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Harvesting the low-grade heat energy from the environment and the human
body remains an underutilized energy. lonic thermoelectric (i-TE) gels have
garnered significant attention in the fields of energy harvesting and sensing
due to their exceptional stretchability, adaptability, ease of large-scale
fabrication, and excellent thermoelectric performance. This review aims to
provide a comprehensive overview of the recent progress of i-TE gels in
application of temperature sensing and low-grade heat energy harvesting. The
narration begins with the introduction of the synthetic and natural polymer for
i-TE gels. Then, various methods are discussed to enhance the mechanical
performance (stretchability, self-healing, and mechanical durability) to satisfy
the flexible device based on i-TE gels. Noticeably, this work emphatically
summarizes the improvement methods of thermopower for i-TE gels,
including the preparation of n-type i-TE gels and the bidirectional modulation
of their thermopower. Finally, this work explores the diverse applications of

thereby mitigating the need for frequent
battery replacements, represents a promis-
ing avenue of investigation. Low-grade heat
generated from the incomplete combustion
of fossil fuels, the human body, and solar
radiation remains an underutilized energy
resource.['l Thermoelectric materials have
garnered increasing attention due to their
capacity to directly convert heat into elec-
tricity. Conventional thermoelectric materi-
als, such as commercial bismuth telluride
(Bi,Te;), fail to meet the operational volt-
age requirements for sensors, which range
from 1to 5V, even when a substantial num-
ber of arrays are integrated.l?]

Ionic thermoelectric (i-TE) materi-
als have gained significant attention in

i-TE gels, including low-grade heat harvesting, sensing, human-machine

interfaces, and biomedical applications.

1. Introduction

The pursuit of a sustainable and efficient power supply method
for sensors has emerged as a focal point of research during the
advancement of modern science and technology. The concept
of harvesting energy from the environment to power sensors,
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comparison to traditional thermoelectric
materials that utilize electrons as charge
carriers, primarily due to their superior
thermopower and high output voltage.
The generation of high output voltage
is attributed to ion diffusion and redox
reactions occurring at the electrodes, which can match the work-
ing voltage of sensors. As an important member of ion ther-
moelectric materials, i-TE gels employ ions as carriers to con-
vert heat into electricity, which is a sustainable and environ-
mentally friendly technology. In contrast to liquid thermocells,
i-TE gels present several advantages, including flexibility, non-
leakage properties, and enhanced thermopower. These attributes
enable efficient performance at ambient temperatures, making
them suitable power supply for self-powered sensors and wear-
able technologies. Nevertheless, current i-TE gels underperform
in critical parameters such as thermopower and output power
density, which poses challenges in fulfilling the requirements for
practical applications.

The development milestones of thermionic capacitors and
thermocells are illustrated (Figure 1).>-1! In 2016, Zhao et al. de-
fined thermionic capacitors as devices capable of harvesting elec-
tricity from the electric double layer present at the electrode.[*?]
These thermionic capacitors can effectively capture energy from
intermittent heat sources, such as solar radiation. In the same
year, Yang et al. developed a wearable thermocell based on ther-
mogalvanic gel electrolytes to harvest energy from body heat.!3]
By modulating the interactions between ions and the polymer
matrix, the thermopower of i-TE gels can be adjusted from neg-
ative to positive values.[’) Through the investigation of various
electrolytes and the integration of thermocells into thermoelec-
tric modules, the output voltage of these thermocells has been
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Figure 1. Milestones of ionic gels in the development of thermionic capacitors and thermocells. Reproduced with permission.l'2] Copyright 2016, Royal
Society of Chemistry. Reproduced with permission.['*] Copyright 2016, Wiley-VCH. Reproduced under the terms of the CC-BY 4.0 license.l*] Copyright
2019, The Authors, Springer Nature. Reproduced with permission.3] Copyright 2019, Elsevier. Reproduced with permission.[] Copyright 2019, The
Authors, Springer Nature. Reproduced with permission.[®] Copyright 2020, The Authors, The American Association for the Advancement of Science
(AAAS). Reproduced with permission.[8] Copyright 2021, The Authors, The American Association for the Advancement of Science (AAAS). Reproduced
with permission.[®] Copyright 2022, Wiley-VCH. Reproduced under the terms of the CC-BY 4.0 license.l'%l Copyright 2024, The Authors, Springer Nature.

Reproduced with permission.I""l Copyright 2024, Wiley-VCH.

continuously enhanced. The applications of i-TE gels encom-
pass a wide range, including energy harvesting, thermal sensing,
human-machine interfaces, and biomedical applications.['%]

This review aims to design guideline of i-TE gels characterized
by superior mechanical properties and enhanced thermoelectric
performance, including high thermopower, output power den-
sity (Figure 2). The narration will commence with an overview
of the development of i-TE gels. Subsequently, we will provide a
brief introduction to the operational modes of i-TE gels, encom-
passing thermionic capacitors and thermocells. In terms of ma-
terial composition, this review will concentrate on i-TE gels syn-
thesized from both synthetic and natural polymers. To enhance
the longevity of i-TE gels under challenging operational condi-
tions, we will focus on their mechanical durability, stretchability,
and self-healing properties. Furthermore, methods to modulate
thermopower, including the development of p-type, n-type, and
p-n conversion of i-TE gels, ion doping, structural engineering,
ion-electron coupling, as well as the design of electrodes and elec-
trolytes, are presented. Finally, we will explore the applications of
i-TE gels in various fields, including low-grade heat harvesting,
thermal sensing, human-machine interfaces, and biomedical ap-
plications. The review will also address the challenges and future
perspectives associated with i-TE gels, aiming to further elucidate
their potential.
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2. The Energy Conversion Mechanism and
Working Mode of i-TE Gels

2.1. The Energy Conversion Mechanism of i-TE Gels

Early investigations into i-TE materials primarily focused on
ionic solutions or molten salts.[?’! However, compared to i-TE so-
lutions, quasi-solid i-TE gels composed of organic components
exhibit significantly high thermopower, ranging from several to
tens of millivolts per Kelvin (mV K~!). Additionally, i-TE gels
present several advantages, including flexibility, and the poten-
tial for large-scale fabrication, rendering them suitable for appli-
cations in flexible electronic devices.[?6-28]

When a temperature difference (AT) is applied across a gel
electrolyte, charge carriers, like cations and anions, diffuse from
the cold side to the hot side until the open-circuit voltage (AV,,..)
counterbalances further ion diffusion. The thermopower, or the
ionic Seebeck coefficient, describes the performance of heat-to-
electricity conversion in i-TE materials.[?3%] Generally, the ther-
mopower is defined as:

