and
thermal drawing temperature. As depicted in Fig. 13(d), Zhang et
al. utilized this thermal stretching process to stretch a rod preform
consisting of a SnSe core and a borosilicate glass cladding,
obtaining ultra-long polycrystalline SnSe wires with high flexibility
and mechanical stability [138]. Then, a post-treatment process of
laser-induced directional recrystallization was employed to
produce single-crystal SnSe TE fibers. During the initial thermal
drawing, the rapid cooling rate and low fiber tension at high
temperatures were conducive to the formation of the amorphous
phase, resulting in poor TE properties. While, after a tiny region of
the polycrystalline SnSe was irradiated by laser, it was heated to a
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Figure 13 The fabrication of single TE fibers/yarns. (a) Macroscopic weavable CNTs-based TE ﬁbers Reproduced with permission from Ref. [289], © Komatsu, N. et
al. 2021. (b) Flexible TE fibers from metal-backboned polymers. Reproduced with permission from Ref. [80], © Wiley-VCH GmbH 2024. (c) Flexible n-type
PEDOT:PSS/PC-Ag,Te NWs composite TE fibers. Reproduced with permission from Ref. [290], © American Chemical Society 2025. (d) Single crystalline SnSe fibers
obtained through thermal drawing method and post-draw laser recrystallization process. Reproduced with permission from Ref. [138], © WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim 2020. (e) Micro-nano TE fibers prepared by the glass-fiber-template thermal drawing method. Reproduced with permission from Ref. [291],
© Wiley-VCH GmbH 2022. (f) n-type PBDF fibers obtained by wet-spinning method. Reproduced with permission from Ref. [292], © Wiley-VCH GmbH 2023.

molten state and then cooled again to crystallize, gaining single
crystal. As a result, the single crystal SnSe fibers obtained an
extremely high ZT value of 2 at 862 K, far surpassing that of the
polycrystalline fiber [138]. In another study, Sun et al. employed a
two-step thermal drawing process to fabricate micro/nano
polycrystalline TE fibers by stretching bulk Bi,Te;-based material
within a glass-fiber template (Fig.13(e)) [291]. During the
drawing process, stress-induced oriented nanocrystal and the
creation of strain-distorted interfaces simultaneously enhanced o
and reduced «. As a result, TE fibers with a diameter of 4 ym
exhibited a remarkably high ZT value of 1.4 at 300 K, which was
40% higher than that of the corresponding bulk material.
Moreover, these fibers demonstrated outstanding mechanical
flexibility, with a resistance increase of less than 10% after
100 bending cycles with a radius 50 um. The achieved bending
strain of 4% approached the theoretical elastic limit of Bi,Te,
(~5.5%). As research progresses, this thermal drawing
technique was extended to other material systems, such as
Ag,TeysSos [293,294]. However, it must be pointed out that
fabricating F-TE fibers through this method often imposes
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stringent requirements on material selection, design, and precise
control of the processing parameters, which limits its widespread
application.

In the aforementioned cases of power generation devices, the
use of another material as connecting wires for the TE fibers
inevitably limits the further improvement of device output
performance. Therefore, from the perspective of practical
application, it is an inevitable choice to construct fiber-based
F-TEDs by alternately connecting performance-matched
n-type and p-type TE fibers in series. For instance, Ruben et al.
made the first attempt to directly spin pure n-type polymer fibers
using an isopropanol coagulation bath wet-spinning method,
obtaining n-doped poly(3,7-dihydrobenzo[1,2-b:4,5-b’]difuran-2,6-
dione) (n-PBDF) fibers (Fig.13(f)) [292]. By alternately
connecting two bundles of n-type PBDF fibers with two bundles
of p-type PEDOT:PSS fibers, a P, of 240 nW was generated
under a temperature difference of 22 K. Yin et al. impregnated
CNT yarns (CNTYs) with oleylamine (OAm) for modification,
obtaining a n-type OAm/CNTY yarns after drying in air [295].
The specific TE properties of this OAm/CNTY yarns
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achieved a o of 1353.18 S-cm™, a S of -80.48 pV-K", and a PF of
87625 yW-m™K?. More importantly, during the impregnation
process, the OAm was coated the surface of the CNT bundles and
formed a dense structure within the yarns. The excellent stability
of the dopant OAm contributed to the prevention of CNTs from
adsorbing oxygen in the air. As a result, after being stored in air
for 370 days, S and o retained 96.90% and 90.01% of their initial
levels, respectively, demonstrating the excellent air stability of this
n-type material. A wearable TE generator was constructed by
serially connecting 150 pairs of p-type pristine CNTY and n-type
OAm/CNTY using conductive Ag paste. This device achieved Vi
of 70594 mV and P, of 4434 pW under a temperature
difference of 40 K [295].

