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ABSTRACT

Thermoelectric (TE) energy harvesting can directly convert thermal energy into electrical energy, offering a promising solution
to utilize the waste heat generated in the industry and energy consumption cycles. Such TE materials offer distinct advantages
such as solid-state energy conversion without any vibration and by-products and thus have a potential as sustainable energy
harvesting platforms. Conventional TE research efforts have focused primarily on improving the figure of merit to enhance
energy conversion efficiency. Nevertheless, as the shape of the heat sources is diversifying and mechanically deforming targets
continue to emerge, there is a growing demand for intrinsically stretchable TE materials. Most of the conventional TE materials
lack sufficient stretchability which can ensure sustainable thermal energy harvesting in mechanically dynamic and harsh
environment. This review provides an overview of recent progress in the development of intrinsically stretchable TE materials,
including stretchable conductive polymer composites, ductile inorganic semiconductors, and novel deformable materials. We
further evaluate the resulting TE performance of each strategy and its stability under mechanical deformation, finally broadening
our scope to applications of the developed stretchable TE materials into practical use.
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Fig. 1. Incorporating thermoelectric materials with elastomers. (a) Schematic illustrations of fabricating PEDOT:
PSS/IL/WPU stretchable thermoelectric composites. (b) Electrical conductivity and Seebeck coefficient as a
function of WPU proportion. (¢) Elastic modulus and fracture strain as a function of WPU proportion.
Adapted with permission from [25]. Copyright 2020, Springer Nature. (d) Schematic illustrations wet-
spinning CNT/PVA/WPU stretchable thermoelectric fibers. (¢) Seebeck coefficient and electrical resistance
of an individual fiber under tensile strain. (f) Comparison of Seebeck coefficient and electrical conductivity
measured before and after applying cyclic stretching, twisting, and bending. Adapted with permission from
[26]. Copyright 2021, American Chemical Society.
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Fig. 2. Improving stretchability of organic thermoelectric materials through plasticization. (a) Schematic illustration
of experimental procedures of the solvent-treated PEDOT:PSS thin films fabricated by spin coating. (b)
Seebeck coefficient of films with different solvents under applied strain. Adapted with permission from
[27]. Copyright 2018, The Royal Society of Chemistry. (c) Chemical structures of PEDOT:PSS and ILs,
EMIM:DCI (green) and EMIM:DCA (red), and the ion exchange between PEDOT™ PSS™ and EMIM’
DCI/DCA". (d) Stress—strain curve of PEDOT:PSS films (thickness<15 pum) with EMIM:DCI, with EMIM:
DCA, and without IL. (e) Power factor (under conditions of applied tensile strain) for PEDOT:PSS films
with EMIM:DCI, with EMIM:DCA, and without IL. Adapted with permission from [28]. Copyright 2019,

American Chemical Society.
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Fig. 3. Improving stretchability of organic thermoelectric materials through surfactant-based network engineering. (a)
Stress—strain curve of DMSO-added and composite film (thickness is 50 um). (b) Demonstration of a cut-
ting and healing process for a film connected in a circuit with an LED lamp operated under constant volt-
age condition. Adapted with permission from [29]. Copyright 2019, Wiley-VCH GmbH. (c) Elastic modulus
and strain-at-break for the composite films. (d) Electrical conductivity and Seebeck coefficient of self-stand-
ing composite films with different annealing temperatures. (e) Power factor of self-standing composite films
with different annealing temperatures. Adapted with permission from [30]. Copyright 2024, Wiley-VCH
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Fig. 4. Synthesizing intrinsically stretchable ionic thermoelectric materials. (a) Schematic illustration and molecular
structures of the PANI/PAAMPSA/PA ternary TE hybrids. (b) Seebeck coefficient, ionic conductivity, and
ionic power factor of the TE hybrid under varying humidity conditions. Adapted with permission from
[31]. Copyright 2020, The Royal Society of Chemistry. (c) Stress—strain curves of the WPU film and
WPU/EMIM ionogels. (d) Dependence of elongation at break, Young's modulus, and tensile strength of
WPU/EMIM ionogels on EMIM content. Adapted with permission from [32]. Copyright 2020, Wiley-VCH
GmbH. (e) zT; values of the 20%-Ionogel system with varying AA ratios. (f) Voltage-time curves of the
i-TE ionogels during cyclic stretching (from 50% to 150% strain) and releasing. Adapted with permission
from [33]. Copyright 2024, Elsevier B.V.
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Table 1. Thermoelectric properties (Seebeck coefficient, electrical conductivity, thermal conductivity, power factor,

and ZT) and stretchability of TE materials. All thermoelectric properties are measured under the
experimental conditions that exhibited the highest ZT value at room temperature (300 K)