_ V(TH) B V(Tc)
S=-——p (1)
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Figure 2. The working mode of i-TE gels can be classified into either thermionic capacitors or thermocells. Reproduced with permission.['*] Copyright
2022, The Authors, Springer Nature. Reproduced with permission.[">] Copyright 2024, Elsevier. Reproduced under the terms of the CC-BY 4.0 license.['6]
Copyright 2023, Wiley-VCH. Reproduced with permission.['”] Copyright 2025, Wiley-VCH. Reproduced with permission.['®] Copyright 2023, Wiley-VCH.
Reproduced under the terms of the CC-BY 4.0 license.["®! Copyright 2023, The Authors, Springer Nature. Reproduced with permission.[?%] Copyright
2023, Elsevier. Reproduced with permission.[?'] Copyright 2024, Wiley-VCH. Reproduced under the terms of the CC-BY 4.0 license.[?2] Copyright 2023,
The Authors, Springer Nature. Reproduced with permission.[®] Copyright 2022, Wiley-VCH. Reproduced with permission.[23] Copyright 2023, Wiley-VCH.

Reproduced with permission.[?*] Copyright 2024, Wiley-VCH.

where V(T},) and V(T) represent the voltages of the hot and cold
electrodes at temperatures T;; and T, respectively. The sign of
thermopower defines the type of dominant ion carriers in i-TE
gels, which is p-type (S; > 0) for cations and n-type (S; < 0) for
anions. The sign of thermopower is related to the average trans-
port entropy per carrier charge (on the order of mV/K for i-TE
gels).

The high thermopower of i-TE gels originate from differ-
ent heat-to-electricity conversion mechanism, including the ther-
modiffusion effect, thermogalvanic effect, thermoextraction ef-
fect and the synergistic effect (Figure 3a—c).’!l The thermodif-
fusion effect originate from the Soret effect. Under a AT, the
thermodiffused ions accumulate at the electrode, generating an
open-circuit penitential that can drive current through the exter-
nal circuit. The heat energy can be converted into electricity by
working in a supercapacitor mode. The thermogalvanic effect re-

Adv. Mater. 2025, e06436

06436 (3 of 27)

quires temperature difference specific redox ions and electron cy-
cling. Under AT, redox ion pairs diffused form the hot side to cold
side, where redox reactions occur at the electrode, generating an
electron current in the external circuit. The thermogalvanic ef-
fect leads to an i-TE generator which can output consistent cur-
rent under a temperature difference. The thermoextraction effect
can be concluded into ion-electrode interactions. Typically, the
cations inserted in positive electrodes can be extracted and trans-
ported to negative electrode under temperature gradient. Gen-
erally, i-TE gels based on single thermodiffusion effect has high
thermopower but low power density limited by low ionic conduc-
tivity. In contrast, i-TE gels that utilize the thermogalvanic effect
achieve high power density while exhibiting low thermopower.
By synergistically utilizing both thermodiffusion and thermogal-
vanic effect, the thermopower and output power density can be
improved at the same time.
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Figure 3. Schematic illustration of energy conversion mechanism of i-TE gels for a) thermodiffusion effect, b) thermogalvanic effect, c) thermoextraction
effect. Schematic illustration of the working mode of d) thermoionic capacitors and e) thermocells. Reproduced with permission.l’l Copyright 2022,

Wiley-VCH.

2.2. The Working Mode of i-TE Gels

Depending on their operational principles, i-TE gels can function
as either thermionic capacitors or thermocells (Figure 3d,e).>
The thermodiffused ions accumulate near the electrode and form
an electrical double layer. Thereby, an open-circuit potential was
generated that can cause a current flow through the external
load. In 2016, X. Crispin proposed the working mechanism of
thermionic capacitor, which can be divided into four stages: (i)
voltage built-up, (ii) capacitor charging, (iii) equilibration, (iv) ca-
pacitor discharge.[!?] In the first step, an open-circuit voltage was
established under a stable AT. Then, an external load was con-
nected to the electrode, with an electric current pass through the
external load while maintaining a AT. In the third step, both the
AT and external load was removed from circuit. It is worth men-
tioned that the ions in the i-TE gels diffuse back while the at-
tracted charges at the electrodes still remain. Driven by the stored
charges, the open-circuit voltage decreases to zero and continue
decline to a negative value. Finally, the negative charges pass
through the external load and form an opposite direction current
compared with step ii. The thermionic capacitor can convert heat
into electricity by harvesting intermittent heat source. The output
energy can be calculated by the following equation:

E= %C(ATSi)Z 2)
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where C, AT, S, represent the specific capacitance, thermopower,
and temperature difference for this device, respectively.

In thermocells, redox ion pairs diffuse from the hot side to the
cold side, where redox reactions occur at the electrodes, gener-
ating a consistent current in the external circuit. Typically, the
heat-to-electricity conversion of thermocells contain three steps,
without energy storage process. The first step is the same as in
thermionic capacitors, an open-circuit voltage was generated un-
der AT. Next, by connecting with an external load, the voltage and
current gradually decline under AT. In the third step, the thermo-
cell is connected in a short-circuit condition, corresponding to a
reactivation process. The output energy in the second step can be
defined as:

E= /7 V() I()adt 3)

where t;, V(t), I(t) are the output energy time, V(t) and I(t) are the
corresponding voltage at specific time, respectively.

The maximum instantaneous power density (P,,,) refers to
the ratio of maximum power the device can output to the exter-
nal load resistance under a certain temperature difference to the
electrode area. The normalized maximum instantaneous power
density (P,,,,/AT?) is the ratio of P, _, to the square of the temper-
ature difference, which represents a key parameter for evaluating

the output performance of i-TE gels. The normalized maximum
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Figure 4. i-TE gels made from synthetic and natural materials. a). i-TE gels made from synthetic materials, like i) PVDF-HFP,[35-38] Reproduced with
permission.134-381 Copyright 2019, Wiley-VCH. ii) WPU,3*~41] Reproduced with permission.['439-411 Copyright 2022, The Authors, Springer Nature. iii)
PVA,[67:68] Reproduced with permission.[*367.68] Copyright 2019, Wiley-VCH. (iv) PAAm, Reproduced with permission.[3] Copyright 2022, Wiley-VCH.
b) i-TE gels made from natural materials, like i) Cellulose,[1646>7-60] Reproduced with permission.[41646:57-601 Copyright 2019, The Authors, Springer
Nature. ii) Lignin,[%7 Reproduced with permission.®61l Copyright 2023, Wiley-VCH. iii) Gelatin,!57:2051-53] Reproduced with permission.[6.7:2051-54]
Copyright 2024, Elsevier. iv) Chitosan.[>®] Reproduced with permission.[>>¢] Copyright 2024, Wiley-VCH.

power density is calculated when the external load resistance is
equal to the internal resistance of the cell, as expressed below:

Pmax/A T2 = VOC ISC /4-A T2 (4)

where V. and I, represent the open-circuit voltage and short-
circuit current, respectively.