6.1.2 N-P alternating segmented TE fibers/yarns

However, this method of connecting individual n-type and p-type
TE fibers using electrodes or wires not only makes the device
fabrication process and structure complicated, but also introduces
interfacial resistance at the junctions, which limits the overall
device performance. More critically, such junctions are particularly
susceptible to fracture during frequent bending or stretching.
Therefore, researches focusing on simultaneous integration of n-
type and p-type TE segments within a single fiber has received
widespread attention. As shown in Fig. 14(a), Zheng et al.
innovatively developed hierarchical ternary coaxial TE strings
[296]. This string consisted of p-type Biy,Sb,;Te; (BST) and n-

~
-}
~

Powders \

type Bi,Tes5Sey, (BTS) segments alternately connected by liquid
metal on a PI filament, all encapsulated within a PDMS elastomer.
Benefiting from the toughening effect of the PI filament and the
excellent elastic deformation capability of the PDMS elastomer,
the overall toughness and mechanical stability of the fiber string
were enhanced. Furthermore, using a weaving machine, the TE
fibers were woven together with elastic yarns into a F-TE fabric.
This fabric exhibited good stretchability, flexibility, washability,
and outstanding TE performance, achieving a w of 0.58 W-m™at a
temperature difference of 25 K. In practical application, it can
power various wearable devices and continuously generate a stable
cooling of 3.1 K [296]. Figure 14(b) demonstrated that Ding et al.
prepared a p-n segmented F-TE fiber composed of SWCNT' and
polyvinyl alcohol (PVA) hydrogel via a continuous alternating
extrusion process [297]. Thanks to the network constituted by
hydrocolloid and its rheological property, as well as the
confinement of heterogeneous molecular particles within the
continuous matrix, the alternately extruded gels maintained a clear
p-n junction structure at the interfaces. The output performances
of the fibers can be conveniently adjusted by varying the number
of p-n segments, and its performance can be further enhanced by
weaving into a textile.

In addition to the aforementioned method of preparing single
fibers or yarns with alternating n/p-type TE components in a
segmented manner, periodic modification of the already prepared
fibers using different post-treatment methods is also a feasible
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Figure 14 Single TE fibers/yarns with alternating connected n- and p-type TE segments. (a) The bead-like ternary hierarchically coaxial TE strings. Reproduced with
permission from Ref. [296], © The Royal Society of Chemistry, 2022. (b) Preparation of p-n segmented flexible SWCNTs/PVA TE fiber via a continuous alternating
extrusion process. Reproduced with permission from Ref. [297], © Ding, T. P. et al. 2020.
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approach to achieve n/p component integration. The processes
such as impregnation, spraying, and brushing have garnered
significant research interest due to their simple operational and the
elimination of need for custom molds or expensive specialized
equipment, greatly simplifying the preparation of F-TE fibers
[298]. As shown in Fig. 15(a), Sun et al. reported that CNTYs with
sufficient tensile strength were obtained by twisting and coiling
CNT films [299]. These yarns were subsequently immersed in a
PEDOT:PSS solution for p-type doping. Then, using a
polypropylene mask to periodically cover sections of the fiber,
OAm was sprayed onto the exposed regions via electrostatic
spraying to achieve n-type doping. There was a 2 mm undoped
segment between each p/n section serving as an electrical
connection. Finally, the doped CNTY was wrapped in acrylic
fibers to prevent short circuits. Although the OAm caused a slight
decrease in o of the CNTY, a PF of 320 pW-m™K* was ultimately
achieved due to the high S [299]. In another study, Zheng et al.
wrapped CNTYs around a thin PET plate and coiled them into a
stacked cylindrical structure (Fig. 15(b)) [37]. Then, two parallel
Ag paste lines were coated to control the height of immersion into
PEDOT:PSS aqueous solution and PEI/ethanol solution, thereby
forming p-type and n-type segments, respectively. Finally, the
prepared composite segmented TE yarns were twisted with PET
filament to enhance their mechanical stability. To ensure high ¢ in
CNTYs after twisting, Wu et al. obtained dense structured CNTYs
through a wet-twisting method, where capillary forces between
CNTs and water promoted the adhesion of adjacent CNTs [300].
The prepared CNTY was then wound around a PI plate, and
segmentally modified by repeatedly brushing PEI or PEDOT:PSS

#am Research Energy 2026, 5: 9120220

solutions on either side of the plate, as illustrated in Fig. 15(c). To
prevent dopant diffusion during brushing process, they increased
the temperature to accelerate the evaporation of deionized water.
The remaining PEI and PEDOT:PSS, with their higher boiling
points and larger molecular chains, were difficult to migrate and
eventually adsorbed onto the CNT surfaces, achieving n/p doping.
The highly conductive Ag paste was brushed onto the cross-
sectional ends to act as electrodes. By optimizing the brushing
temperature and frequency, the PF of the CNTY was enhanced to
667 uW-m™K” [300]. Inspired by natural tendrils, Wang et al.
designed a Janus helical hydrogel fiber capable of maintaining its
original TE performance even under ultra-high elastic strain
(Fig. 15(d)) [301]. Using a parallel dual-spinneret wet-spinning
system, a plastic polyacrylic acid sodium (PANa) hydrogel
microfiber composed of elastic PANa hydrogel and PEI-doped
SWCNTs was prepared. Subsequent cold-drawing ingeniously
utilized the strain mismatch between the two elastomers to
generate a helical structure. PEI was then used to dope the
SWCNTs, converting one half of the helical coil into n-type. This
helical coil design enabled stable TE conversion under tensile
strains as high as 650%, capable of driving an LCD screen with an
amplifier and demonstrating high sensitivity (-176 pV-K") in
temperature detection. Furthermore, Kim et al. creatively
developed seamlessly connected GO composite fibers by
selectively subjecting a single GO fiber to varying degrees of
chemical reduction [302]. The different reduction states of GO led
to differences in the energy levels, resulting in different S. When
used as a thermocouple, this GO composite fiber achieved a
sensitivity of 12.5 uV-K”, a linear correlation coefficient of 0.995,
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and a response time of 0.24 s. Moreover, the thermocouple’s
sensitivity could be tuned by adjusting the reduction degrees.
Although this work did not achieve n-type conversion, it provides
a feasible concept for the development of segmented TE fibers.