Thermoelectric properties Stretchability
Ref. Material Seebeck  Electrical ~ Thermal Power ZT  Maximum C(])Enlzczicil Stretchin
& strategy coefficient conductivity conductivity ~ factor (@300  strain chl;ngz v metho dg
. K2 0,
(LV/K) (S/em) (Wm'K) (uWemK?) k) (%) ARRy @ stain (%)
PEDOT:PSS+EMIM . .
[25] TCMAWPU ~22 140£5 - 0.0678 - 500+130 - Uniaxial stretching
[26] CNT+WPU+PVA 44 9.2 - 0.0178 - 27 - Uniaxial stretching
[27] PEDOT:PSS+PEG  19.95 882 - 0.351 - 55 ~6.6 @ 55% Uniaxial stretching
. +
[28] PEDOT.I];SCSI EMIM 25 538 - 0.336 - 70 ~42 @ 7% Uniaxial stretching
PEDOT:PSS+DMSO 0 .. .
[29] “Triton X-100 13.4 137 - 0.025 - 35 ~1.05 @ 35%  Uniaxial stretching
[30] PEDOT:PSS+SDBS  20.37 623.68 0.16 0.2587 0.05 32 - Uniaxial stretching
-+ +
PANI+PAAMPSA+ 8’1(.)0 .800 2'3.7 (.)'07 0.451+ 104 o .
[31]* PA (ionic (ionic 0.027 16£5 (ionic 750 - Uniaxial stretching
seebeck) conductivity) ' Z7)
34,500 0.0084 1.3£0.2
[32]* WPU+EMIM:DCA  (ionic (ionic 0.23 ~10 (ionic 156 - Uniaxial stretching
seebeck) conductivity) ZT)
AAHHFBASMBA+ 230 00353 9 . |
[33]* (ionic (ionic ~0.12 28.5 (ionic 250 - Uniaxial stretching
EMIM:DCA .
seebeck) conductivity) ZT)
[34] AgS - - - - - 14.9 - Uniaxial stretching
34 - Compressing
s (AeCWhmSeonSo 84 035 512 045
Teos 17 - 3-point bending test
Cyclic bending test
+ 2at.” - . . . - . -
[36] AgSet+Te 3.2at.% 146 990 0.6 21.1 1.27 25 (1,0003], =63 mm)
Cyclic bending test
. 3 23 (1,000&], r=2.04 mm)
371 Bi:Te; 1266 i i i ) 143 44 Cyclic strain test
(1,0002], strain=5%)
Uniaxial stretching
0 AP B3 910
[38] WS, + CNT(2wt.%) —68 100 - 0.47 - - 12 @ 40% (AT 2 210)

4 @ 40% Uniaxial stretching
(AR 1 30%)

*TE properties are measured based on ionic TE materials.
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(1))

TE: Thermoelectric

TEG: Thermoelectric generator

PEDOT:PSS: Poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate)

WPU: Waterborne polyurethane

PVA: Polyvinyl alcohol

CNT: Carbon nanotube

EG: Ethylene glycol
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N

DMSO: Dimethyl sulfoxide

MeOH: Methanol

PEG: Polyethylene glycol

PDMS: Polydimethylsiloxane

IL: Ionic liquid

EMIM:DCA: 1-Ethyl-3-methylimidazolium dicyana-
mide

EMIM:DCI: 1-Ethyl-3-methylimidazolium dicyanide
PEO: Polyethylene oxide

SDBS: Sodium dodecylbenzene sulfonate

PANI: Polyaniline

PAAMPSA: Poly(2-acrylamido-2-methyl-1-propane-
sulfonic acid

PA: Pitric acid

ITEG: Ionic thermoelectric generator

ITEC: Ionic thermoelectric capacitor

AA: Acrylic acid

HFBA: Hexafluorobutyl acrylate

MBA: N,N'-Methylenebisacrylamide

LRS: Low resistance state

HRS: High resistance state

PUA: Poly urethane acrylate

WS,NSs: Tungsten sulfide nano sheets

SWCNT: Single wall carbon nanotube
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