3. i-TE Gels Materials

3.1.i-TE Gels based on Synthetic Materials

I-TE gels can be fabricated by either synthetic or natural
materials. The common components of i-TE gels contain
polymer matrix, thermodiffused ions and redox ion pairs
(Table 1).13%] The polymer matrix may consist of poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDE-HFP),[3%8] waterborne
polyurethane (WPU),[!*39#1] polyethylene oxide (PEO),!1242:43]
polyvinyl alcohol (PVA)18444] and crosslinked polymer
networks.[34#] Cheng et al. developed a quasi-solid-state
ionogel composed of PVDF-HFP and the ionic liquid (1-ethyl-
3-methylimidazolium dicyanamide, EMIM:DCA), achieving a
remarkable thermopower of up to 26.1 mV K-! (Figure 4ai).>¥
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This high thermopower is attributed to the interaction between
ions and dipole segments of PVDF-HFP. To synergistically
enhance both ionic conductivity and thermopower, Li et al. incor-
porated ethanol and sodium bis(trifluoromethylsulfonyl)imide
(NaTFSI) into the polymer network, fabricating the PVDF-
HFP/EMIM:DCA ionogels.’® Subsequently, a wearable wrist-
band with five legs was developed based on the ionogel fiber,
which exhibited improved thermoelectric performance, me-
chanical properties, and wearing comfort, generating a high
thermovoltage of 119.1 mV at room temperature (AT = 2.7 K).
Polyurethane can serve as a polymer matrix to enhance the me-
chanical properties of the ionogels. Fang et al. prepared stretch-
able and transparent ionogels by mixing elastomeric WPU with
EMIM:DCA.*% The ionogels containing 40 wt% EMIM:DCA ex-
hibited a high thermopower of 34.5 mV K-, ionic conductivity
of 8.4 mS cm™ at a relative humidity of 90%. To further en-
hance the i-TE performance of the stretchable ionogels, Xiao et al.
fabricated a nanocomposite ionogel by incorporating laponite
nanosheets and ionic liquid into WPU (Figure 4aii)."* The neg-
atively charged laponite nanosheets and released Na* ions can
increase the thermophoretic mobility difference between cations
and anions and achieve thermopower. The nanocomposite iono-
gel demonstrates high i-TE performance (S; = 44.1 mV K1,
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Table 1. Summary and comparisons of i-TE performance of gels made from synthetic and natural materials.

Humidity [%]

PF, [mW m~1 K72

AW m K

o, [mScm™]

S, [mV K]

Materials

ADVANCED
MATERIALS

85

0.46
3.72
1.00
2.74
0.01
0.04
2.75
14.41

0.18
0.18
0.23
2.74

6.7

26.1

PVDF-HFP/EMIM:DCA

85

19.4

43.8

PVDF-HFP/EMIM:DCA/NaDCA

WPU/EMIM:DCA

90
90

8.4

345

14.1

44.1

WPU/Laponite/EMIM:DCA

PEO/NaOH
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0.21

38.2
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18.0
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85

21.2
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3.27
0.54

0.24
0.49
0.36
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37.3
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Lignin/KOH

40.5

28.4
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o; = 141 mS cm™!) at a relative humidity of 90%. Given the
toxic properties of ionic liquids, Zhao et al. developed a eutec-
togel by incorporating WPU and an eco-friendly deep eutectic
solvent (ChCL:EG).!] These eutectogels exhibit a high mechan-
ical stretchability of 216% while maintaining high i-TE perfor-
mance (S; = 19.5mV K, 6, = 8.4 mS cm™!) at the same relative
humidity.

Generally, thermal sensors based on brittle semiconductor
thermoelectric materials struggle to produce a stable current
when subjected to stretching. In contrast, i-TE gels with intrinsic
stretchability are capable of converting heat into electricity even
after undergoing thousands of stretching cycles. Additionally, Lei
et al. presented an anti-fatigue and highly conductive thermocell
characterized by hierarchical fibrils and aligned nanochannels,
achieved through bionic mechanical training (Figure 4aiii).l*’!
The long-term mechanical properties of the thermocell are sig-
nificantly enhanced without compromising its thermoelectric
power density.

Hydrogel-based electrolytes are susceptible to dehydration
in ambient conditions. Part et al. developed fully stretchable
ionic thermoelectric supercapacitors (ITESCs) with exceptional
air stability (>60 days) (Figure 4aiv).*’] The ITESCs consists
of a stretchable i-TE elastomer electrolyte and stretchable gold
nanowire electrodes. The i-TE gel exhibits a high thermopower
(38.9 mV K!) and a high ionic conductivity (3.76 x 107! mS
cm™!) at 90% relative humidity, along with reliable mechanical
stability, as demonstrated by its ability to endure 500 cycles of
50% strain.

3.2.i-TE Gels based on Natural Materials

Although synthetic polymers are commonly used in i-TE ma-
terials, environmental concerns have arisen due to the chal-
lenges associated with recycling these materials.>®! Biopoly-
mers and their derivatives, known for their abundance, environ-
mental friendliness, and biocompatibility, have garnered signif-
icant interest in the field of i-TE materials. Biopolymers such
as gelatin,[®72951-#] chitosan,>>°] cellulose, 1646701 lignin,[61]
and bacterial cellulosel>*%2-%] serve as ideal matrices for i-TE ma-
terials, particularly for large-scale production and on-skin appli-
cations.

Li et al. utilized the hierarchical alignment structure of cel-
lulose to fabricate an ionic conductor by infiltrating an elec-
trolyte into a nanofluidic cellulose membrane (Figure 4bi).[*I The
negatively charged groups along the aligned cellulose molecular
chains facilitate the movement of Na* ions while hindering the
transport of OH" ions, resulting in a substantial thermopower
of 24 mV K-'. This work inspired us to leverage the structural
characteristics of natural materials to create pathways for direc-
tional ion movement and to fabricate ionic conductors with high
thermopower for low-grade heat harvesting. In contrast to the
mechanism described by Li et al., Han et al. demonstrated a high-
performance i-TE gel composed of polyquaternium-10 (PQ-10), a
cellulose derivative, as the polymer matrix and sodium hydroxide
(NaOH) as the ion source (Figure 4bii).['] The cationic quater-
nary amino groups on the PQ-10 polymer chains attract hydrox-
ide ion (OH) through electrostatic interactions, while Na* can
move freely under a temperature gradient, resulting in a high
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thermopower of 24.2 mV K~!. A smart glove is developed using
PQ-10/NaOH thermal sensor arrays, demonstrating the potential
application of i-TE hydrogels in artificial systems. Smart gloves
based on i-TE hydrogels hold significant promise for applications
in mechanical intelligence and human-machine interfaces.