6.2 TE textiles

6.2.1 Integrate inorganic TE materials onto flexible textiles

Utilizing textiles as flexible substrates for traditional rigid
inorganic TE pillars is a common strategy for creating F-TEDs
[303]. When constructing such devices containing rigid
components, it is essential to carefully consider the reliable
connections among the rigid parts, electrodes and substrate.
Especially when deformation occurs, it is even more crucial to
ensure that all parts maintain close contact. To address these
challenges, Hou et al. proposed a F-TEG composed of p-type
Biy5Sb,sTe; and n-type Bi,Te,;Se,; rigid TE pillars, elastic fabric
substrates, and conductive fabric electrodes, as shown in Fig. 16(a)
[304]. A semi-automated assembly process was developed to
ensure the alignment during the transfer of the electrode array.
Thanks to the patterned elastic fabric substrate conforming well to
the rigid TE pillars and the stretchability of the serpentine fabric
electrodes, the F-TEG exhibited excellent flexibility, allowing it to
fit well to any shape of heat sources and withstand 30% strain.
This device generated a P, of 64.10 yW and a Vo of 111.49 mV
under a temperature difference of 33.24 K. Beyond TE conversion,
this device can also serve as electronic skin mounted on robots for
health and motion monitoring [304]. However, significant energy
was wasted due to the large internal resistance of the device.
Therefore, reducing device internal resistance by optimizing the
interface connection and improving the conductivity of the
electrodes is a key point that needs to be carefully considered in
the device design. Apart from serving as flexible substrates for
rigid inorganic TE materials, modifying the textiles through
processes like solution coating, spraying, or sputtering can also get
functional fabrics with TE properties. For instance, Arimatsu et al.
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reported a breakthrough in the S by coating a felt fiber substrate
with a solution of PEDOT doped with the low-molecular-weight p-
toluenesulfonic acid (PTSA) [305]. This PEDOT:PTSA/felt
composite exhibited extraordinary TE performance. Its S widely
tunable from -2100 uV-K" (n-type) to 3100 uV-K™ (p-type), which
was two orders of magnitude higher than that of conventional
PEDOT materials. And the corresponding PFs reached up to
2400 uW-m™K? (p-type) and 1100 uW-m™K? (n-type). This
research indicated that this giant S is closely related to the tensile
strain of the Cs-Cy bonds in the PEDOT molecules, rather than
changes in carrier concentration, suggesting that switching
between p-type and n-type conduction can be achieved simply by
adjusting the PTSA concentration within the PEDOT system
[305]. As illustrated in Fig. 16(b), Newby et al. developed a fully
graphene-based F-TEG using screen-printing technology [306].
They used amine-functionalized n-type graphene and metal-
doped p-type graphene inks, with DMSO as the solvent and
polyurethane (PU) as the binder and protective agent, to directly
print multiple p-n junction TE modules onto cotton fabric
without requiring post-treatment or high-temperature annealing.
This device generated a V¢ of 5.24 mV under a 40 K temperature
difference and a P, of 624 uW (AT=16.5 K). Despite the
convenience of these surface modification techniques for
imparting TE function, their application faces significant
limitations. For instance, the functional coatings formed by these
methods are mostly physically attached to the fabric fibers, with
weak interfacial bonding strength. Furthermore, the inherent
breathability, moisture permeability, and softness of the textile
may be seriously sacrificed because the fabric pores can be blocked
by coatings, which adversely impacts wearing comfort.