Ye et al. presented an ultrastretchable and tough ionogel
based on water-induced competitive hydration interactions.[*!
By regulating the intermolecular interactions between cellu-
lose nanofibers (CNF), water, and ionic liquid (IL), the ionogels
demonstrate significantly enhanced mechanical performance
and ionic conduction. Additionally, the strong interactions be-
tween the IL and water improve the environmental stability of the
ionogels by suppressing water freezing and evaporation. Gelatin
is an ideal biopolymer for fabricating i-TE hydrogels. Han et al.
prepared a quasi-solid i-TE hydrogel using gelatin as the ma-
trix and harnessing the synergistic effect of thermodiffusion and
thermogalvanic.[®”] A flexible i-TE wearable device with 25 p-type
elements exhibits a high voltage up to 2.2 V, which is two to
three times higher than that of previously reported i-TE devices.
The fabricated i-TE cells can operate in continuous mode, gen-
erating a maximum energy density of 12.8 ] m~2. Recent stud-
ies have highlighted the synergy between hydrogel electrolytes
and electrodes in enhancing the thermopower and energy den-
sity of i-TE devices. Xu et al. demonstrates the influence of elec-
trodes on the tunable i-TE performance of gelatin-based ITESCs
(Figure 4biii).>*) After replacing the conventional copper foil with
carbon-based paper electrodes, the thermopower of Gelatin-CsCl
transitioned from p-type to n-type due to the restricted cation
mobility.

Inspired by plant stems, Sun et al. present a chitosan/CuCl,
hydrogel (ChCu) with a notable negative thermoelectric coeffi-
cient (Figure 4biv).5%] Using freeze-casting technology and Cu?*
complexation with chitosan, ChCu has a layered porous struc-
ture. In a temperature gradient, most Cu?* is immobilized in the
chitosan matrix, while unbound Cu?* migrates thermally, inter-
cepted by the layered architecture. In contrast, C1~ migrates freely
toward the colder end and accumulates, facilitating selective mi-
gration and distribution of ions and counterions. Consequently,
ChCu exhibits a thermoelectric coefficient of —23.8 mV K~! and
generates a voltage of 4.0 mV under a minimal temperature dif-
ference (AT = 0.3 K). Hu et al. introduced a novel approach to
enhance thermopower and output power by leveraging the syn-
ergy of the thermodiffusion effect and thermogalvanic effect in
an ionic gel electrolyte containing a single redox component (CG-
MA gels).5¢] The biguanide groups grafted onto the gel network
accelerate the selective separation of positive and negative ions,
resulting in an enhanced thermodiffusion effect. The incorpora-
tion of melamine into the gel networks facilitates the selective
complexation and desorption of Fe** at the cold end, thereby en-
hancing the thermogalvanic effect. Consequently, the optimized
CG-MA gels achieve a high thermopower of —7.2 mV K~! and a
maximum instantaneous power density of 4.5 W m~2, along with
a record-breaking output energy density of 17.9 k] m~2.

4. Mechanical Performance and Self-Healing
Performance of i-TE Gels

By continuously converting waste heat from the environment
into electricity, i-TE gels can serve as ideal power sources for flex-
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ible electronic devices. Excellent mechanical performances, such
as stretchability, and mechanical durability will significantly ex-
pand their applications in the wearable technology field."* Ad-
ditionally, self-healing performance is also an indispensable per-
formance for application.

4.1. Designing the Network Structure of i-TE Gels

Although the thermoelectric performance of ionic gels can
meet energy supply requirements, inadequate mechanical per-
formance remains a challenge. This limitation restricts the sus-
tainability and longevity of i-TE gels in practical applications.
A critical challenge in the advancement of i-TE devices lies in
the enhancement of mechanical properties without compromis-
ing i-TE performance, which is essential for prolonging service
life and broadening operational scenarios. Researchers have in-
vestigated multiple approaches to optimize the network struc-
tures of ionic hydrogels to enhance their mechanical perfor-
mance, including stretching-induced crystallization, 84 double-
network structures,[*>7274 and the enhancement of molecular
entanglements.[*+7>77]

Inspired by muscle myogenic fibers, Liu et al. developed a
quasi-solid stretchable thermocell based on polyvinyl alcohol
(PVA) by utilizing stretching-induced crystallization and redox
couple ion exchange (Figure 5a).'8] The mechanical performance
of the i-TE gel are enhanced due to the formation of a hierarchical
anisotropic network formed by freezing-casting-assisted stretch-
ing. Consequently, the i-TE gel demonstrated an enormous ten-
sile strength of 19 MPa and a high thermopower of 6.5 mV K1,
In contrast, i-TE gels that conform to the curved surface main-
tain stable temperature perception even when stretched. Zhao
et al. developed an ultra-stretchable hydrogel thermocouple for
temperature sensing during stretching.’®! This thermocouple
demonstrates a high thermopower of 1.93 mV K~! with a pair of
p/n junction and exhibits stable sensing behavior under a tensile
strain of 100%. Additionally, a virtual reality glove utilizing ther-
mally driven artificial muscles is fabricated to provide kinesthetic
haptic feedback.

Quasi-solid thermocells are vulnerable to breakage due
to low fracture energy, which limits their use. Improving
the mechanical properties of i-TE gels involves optimizing
their network structure, but higher crosslinking density can
impede ion thermodiffusion and reduce i-TE performance.
Therefore, an optimal design must balance mechanical
strength and i-TE performance. Lei et al. developed double
network thermocells with remarkable toughness of 2270 ]
m~2, notch insensitivity, and an enhanced normalized maxi-
mum power density of 0.61 mW m~2 K2 (Figure 5b).73] The
initial charged network interacts with the redox ion couple,
thereby augmenting the thermopower. Notably, the second
network synergistically enhances the first network by re-
ducing interfacial energy and increasing energy dissipation,
which in turn improves the toughness of the thermocell.
Achieving a balance between high toughness and good elas-
ticity in thermocells remains a significant challenge. Lyu
et al. developed a thermocell with a dense network struc-
ture by increasing the monomer concentration and decreas-
ing the content of the cross-linking agent (Figure 5c).”’!
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Figure 5. Improving the mechanical properties of i-TE gels through network structure design. a). A robust and durable thermogalvanic hydrogel with
high thermoelectric performance is achieved through stretching-induced crystallization. Reproduced with permission.['®] Copyright 2023, Wiley-VCH.
b). Double network thermocells demonstrate exceptional toughness and enhanced power density for continuous heat harvesting. Reproduced with
permission.!”3] Copyright 2021, Elsevier. c). A tough and elastic hydrogel thermocell showcases a dense network structure optimized for low-grade heat

harvesting. Reproduced with permission.l”’] Copyright 2024, Elsevier.

By enhancing molecular entanglements, these thermo-
cells effectively mitigate the trade-off between elasticity and
toughness.

4.2. Self-Healing Behavior of i-TE Gels

The self-healing properties of i-TE gels are poised to significantly
influence the fields of robotics and prosthetics, as these materials
can be worn for extended periods without the risk of damage.
Moreover, their self-healing capability allows for recovery from
minor injuries, thereby enhancing both their lifespan and cost-
effectiveness.*”] The self-healing behavior of i-TE gels and their
applications in devices will be discussed separately.

Kim et al. developed a self-healable polymer, PE-
DOT:PAAMPSA:PA, which exhibited remarkably high i-TE
properties (Figure 6a).'°! The polymer demonstrates excel-
lent durability of i-TE performance under cyclic self-healing
(30 cycles) and stretching processes (50 cycles). The i-TE de-
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vices achieve a maximum power output and energy density
of 459 pW-m~ and 1.95 mJ-m~2, demonstrating its potential
for self-powered wearable devices. Malik et al. demonstrated
a self-healable organic-inorganic i-TE composite (OITC) by
incorporating SiO, nanoparticles into a ternary polymer of
PANI:PAAMPSA:PA (Figure 6b).[7% The incorporation of SiO,
nanoparticles enhance the i-TE performance of the OITC by
promoting the ion dissociation of functional groups within the
polymer. The OITC exhibits improved i-TE performance (S; =
17.9 mV K!) compared to the organic polymer (S; = 15.0 mV
K1) at 80% relative humidity.

In most cases, thermoelectric modules are fabricated on rigid
substrates and electrodes, despite the self-healing capabilities
of i-TE materials, which limit their mechanical stretchability
and suitability for wearable applications. To address this chal-
lenge, Ho et al. developed a zwitterionic copolymer-based fully
self-healable ionic thermoelectric generator (TEG) (Figure 6¢).l”"]
The copolymer-based TEG exhibited rapid self-healing ability
at room temperature due to the multiple ionic interactions of
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Figure 6. Self-healing behavior of i-TE gels. a) Stretchable and self-healable polymer, PEDOT:PAAMPSA:PA, exhibits remarkably high i-TE properties.
Reproduced under the terms of the CC-BY 4.0 license.!"! Copyright 2023, The Authors, Springer Nature. b) Self-healable organic-inorganic hybrid ther-
moelectric materials demonstrate excellent i-TE performance. Reproduced with permission.[”% Copyright 2021, Wiley-VCH. c) A fully self-healable i-TE
module is based on zwitterionic polymer gels. Reproduced with permission.[”®] Copyright 2023, Wiley-VCH. d) A wearable and transparent thermoelec-
tric hydrogel, which utilizes bisulfate transport, features a large negative thermopower. Reproduced with permission.!3%] Copyright 2022, Royal Society

of Chemistry.

zwitterionic groups present in the side chains. Additionally, a
self-healing electrode composed of WPU, PVA, and liquid metal
has been created for fully self-healable TEG. A fully healable TEG
with ten legs is constructed using p-type and n-type ionogels.
Through the cutting and healing process, the legs of the TEG
module can be modified to different quantities, allowing the volt-
age to be adjusted to the desired level, thereby demonstrating
modularity and replaceability.

Most ionogels fabricated with ionic liquids are toxic, posing
environmental risks regarding disposal situation after use. Ther-
moelectrics with a non-hazardous and eco-friendly composition
hold significant potential for large-scale low-grade energy conver-
sion. Cho etal. developed a wearable and transparent thermoelec-
tric hydrogel based on bisulfate transport (Figure 6d).[#%) For the
first time, biocompatible bisulfate is utilized as a thermally diffu-
sive anion carrier in a thermoelectric device. The i-TE hydrogel
achieves a negative thermopower of —25 mV K~! and an ionic
figure of merit of 7.2 at a relative humidity of 80%. The i-TE hy-
drogel demonstrated self-healing behavior, extending its service
life. A wearable TE band with twenty devices is prepared to gen-
erate a thermovoltage of —2.75 V at a temperature difference of
5.5 K.
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5. Improving the Thermopower of i-TE Gels

The i-TE gels are composed of polymers, ions, and solvents,
which facilitate six distinct types of interactions: ion-polymer, ion-
ion, solvent-polymer, ion-solvent, polymer-polymer, and solvent-
solvent interactions.®#%] Furthermore, the interaction between
the electrolyte and the electrodes plays a crucial role in influenc-
ing the thermopower of i-TE gels. To achieve further enhance-
ment of the thermopower in i-TE gels, it is essential to develop
a comprehensive understanding of the interactions among ions,
polymers, solvents, and electrodes, as well as the interactions be-
tween the electrolyte and the electrodes.

5.1. Enhancing the Thermopower of p-type i-TE Gels by
Structural Engineering and lon Doping

The thermopower of i-TE gels can be enhanced through struc-
tural engineering. The hydrogen bonds within the polymer ma-
trix significantly influence the thermopower of i-TE gels. Chen
et al. fabricated PVA/HCI hydrogels that rely on the transport of
H* ions under a temperature gradient (Figure 7a).l”] The H*
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Figure 7. Enhancing the thermopower of p-type i-TE gels. a) Improved thermopower from H* movement in a strong hydrogen bonding system. Re-
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Copyright 2022, American Chemical Society.

cations were introduced into the PVA/HCI hydrogels by swelling
the PVA hydrogels with varying degrees of crystallization in the
HCI solution. The i-TE gel achieved a remarkable thermopower
of 38.2 mV K! due to the hindering effect of strong hydrogen-
bond on anions. Liu et al. investigated the variation in thermo-
electric properties induced by the sol-gel phase transition phe-
nomenon in i-TE materials.®*] For the first time, it is reported
that there was a substantial increase in thermopower (6.5-folds)
and ionic figure of merit (23-folds) in poloxamer/LiCl during the
thermally induced sol-gel phase transition. It confirms that the
significant enhancement of thermoelectric properties resulting
from the phase transition is universal, irrespective of the underly-
ing causes of the sol-gel phase transition. Cheng et al. introduced
ionic thermal migration channels for obtaining high ionic ther-
mal power (Figure 7b).®5] The study revealed that channel size
and ion interactions are crucial. Initial optimization of the cel-
lulose/KClI hydrogel increased thermal power from 2.45 to 8.13
mV-K~!. Using sodium alginate as the polyanion and multiva-
lent ion crosslinking further enhanced the channel-Cl~ interac-
tion, achieving 22.09 mV-K~!. These cellulose-based i-TE gels
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are promising for energy harvesting and temperature sensing in
wearable devices.