6.2.2  Weave TE fibers/yarns into fabrics

Wearable TEDs generally utilize human skin as the hot side and
the external environment as the cold side. The human body serves
as a continuous heat source with a temperature of approximately
37 °C. In contrast, the environmental temperature can fluctuate
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Figure 16 Integrate inorganic TE materials onto flexible textiles. (a) Placing TE elements onto conductive cloth electrodes and elastic fabric substrate. Reproduced
with permission from Ref. [304], © Hou, Y. et al. Advanced Science published by Wiley-VCH GmbH 2021. (b) Printing p- and n-type graphene inks onto woven
cotton substrates. Reproduced with permission from Ref. [306], © Newby, S. et al. Published by American Chemical Society 2025.
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greatly ranging from —40 to 40 °C depending on the geographic
area and season. Thus, a larger temperature gradient can be
established in the thickness direction. Although, some studies have
proposed origami schemes that convert planar devices into the
thickness direction and achieved higher TE performance, this
method usually compromises devices stretchability. Due to the
stitchability of fiber materials, TE fibers or yarns can be woven
directly into fabrics using advanced weaving technologies. This
strategy allows for the creation of larger temperature gradients
along the thickness direction and the high-density integration
through reasonable weaving structure design. For instance, Lee et
al. fabricated strips with a sheath-core structure by alternately
depositing n-type Bi,Te; and p-type Sb,Te; onto highly aligned
polyacrylonitrile (PAN) nanofiber sheets (Fig. 17(a)) [48]. These
strips were interconnected by sputtered gold strips. The nanofiber
membrane was then twisted into F-TE yarns and woven into
fabrics by zigzag, garter, and plain knitting. Due to the shorter TE
leg length in the plain-weave fabric leading to lower resistance, it
achieved a power per area of 0.62 W-m? under a 55 K
temperature difference. As shown in Fig.17(b), Sun et al
fabricated n/p alternating doped CNTYs and bent them into “TE
rings”. which were then directly woven into a fabric using a
unique alternating interlocking weaving structure [299]. This
weaving method utilized the inherent elasticity of the fibers to
enable the rings to stand up automatically within the fabric,
forming a self-supporting 3D structure distinguished from other
textile-based devices. This design efficiently took advantage of the
vertical temperature difference between the human body and the
environment for power generation. This TE textile demonstrated
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outstanding performance with a w of 70 mW-m™ at a 44 K
temperature difference and excellent stretchability over 80% in the
longitudinal direction with minimal performance degradation
(<3.2%). It could be attached to human joints, generating power
stably during movement [299]. Recently, He et al. reported a 3D F-
TE fabric characterized by rigid interior and flexible exterior
(Fig. 17(c)) [307]. This 3D spacer fabric was produced using a
double-needle bar warp knitting machine, interweaving polyester
filaments of different stiffnesses. One side was formed by warp
knitting and satin weave, creating a hexagonal mesh was achieved
through a solution impregnation method. After the fabric was
immersed in a CNT aqueous dispersion to get a conductive
substrate, p-type fabrics were prepared by dipping into
PEDOT:PSS solution and post-treatment with DMSO, while n-
type fabrics were prepared by impregnating with an OAM/ethanol
solution. The novel weaving method created numerous small
static air pockets within the fabric, endowing it with ultra-low x
(<0.05 W-m™K™), high breathability (1300 mm-s"), and excellent
elasticity (>10,000 compression cycles). These properties worked
for a stable temperature gradient across the fabric thickness, which
enables an ultra-fast response of 240 ms and high-precision
temperature detection of 0.02 K. Furthermore, the TE and
piezoresistive signals can be completely decoupled. This allowed
the output voltage to remain stable even under compressive
strains up to 50%. The research demonstrated the practical
potential of this fabric by integrating it into a smart mask and
glove for real-time respiration monitoring, high-temperature
warning, and gesture language recognition based on machine
learning [307].
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Figure 17 Prepare F-TEDs by weaving fibers/yarns using various weaving methods. (a) Realizing zigzag-stitch, garter-stitch, and plain-weave TE textiles by weaving
tiger yarns. Reproduced with permission from Ref. [48], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (b) Configuring TE textiles by alternately
interlocking TE loops and conventional fabrics. Reproduced with permission from Ref. [299], © Sun, T. T. et al. 2020. (c) Preparing spacer TE fabric for smart
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inghua Uni

(&) 22w | Sci@pen



Nano Research Energy 2026, 5:

6.2.3 Weave TE fibers/yarns into support structures

To better utilize the temperature difference across the fabric
thickness and achieve higher output power, another
straightforward method is weaving the prepared TE fibers or yarns
into thick textile substrates or 3D support structures [290]. For
instance, Wen et al. enhanced the dispersion of SWCNTs in the
PEDOT:PSS aqueous solution by in-situ polymerizing PANI on
the SWCNT surfaces as an intermediate layer, as can be seen in
Fig.18(a) [191]. The introduction of numerous interfaces
provided a more effective energy filtering effect for charge carriers.
Furthermore, each individual composite fiber was periodically

2

coated with Ag paste to obtain 8 pairs of serially connected p-type
TE legs. Weaving these composite fibers into a commercial
bracelet via plain weaving yielded a voltage of 23.2 mV and a
remarkably high w of 272 mW-cm™ under a temperature
difference of 114 K between the human body and the
environment. Figure 18(b) displayed an ultra-elastic porous
silicone substrate fabricated via 3D printing, and the prepared p/n
alternately doped CNTYs were inserted into this substrate in a
wavy geometry to align with the heat flow direction [300]. Finally,
the device was encapsulated with silicone, granting it excellent
waterproofness and enabling stable operation during activities like
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running and swimming. Similarly, some reported works described
the use of 3D spacer fabrics as flexible substrates for TE fibers.
This scheme often requires other insulating fibers or yarns to serve
as spacer yarns, separating the cold and hot ends and providing
support points for the TE fibers/yarns [298,308]. As shown in
Fig. 18(c), Zheng et al. wove their prepared p/n segmented CNTYs
into a warp-knitted spacer fabric substrate [37]. This device
achieved a lateral areal density of approximately 7.7 mm’ per pair
and a w of 51.5 mW-m™ under a temperature difference of 47.5 K.
It should be noted that the F-TEDs designed by this method
require that the height of the support material should match the
segmented length of the TE fibers/yarns, in order to ensure
junctions are precisely distributed at the cold and hot ends. This
imposes very high requirements on the manufacturing precision.
Meanwhile, since the response of the support materials and the TE
fibers/yarns to deformations like stretching or compression is
different, it is difficult to ensure the perfect contact between
junctions and target surfaces, thereby affecting the overall
performance of the device [309,310]. Table 2 summarizes the
mechanical and output properties of advanced fiber-based TEDs
in recent years.

7 Applications

71 F-TEGs

Collecting thermal energy from irregular heat source and human
skin surfaces to generated electricity is one of the potential
applications of F-TEDs based on the Seebeck effect. Especially in
the field of wearable electronics, F-TEGs can be closely adhered to
the skin surface to achieve efficient thermal contact, thereby
making the best of small ambient temperature gradients for power
generation [73,246, 311, 312]. It is expected to reduce reliance on
chemical batteries or decrease the charging frequency, providing
an ideal micro-energy solution for self-powered wearable
electronic devices. As illustrated in the Fig. 19(a), Zhang et al.
successfully developed a high-performance F-TE film [44],
consisting of Ag,Se nanowires as the primary TE component,
reduced graphene oxide (rGO) as the conductive network, and a
nylon membrane as the flexible substrate. The hot-pressing
process induced a strong (013) crystallographic orientation in the
Ag,Se nanowires, significantly enhancing carrier mobility and
electrical conductivity. The incorporation of rGO further
decoupled S and o through an energy filtering effect, while its high-
intensity interfaces between rGO and Ag,Se effectively scattered
phonons, decreasing x below 0.9 W-m™K". Consequently, the
film achieved a record-high PF of 37 pW-cm™K? and a ZT value

A

of 1.28 at 300 K. Furthermore, the nylon membrane ensured
excellent flexibility and stability, maintaining 96.9% of its original
o after 1500 bent cycles at a 5 mm bending radius. During the
device fabrication, silicone hemispheres were introduced to
support TE legs, which simultaneously increased the contact area
with the heat source and created an effective out-of-plane
temperature gradient. More importantly, the appropriate
compressibility and hardness of hemispheres weakened the
deformation applied to the TE legs, effectively avoiding the
damage or fracture due to its limited flexibility, thereby enhancing
device reliability. A fabricated F-TEG, comprising 100 TE couples,
achieved a maximum P, of 100 yW and an ultra-high w, of
9.8 uW-cm™>K?, at AT = 26 K. In a practical application scenario,
this F-TEG could generate a V¢ of approximately 120 mV by
exploiting an out-of-plane AT of about 8 K between the human
body and ambient environment, successfully powering a
thermohygrometer (1.5 V) and a wristwatch (3 V) [44]. It should
be noted that this energy supply was achieved through parallel
capacitors and a boost circuit, rather than directly provided real-
time power supply to the device. Therefore, it has become a
research hotspot that how to achieve an integrated and flexible
design among power generation module, energy storage and
conversion system. Smart wristband is a kind of popular wearable
device and plays an important role in human health monitoring.
Figure 19(b) showed a self-powered multi-functional health
monitoring wristband, integrating with F-TEG, an energy
management system (EMS), and a health monitoring system
(HMS) [49]. By a synergistic strategy of supersaturated
nanostructure and anti-site defects for Biy;Sb,Te;-based TE
material, its room-temperature ZT was increased to 1.2. When
worn this bracelet on the wrist, a remarkably high w of
153.3 pyW-cm™ was achieved during walking in 5.6 °C ambient
temperature, ranking among the highest values reported for F-
TEGs. In terms of EMS circuit design, the cold start process of
commercial converter ADP5091 was bypassed by using the
LTC3108 chip, reducing its minimum operating voltage from
380 to 80 mV, simultaneity. To further enhance the conversion
efficiency, a low-quiescent-current inverting voltage-off scheme
and an anti-reflux circuit were applied. Consequently, the
efficiency of the converter increased from 26% to 47.7%.
Whereafter, the HMS implemented numerous strategies to reduce
the average power consumption for long-term operation, such as
dynamic sampling, first-in-first-out (FIFO) buffering and
Bluetooth intermittent connection, successfully achieving
continuous monitoring and wireless transmission of multimodal
signals including temperature, humidity, heart rate, step count and
blood oxygen [49].

Table2 The comparison of the mechanical and output properties of advanced fiber-based TEDs in recent years

Materials Elongating at a break ~ Tensile stress (MPa) PF (uWW-m™-K?) Voc (mV) P..x (NW)  Ref.
PEDOT:PSS/Te 13% 205 2335 12.1 (30 legs, AT=15K) 53 [67]
PEDOT:PSS/Ag,Te 47.37% 6.59 65.3 — — [290]
Ni-backboned polymer/CNTs — — 719.48 3.09 (9 legs, AT=8 K) — [80]
PEDOT:PSS 11% 458.2 ~55.4 0.49 (2 legs, AT=25 K) - [211]
POIY(3’7'(%%11Z:;?;€6’}3‘;&§)' b:4,5-b] 16.8% 248 91 ~2.3 (2 pairs, AT=22 K) 240 [292]
CNT/OAm 33.82% 278.38 876.25 705.94 (150 pairs, AT=40K) 44,340  [295]
DWCNT/PU 100% — 149.7 218 (108 pairs, AT=30 K) 16,900 [298]

Graphene — — — 0.91 (36 pairs, AT=16.5 K) 62,400 [306]

Ag/Ag,Se — — 850 12.5 (6 pairs, AT=40 K) 156 (309]
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2024.

In addition to their utilization in self-powered devices, F-TEGs
also play a significant role in accelerating wound healing. Electrical
stimulation, as a Dbioelectric signal, can regulate cellular
proliferation and migration processes. Therefore, enhancing the
endogenous electric field (EEF) via exogenous stimulation, which
was spontaneously formed near the wound, has become an
effective strategy for accelerating the healing process [313,314].
For instance, as demonstrated in Fig. 19(c), Zhang et al. alternately
deposited Bi,Te;-based TE legs on a flexible PI substrate through
magnetron sputtering, successfully developing a completely
flexible circular TEG [50]. This device could generate 10 mV
voltage at a temperature difference of 10 K between the skin and
environment. It was significantly improved by this generated
electricity that fibroblasts cells migrated and propagated, as well as
vascular endothelial growth factor was activated for expression,
achieving 4 days faster wound healing than natural healing process
[50]. Operating without any external amplifier circuit, this device
converted ubiquitous thermal energy into bioelectrical signals that
promote tissue regeneration, a novel design for self-powered
bioelectronics. Similarly, Qin et al. incorporated Ag,Se
nanoparticles with excellent room-temperature TE properties into
a biocompatible gelatin methacrylate (GelMA) matrix, fabricating
Ag,Se @GelMA hybrid TE hydrogels through photocuring [315].
When applied as a wound dressing, this hydrogel could enhance
the EEF, thereby facilitating cellular proliferation, migration and
angiogenesis, achieving almost complete wound closed within
15 days.