Despite the high thermopower of i-TE gels, their conductiv-
ity remained relatively low. The i-TE performance of ionogels
composed of PVDF-HFP and EMIM:DCA can be significantly
enhanced by engineering the solid network with an antisolvent
(Figure 7¢).%%] By incorporating ethanol as antisolvent into the
ionogel, the polymer grain size decreases, facilitating ion trans-
port along the grain boundaries. The conductivity of the iono-
gel increased from 7.0 to 17.6 mS cm™! with the addition of
5 wt% ethanol, while maintaining a high thermopower of
25.4 mV K7'. The thermopower can be enhanced by optimiz-
ing the microstructure of the i-TE gels. Li et al. synthesized
an agarose-based i-TE gel that exhibits a high thermopower of
41.8 mV K~! by decoupling the thermodiffusion of the cation Na*
and the anion DBS- (Figure 8d).[3%! The incorporation of DBS" re-
sulted in the formation of a uniform 3D porous structure within
the agarose gel, which created ion transport channels facilitating
the thermodiffusion of Na*. The DBS anion micelles, character-
ized by a high density of negative charge, are immobilized within
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Figure 8. Method for preparing n-type ionogel. a) An N-type ionic hydrogel shows a large negative thermopower via synergistic coordination and hydra-
tion. Reproduced under the terms of the CC-BY 4.0 license.[®] Copyright 2021, The Authors, The American Association for the Advancement of Science
(AAAS). b) An n-type ionogel with a significant negative thermopower is achieved through metal coordination and ion-selective association. Reproduced
under the terms of the CC-BY 4.0 license.[*?] Copyright 2023, The Authors, The American Association for the Advancement of Science (AAAS). c) Bidi-
rectionally anchored cations facilitate substantial negative thermopower in multifunctional polymers. Reproduced with permission.[*'] Copyright 2023,
American Chemical Society. d) An n-type i-TE gel with excellent mechanical properties is fabricated through the synergy of coordination interactions and
Hofmeister effect. Reproduced with permission.[®2] Copyright 2024, Wiley-VCH.

the polymer matrix, allowing Na* cations to move freely within
the i-TE gels. Due to the interaction between Na* and DBS™ mi-
celles, the Eastman entropy of Na* could be increased, thereby
enhancing the thermopower. By optimizing the interaction be-
tween ions and polymers, Zhao et al. developed an i-TE gel with
ahigh S; of 18 mV K! at relative humidity of 60%.!8”] The migra-
tion of anions is hindered by the hydroxyl groups present in the
polymers, while the transport of cations was enhanced through
segmental motion, thereby increasing the thermodiffusion dif-
ference between cations and anions. Inspired by the rapid cool-
ing of metal alloys for grain refinement and low atomic mobility,
Zhang et al. developed a stretchable i-TE gel with a high normal-
ized maximum power density of 2227.5 uW m~2 K2 and a ther-
mopower of 4.5 mV K~! through structure engineering induced
by liquid nitrogen quenching.!®) The results demonstrate that
the nitrogen quenching process can inhibit the crystallization of
[Fe(CN),]* and promote a better dispersion of small grains within
the hydrogel, thereby increasing the concentration difference of
the redox couple between the hot and cold sides.
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Ion doping can enhance the thermopower of i-TE gels. Liu
et al. developed a novel method to improve thermopower by in-
corporating sodium dicyanamide (Na:DCA) into an ionogel com-
posed of PVDF-HFP and EMIM:DCA.I*] With the addition of 0.5
mol% Nat, the i-TE gel exhibits a thermopower of 43.8 + 1.0 mV
K-! at a relative humidity of 85%. The enhancement in ther-
mopower can be attributed to the interactions between the doped
Na* cations with DCA™ anions, which increase the disparity in
the mobilities of EMIM™* and DCA'. A deeper understanding of
the mechanisms underlying ion doping is essential for enhanc-
ing the thermopower of i-TE gels. Zhou et al. reported a cationic
doping method involving the addition of acetate salts to the iono-
gels composed of gelatin and EMIM:Ac.[?"! An extraordinary ther-
mopower of 37.3 mV K~! is achieved by doping the ionogel with
Na:Ac. The enhancement in thermopower is attributed to the lat-
tice energy and melting point of the acetate salts. The study con-
ducted by He et al. offered a novel perspective on the role of ions
in i-TE gels.*®] The findings suggest that the capacity of ions
to affect hydrogen bonding is a crucial factor. By incorporating
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cesium iodide (Csl) into the PVA matrix, the i-TE gels demon-
strate a high thermopower of 52.9 mV K=!, which ranks among
the largest thermopower values reported to date (Figure 7d). The
selection of optimal ion providers can significantly influence the
polymer configuration, thereby enhancing the thermopower of
i-TE gels. Li et al. introduced a novel strategy that leverages the
ion entanglement effect to enhance the thermal diffusion differ-
ence between anions and cations.®?] A weak interaction between
CF,SO* and CH,SO?%, referred to as anionic entanglement, is
confirmed through density functional theory (DFT) calculations.
The thermopower 28 mV K~!, and a high output energy den-
sity of 67.2 m] m~2 K2 are achieved over a discharge period of
2 h. These findings present a new approach for designing high-
performance i-TE gels by manipulating weak interactions among
ions.

5.2. Reducing the Thermopower of n-type i-TE Gels by
Modulating lon-Polymer Interactions

In practical applications, the output performance of i-TE gels can
be improved by connecting n-type and p-type ionic gels in series.
While the thermopower of p-type i-TE gels has achieved a rela-
tively high level, the development of n-type i-TE gels still remain
a significant challenge.