7.2 F-TECs

Precise temperature management is another significant
application of F-TEDs, which is based on the Peltier effect, the
inverse of the Seebeck effect [102,316,317]. For example, to
address the issues of high cost and complex fabrication of current
inorganic F-TE materials, Chen et al. developed a simple, low-cost
method involving hydrothermal synthesis, screen printing, and
SPS to preparate high-performance flexible Ag,Se films [36].
Figure 20(a) showed that the introduction of Te as a nano-

binderand dopant significantly enhanced the film's densification.
Furthermore, an energy filtering effect generated at the interfaces
selectively scattered low-energy carriers, resulting in a concurrent
incremental S and o. It was also found that Te diffused into the
Ag,Se lattice and substituted for Se at the Te-Ag,Se boundaries
during annealing, creating lattice defects that intensified phonon
scattering and reduced the x,. Ultimately, the Ag,Se film with
5 wt.% Te gained a high PF of 25.7 yW-cm™K™ and an excellent
ZT value of 1.06 at 303 K, while also demonstrating remarkable
mechanical durability, with less than 5% performance degradation
after 1000 bending cycles. Based on this n-type film and p-type
Biy,Sb, ¢Te; film also doped with 5 wt.% Te, an F-TED with a
triangular p-n junction structure was designed. This structure
effectively increased the length of the TE legs without adding
vertical space, thereby facilitating the establishment of a larger
temperature difference. Additionally, according to the principle of
energy band alignment, Cu tape and Ag paste were respectively
selected as the contact electrodes for the n-type legs and p-type
legs, respectively. The optimized device achieved a w, of
4.8 yW-cm™K? under a 20 K temperature difference and reached
a AT, of 29.8 K when driven by a current of 92.4 mA [36]. To
meet customization for different heat sources and power, Sun et
al. developed a F-TED with self-healing and modular assembly
capabilities [246]. By selectively encapsulating the liquid metal
EGaln electrodes with carbon nanotube-doped self-repairing
materials, the x between electrodes and the TE legs was enhanced
to 0.9 Wm'K", significantly reducing parasitic heat loss.
Compared with the non-selectively encapsulated devices, this
selective encapsulation strategy resulted in a 185% increased AT
across the TE legs and a 171% increase P,,. Ultimately, an
excellent w,, of 3.14 yW-cm™K? was achieved. Benefiting from the
dynamic disulfide bonds and hydrogen bonds in the disulfide
cross-linked polyurethane (DSPU) matrix, as well as the fluidity of
EGaln electrodes, this F-TED gained remarkable ability of
autonomous repairing at room temperature, restoring its
mechanical and electrical properties. Moreover, the design features
Lego-like modular assembly capability, allowing for series
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connection via exposed liquid metal electrodes, with the output
voltage increasing linearly with the number of modules. A stacked
double-layer tower structure further enhanced AT, to 6.2 K.
These applications demonstrate the potential of the active cooling
functionality of F-TEDs for thermal management [246].

When applying an electric current to a TED for active cooling,
the hot and cold sides can be swapped by reversing the current
direction. Thus, TECs are also widely used in scenarios requiring
dynamic heating and cooling [319]. For instance, the cooling
performance in stretchable F-TEDs is limited by the poor heat
dissipation caused by the extremely low « of elastic encapsulation
materials. To address this core issue, Huang et al. successfully
fabricated a high-performance stretchable TED by stacking
multilayer TE unit, as depicted in Fig. 20(b) [52]. They optimized
the packaging materials by incorporating the aluminum nitride
(AIN) nanoparticles into the Ecoflex elastomer to enhance its heat
conduction properties. Further, a 3D stacking structure was
innovatively proposed, integrating two layers of TE unit networks.
The thermal transfer efficiency between the layers was significantly
improved by thermal vias created by through laser ablation
technology. The manufactured device exhibited excellent
stretchability, with a resistance change of less than 1% at 30%
strain, and outstanding temperature regulation capability of stable
10 °C skin cooling. Due to the TED’s advantages, such as higher
precision, lower overheating risk, and greater cooling capacity
compared to resistive heating, a closed-loop temperature control
system based this stacked TED was developed for rapid and
precise programmed control of skin temperature, not only
realizing virtual thermal sensation but also simulating virtual pain
perception through the thermal grill illusion -effect [52].
Furthermore, Yeongju Jung et al. specifically designed a soft and
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stretchable multi-modal TED for underwater environments,
which can simultaneously achieve energy collection and
temperature regulation [318]. Due to the significant temperature
gradient between seawater and human skin, as well as the
circulating seawater being able to immediately absorb the heat
generated at the hot side, the challenges of lower output efficiency
for TED can be naturally solved underwater. Meanwhile, this
device could be freely stretched and adhered to complex surfaces
because of the stretchable serpentine circuit array and the
thermally conductive elastic substrate. As a proof of concept,
multiple TE units were integrated into a diving suit, constructing a
self-powered platform that could self-power the wireless
embedded physiological sensors in real time and keep body
temperature to availably prevent hypothermia through a
proportional-integral-derivative (PID) feedback algorithm. These
results demonstrated its enormous potential in underwater rescue
and special operations [318]. Additionally, owing to the precise
temperature control capability of TEDs, they have also been
attempted for de-icing, and the flexible devices are more
advantageous for adhering to target surfaces [320]. F-TECs
capable of active cooling and heating are being applied in
increasingly diverse fields. However, their high performance,
reliability, and large-scale fabrication still require further
verification.