Chen et al. developed an i-TE hydrogel with a large negative
thermopower through synergistic coordination and hydration in-
teractions (Figure 8a).®! Typically, coordination interactions in
i-TE hydrogels are likely to be disrupted by the ion-hydration
process. The i-TE gel composed of PVA and sodium hydroxide
(NaOH) is prepared using a dry-annealing process followed by a
fully swollen process. In this configuration, Na* ions can coordi-
nate with PVA polymer chains, while the hydrated OH" ions serve
as the primary thermodiffusion ions in the i-TE gels, resulting in
a significant negative thermopower of —37.6 mV K~'. Zhao et al.
developed a remarkable n-type ionogel composed of polyethylene
oxide (PEO), lithium salt, and ionic liquid (Figure 8b).*”) To en-
hance anion transport and increase transfer entropy, they pro-
pose a strategy that leverages metal-ligand coordination in con-
junction with ion-selective association. Molecular dynamics sim-
ulations confirm that the presence of anion clusters and prefer-
ential ion association significantly facilitate anion diffusion. This
enhancement has resulted in high i-TE performance, character-
ized by a thermopower of —15 mV K™! and an ionic conduc-
tivity of 1.86 mS cm™! at a relative humidity of 50%. The i-TE
gels exhibit excellent stretchability and self-healing properties,
attributed to the dynamic and reversible physical crosslinking
between lithium ions and the ether oxygens of PEO chains. Ad-
ditionally, the i-TE gels demonstrate exceptional recyclability, as
they can be dissolved in ethanol and regenerated through solvent
evaporation.

The thermopower of p-type i-TE gels has reached a relatively
high level. However, the development of n-type i-TE gels with
comparable performance remains a significant challenge. Le
et al. introduced a synergistic doping method to convert p-type
i-TE gels into n-type.”l By incorporating Ag* and OTf, Ag*
forms a complex with BMIM*, while OTf interacts strongly
with BMIM®*. This interaction retards the migration of BMIM*
cations and increases the thermodiffusion difference between
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BMIM™* and BF, . The resulting n-type i-TE gel achieved a high
thermopower of —26.4 mV K~! under a relative humidity of 75%.
The interactions between ions and polymers play a critical role in
the development of hydrogels with high i-TE performance. Fur-
ther investigation into various types of interactions is necessary
to enhance i-TE performance. Chen et al. explored the synergistic
applications of two different types of interactions in i-TE materi-
als (Figure 8c).’!) The i-TE hydrogel is prepared by infiltrating a
CuCl,-PDDA solution into a PVA-chitosan aerogel, resulting in
high i-TE performance (S; = —28.4 mV K!) at room tempera-
ture. The significant negative thermopower arises from the coor-
dination interactions between Cu?* and chitosan, as well as the
Coulomb repulsion of Cu?* by the polycationic PDDA polymer.
This interaction facilitates the transport of anions presented by
[CuCl,].> The [CuCl,)* ions, characterized by their unique hy-
dration structure, are prevalent in aqueous CuCl, solutions and
exhibit a higher thermodiffusion speed compared to Cl'. In the
i-TE gels, both the confinement of Cu?* by chitosan and the abun-
dance ionizable Cl" in PDDA can synergistically promote the syn-
thesis of [CuCl,].> The critical role of [CuCl,]* in the develop-
ment of n-type i-TE gels has not yet been fully understood.

For practical applications, it is essential to fabricate n-type i-TE
gels with outstanding mechanical properties. Hu et al. demon-
strated multi-hierarchical network-enhanced i-TE gels that ex-
hibited simultaneously improved thermoelectric and mechanical
performance (Figure 8d).[°?! By immersing the PVA organogel in
specific ionic salt solutions, both coordination interactions and
the Hofmeister effect are achieved. The mobility of anions is en-
hanced due to the coordination interactions and the salting-out
effect. The PVPy30-1.5 combines exceptional mechanical prop-
erties with high TE performance, including remarkable tensile
strength (>6.7 MPa) and toughness (>43 M] m™), along with
significant negative thermopower (—3.6 mV K!) at room tem-
perature.

5.3. Bidirectional Modulating the Thermopower of i-TE Gels
through Multiple Strategies

In practical applications, the output voltage of i-TE devices can be
improved by connecting n-type and p-type cells in series. By mod-
ulating the interactions between ions and polymers, ions and
ions, or ions and electrodes, the thermopower of i-TE gels can
be adjusted from p-type to n-type, thereby enhancing the overall
output performance of the gels (Figure 9).

Previous efforts have focused on ion-matrix interactions to
modulate the i-TE properties. Here, Liu et al. proposed a novel
strategy to enhance the thermopower by leveraging strong ion-
ion interactions in ternary polymer gels (Figure 10a).1%*) By incor-
porating of ion salts into the ternary ionogels, the thermopower
can be adjusted from —15 to 17 mV K-!. By appropriately se-
lecting the doping salts that interact with either cations or an-
ions, the dominant diffusion ions in the ternary ionogels can be
precisely controlled, allowing for tailored thermopower. A wear-
able i-TE device with 12 pairs of p/n legs was fabricated, ex-
hibiting a thermopower of 0.358 V K~1. Ion salts can be uti-
lized as thermopower regulators to create a bipolar i-TE gels.
Liu et al. developed a stretchable and self-healing ionogel with
bipolar thermoelectric properties.[®* By substituting the salt from

© 2025 Wiley-VCH GmbH
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EMIM:Cl to LiBF,, the thermopower of the ionogels varies from
—21 to 30 mV K~'. The ionogel exhibits a robust self-healing ca-
pability due to strong ion-dipole interactions. A flexible thermo-
electric detector, consisting of ten pairs of p/n legs, demonstrates
a thermovoltage of 0.25 V K~! with a temperature difference of 1-
2 K. Zhao et al. demonstrated ambipolar i-TE gels with a tunable
thermopower by adjusting the gel composition (Figure 10b).!
The magnitude and sign of the thermopower in the i-TE gels can
vary from —4 to 14 mV K~! with the addition of liquid neutral
PEG. The interaction between ions and polymers plays a cen-
tral role in modulating the thermopower, as the dominating ther-
modiffusion ions transition from anions to cations. The solution
processability of the i-TE gels facilitates screen printing and the
large-scale fabrication of the thermopiles at a low cost. A ther-
mosensitive i-TE module with 18 pairs of connected thermocou-
ples generates a thermopower of 0.333 V K~!. Here, Duan et al.
developed a novel system that facilitates p-n conversion for the
iodide/triiodide (I'/I;") redox couple, induced by thermosensi-
tive PNIPAM nanogels (Figure 10c).2! The PNIPAM nanogels
possess a low critical solution temperature (LCST, ~32 °C), ex-
hibiting a hydrophilic state at low temperatures and transition-
ing to a hydrophobic state at elevated temperatures. The i-TE
gels can be converted from p-type (S; = 0.7 mV K1) to n-type
(S; = —1.9 mV K1) with the incorporation of PNIPAM nanogels.
This conversion of the thermopower occurs as the nanogels cap-
turing I; at the hot side and release I" at the cold side, thereby
creating a concentration gradient of I' across the thermocell. A
wearable device has been designed with consideration from the
transition temperature of the nanogels, which is approximately
equal to body temperature. This device generates an output volt-
age of 1V by harnessing body heat. Guo et al. utilized the rapid
and reversible pH shift of a solution containing temperature-
responsive hydrogel nanoparticles, resulting in a thermocell with
ahigh S, at approximately room temperature.[®>] At physiological
temperatures, the thermocell achieves a high S; due to the swift
and reversible pH shift of the temperature-responsive hydrogel
nanoparticles. The concept of entropy-driven phase transitions in
hydrogel nanoparticles presents a novel approach for developing
nontoxic, high-performance thermocells.