7.3 F-TE sensors

Flexible electronic skin (FES) is a soft material that mimics the
characteristics and functions of human skin [321-324]. It
integrates various sensors, electronic components and functional
units, possessing flexibility, stretchability and biocompatibility.
Thereby, it can perceive environmental conditions like real skin,
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such as pressure, temperature, humidity and airflow, converting
these physical or chemical signals into electrical signals for
processing and transmission [325]. Based on the temperature-
voltage correspondence during operation, TEDs are widely
utilized for precise temperature identification [290, 326].
Compared with traditional thermistors and resistance temperature
detectors, TEDs have advantages such as wider operating
temperature range, superior mechanical stability and longer
service life. To achieve high spatial and temporal resolution for
biomimetic temperature sensing, it is necessary to address the
additional resistance introduced by the splicing process and to
effectively separate the hot and cold sides for obtaining needful
temperature gradient [327]. As shown in Fig.21(a), Chen et al.
reported a jointless p-n integrated TE composite fabricated via a
selective filtration method. By optimizing the filtration rate and
pressure, the width of the p-n junction between p-type SWCNTs
and n-type Bi,Te; was reduced to approximately 2 mm,
significantly lowering the interfacial barriers. This device structure
did not require the conductive materials. Instead, a polylactic acid
(PLA) insulating layer was introduced between the TE module
and the heat source to limit the hot end to only contact the p-n
junction, thereby forming a temperature gradient in the horizontal
direction. This jointless p-n integrated TED achieved a P, of
3.07 mV at AT of 30 K, and exhibited excellent linear response,
fast response time (<0.1 s), and low signal fluctuation.
Furthermore, developed an intelligent TE sensing system choosing
this jointless module as sensing element. When integrating it into
the robotic arm, this system demonstrated accurate identification
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of heat source temperature with a temporal resolution below 0.1 K
and enabled independent temperature perception and response
for each area smaller than 1 cm x 1 cm with high spatial
resolution. If a heat source approached the robotic arm and
exceeded the set temperature threshold, the corresponding finger
will perform a bouncing action [327]. This research provides a
new strategy for the application of bionic temperature sensors in
fields such as humanoid robotics and health monitoring.
Moreover, Fig. 21(b) illustrated a dual-modal sensing arrays that
combined a stepped micro-cone pressure sensing array with a
Bi,Te;-based temperature sensing array [53]. For such multimodal
sensors, avoiding interference between different signals and
decoupling these signals are the primary issues that needs to be
addressed. By adopting a vertical integration structure of
TE/pressure sensing arrays, this sensor device not only ensures the
wide range (0.032-27 kPa), high sensitivity and fast response
(18 ms) characteristics of the pressure sensing array, but also does
not cause cross-interference with the temperature signal during
operation. And with the deep learning algorithm, the accuracy rate
of this dual-modal sensing array in the object recognition task was
as high as 98.3% [53]. Furthermore, the perception of multiple
physical quantities within a single device based on different
sensing mechanisms has also become a research focus. Recently,
Zeng et al. achieved simultaneous sensing and output of
piezoelectric and TE signals in the out-of-plane direction within a
mesh structure composed of obliquely grown Te-NWs. This
flexible multimodal sensor exhibited a strain sensitivity of 0.454 V,
a strain rate sensitivity of 0.0154 V s, and a temperature sensitivity
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Figure 21 Applications of F-TE sensors. (a) F-TED used as high spatiotemporal resolution biomimetic thermoreceptors. Reproduced with permission from
Ref. [327], © Wiley-VCH GmbH 2024. (b) Bi,Te;-based F-TED for self-powered temperature-pressure sensing. Reproduced with permission from Ref. [53], ©
Published by Elsevier Ltd. 2024. (c) Flexible photothermoelectric Te nanomesh arrays used for Infrared in-sensor computing. Reproduced with permission from Ref.

[328], © Liao, J. C. et al. Advanced Materials published by Wiley-VCH GmbH 2025.
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of 225.1 uV-K", which was superior to most reported multimodal
sensors [329]. Furthermore, the accurate temperature detection
precision and rapid temporal response of TE temperature
detectors also make them widely applicable in the fields of early
fire warning and intelligent fire safety monitoring [330-332]. For
instance, Zhou et al. reported a TE yarn fabricated based on CNTs
films, through a combination of chemical modification and
mechanical twisting processes. By weaving these yarns into
firefighting suits, a self-powered wireless fire warning system can
be constructed. It performed stably at high temperatures (>500 K)
and exhibited ultra-fast response characteristics (threshold voltage
2 mV, response time < 0.5 s), capable of real-time sensing of
temperature gradients and heat source distance in fire
environments [331, 333].

Some traditional inorganic semiconductor TE materials, such as
copper sulfide (CuS), SnSe, Bi,Te; and PbSe, possess localized
surface plasmon resonance effect or narrow bandgap, which can
efficiently absorb light and generate heat [334-337]. Moreover,
conductive polymers like PPy and PANI, have favorable
photothermal effects and flexible processability. They are often
combined with carbon materials, including graphene and CNTs,
or inorganic nanomaterials to synergistically enhance their
photothermal  performance  [336,338-340]. Hence, the
development of photothermoelectric (PTE) materials shows great
application potential in industrial detection, homeland security,
medical diagnostics and other fields [341-344]. For instance, Liao
et al. developed a flexible PTE detector array based on a Te
nanomesh, which realized infrared in-sensor computing
(Fig.21(c)) [328]. They employed a multi-scale vdW growth
method to deposit Te nanomesh on a PI substrate at low
temperature of 150 °C. Benefit from self-welding process, the Te
nanomesh could achieved good contact via lateral vapor growth,
showing excellent mechanical and electrical properties. Leveraging
the photothermal effect and the Seebeck effect, the detector
demonstrated a high responsivity of 120 V-W™ and a S of
356 WV-K' under 1550 nm infrared light, operating without
external power source. Due to the unique high-symmetry
bidirectional response of Te nanomesh, it was suitable for
convolution kernel, enabling to edge detection and feature
extraction with an accuracy highly consistent with the simulation
results [328]. Similarly, Guo et al. presented a flexible and wearable
infrared detector that combines photothermal-electric coupling
with a Te-based TE multilayer film and an infrared-absorbing PI
substrate, achieving contactless thermosensation over a wide
temperature range [345]. It is evident that the development of F-
TE sensors is expanding from conventional temperature
measurement into emerging fields such as healthcare, the Internet
of Things and advanced robotics, among others.

8 Conclusions and outlooks

This review systematically summarizes recent advancements in
flexible TE materials and devices. It includes fundamental theories,
optimization of various flexible TE materials, strategies for device
design, as well as construction and performance of film-based and
fibrous F-TEDs. It also emphasizes the wide applications of F-
TEDs in energy harvesting, cooling and sensing. Finally, this
review highlights the major challenges and prospects for future
development as follows:

(1) Material optimization: Although the development of F-TE
materials has progressed significantly over the past decades, their
output performance still falls short compared to that of bulk
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materials. On one hand, the development of plastic inorganic TE
materials lies in overcoming the inherent trade-off between TE
performance and mechanical flexibility. Deeper investigations into
their evolution mechanisms will provide valuable insights for the
innovative development of these materials. On the other hand, the
improvement of organic TE materials depends on seeking a
balance between S and o through reasonable molecular structure
design and appropriate doping regulation. For organic/inorganic
TE composite materials, a high loading fraction of inorganic TE
components with strong interfacial coupling will lead to
satisfactory output performance. This will benefit from the
compatibility of various components and the precise control of
phase structure during the preparation process.

(2) Durability and stability: Flexible devices are generally
required to endure frequent deformations. Thus, the interfaces
between components become the main bottleneck that affects the
reliability and stability of flexible devices. The Ag paste and Cu
wires are the most common connection materials used in flexible
devices. However, they usually lack flexibility or stretchability.
Exploring new conductive materials, such as liquid metals or Ag
nanowires, as interconnection materials may help alleviate the
reliability issues at the interfaces. Additionally, various designs of
flexible circuits that can relieve the stress concentration are also
worth considering. Furthermore, the devices will have an extended
service life with additional encapsulation. Finally, it is essential to
assess the devices flexibility, stretchability, durability and stability
under complex conditions.

(3) Thermal management: Effective thermal management can
enhance the output power or cooling efficiency of F-TEDs. To
achieve efficient heat collection and dissipation, it is crucial to use
thermal interface materials that exhibit high thermal conductivity,
excellent flexibility, and strong interfacial adhesion. This
combination can make the best of minute temperature gradient.
Additionally, the temperature gradient within confined spaces can
be further expanded by integrating other thermal management
materials, such as radiative cooling materials, photothermal
conversion materials, and phase change materials.

(4) Integrations: From the perspective of practical application,
the energy harvested by F-TEDs from the human body or the
environment is both extremely limited, and unstable due to
human activities and environment temperature fluctuations. This
leads to a severe mismatch between the TE power supply module
and the stable, higher voltage/current requirements of
downstream electronic components. Therefore, it is necessary to
develop interfaces, flexible integrated circuits, and functional
modules with low resistance from a holistic system perspective.
Furthermore, the synergistic effect of various forms of energy such
as light, heat, and electricity can be achieved within a single device
by integrating TE components with other energy conversion
modules, which can effectively mitigate the limitations of single-
mode energy collection.

(5) Artificial intelligence (AI): In the field of TE research, the
introduction of Al is expected to accelerate the discovery of new
materials through the combination of machine learning models
and high-throughput screening, thereby reducing trial-and-error
costs. Furthermore, it can also help simulate the thermal stress
distribution and electrical output of devices under various
conditions, achieving system-level device design and optimization,
etc. And a standardized database is urgently needed to be
established.

Ultimately, the future advancement of F-TEDs will depend on
synergistic, multidisciplinary innovation encompassing materials
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design, device engineering, circuit optimization, and system-level
integration, paving the way toward fully self-powered, intelligent,
and sustainable wearable electronics.
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