Zhao et al. demonstrated self-healing and robust ionogels with
tunable thermoelectric properties through metal-halogen bond-
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ing interactions (Figure 10d).°®! The ionic conductivity and me-
chanical strength of the ionogels are simultaneously enhanced
by introducing phase separation between the polymer matrix and
the salts in the ternary PEO/LiTFSI/EMIM:Cl ionogel. The dom-
inant transport ions shift from anions to cations with the addi-
tion of EMIM:CI, resulting in a transition from n-type to p-type
behavior in the i-TE gels within the same polymer matrix. The
thermopower of the ternary ionogel can be adjusted from —4 to
13 mV K~! while maintaining its self-healing capability. By con-
trolling the phase transition process, tunable i-TE performance
in thermoelectric devices can be achieved for low-grade heat har-
vesting applications.

Through the use of i-TE hydrogels for low-grade heat har-
vesting, their mechanical and thermal stability is often inad-
equate. Kim et al. reported a side-chain engineering strategy
to develop p-type and n-type ionic gels that exhibit stretchabil-
ity and self-healing properties (Figure 10e).°”] The polymer, de-
signed with long ionic side chains, facilitates the passage of a
single ion species, resulting in a thermopower that varies from
5.8 to —4.2 mV K~!. The i-TE devices, which incorporate five
pairs of p/n thermocouples, demonstrate a high thermovoltage
of 0.8 V. Controlling the thermodiffusion behavior of cations
and anions is essential for achieving high-performance i-TE ma-
terials. Lee et al. utilized pH-sensitive zwitterionic (ZI) polymers
to achieve bipolar properties by manipulating the environmen-
tal pH (Figure 10f).°® By immersing the ZI hydrogel in vari-
ous aqueous solutions with pH levels ranging from 1 to 14, the
thermopower varies from —32.6 to 31.7 mV K~'. This research
presents a straightforward strategy for fabricating bipolar i-TE
gels through the adjustment of environmental pH.

Chi et al. demonstrated reversible bipolar thermopower us-
ing the same i-TE gels by modulating the ion-electrode interac-
tions (Figure 10g).??! The thermopower of the i-TE device transi-
tioned from p-type (20.2 + 4 mV K1) to n-type (=10.2 + 0.8 mV
K1) when the electrode is switched from copper to amorphous
carbon nanotubes. The interfacial interactions and the polariza-
tion arrangement of ions vary significantly with different elec-
trodes. By alternating the external electrodes, the i-TE gel is able
to achieve cyclic power generation under constant thermal con-
ditions. The approach of changing electrode, rather than altering
the thermal contact between materials and heat or re-establishing

© 2025 Wiley-VCH GmbH
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Figure 10. Methods for converting p-type ionogel to n-type ionogel. a) Bidirectional modulation of the thermopower in i-TE gels enabled by selective
jon doping. Reproduced under the terms of the CC-BY 4.0 license.[?3] Copyright 2022, The Authors, The American Association for the Advancement
of Science (AAAS). b) An ambipolar i-TE gel with tunable thermopower has been developed by adjusting the gel composition. Reproduced under the
terms of the CC-BY 4.0 license.[3] Copyright 2019, The Authors, Springer Nature. c) P-N conversion for the iodide/triiodide (I"/15°) redox couple induced

Adv. Mater. 2025, €06436 €06436 (14 of 27) © 2025 Wiley-VCH GmbH

95UB017 SUOLUWIOD BA 111D 3[cedl|dde 8Ly Aq peusenol a1e sajolie YO 9SN JO Sa|nJ 10} AeIq1T 8UIUO /8|1 LD (SUORIPUOD-pUE-SWLBIAL0O" A IM ATl 1jeulU0//SdNy) SUORIPUOD pue sWwie 1 84} 88S *[5202/20/Tz] uo Akeiqiauliuo A8]im ‘JO uonmisu| Builieg-sed Aq 9905202 eWPe/Z00T 0T/I0p/L0d" A8 | IM Afe.d 1joul JUO'peoUeARe//SAnY Wouj pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

the temperature difference, can enhance the efficiency of
i-TE generators.

6. Improvement on the Thermoelectric Output
Performance of i-TE Gel-based Device

Despite the various methods been applied to improve the ther-
mopower of i-TE gels, the output performance of a single i-TE gel
remains limited and does not meet the requirements for practical
applications. I-TE gel-based devices, like thermoelectric modules
can be fabricated by connecting multiple i-TE gel cells. There-
fore, it is imperative to further enhance the output performance
of i-TE gel-based devices.

6.1. Optimal Design of the Electrodes and Electrolytes

Given that the interaction between the electrode and the elec-
trolyte enhances the thermopower of the ionic gel, the thermo-
electric output of the ionic gel can be improved by optimizing
the microstructure of the electrode. By developing a 3D hierar-
chical structure for the electrode, the maximum power density
of the i-TE cells based on synergistic effect can be increased due
to the enhanced thermogalvanic reaction sites and the reduced
interfacial charge transfer resistance (Figure 11a).°]

Despite the potential of thermocells for harvesting low-grade
heat, their power density and energy conversion efficiency of
thermocell are often hindered by low conductivity and a nar-
row operational window of the electrolyte. Li et al. developed an
anti-freezing thermocell system with anisotropic holey graphene
aerogel as electrodes, enabling operation across a wide temper-
ature range (Figure 11b).[1%] The anisotropic holey graphene
aerogel exhibits remarkable ion conductivity due to its aligned
graphene sheets and pores. The eutectic electrolyte, characterized
by high ion conductivity, is prepared by mixing formamide and
water, significantly increasing the operational temperature range
from 0 to —40 °C. A single thermocell was fabricated by assem-
bling the anisotropic graphene aerogel electrode with the eutec-
tic electrolyte, demonstrating a high maximum power density of
3.6 W m~2 and a thermopower of 1.3 mV K~!. The output volt-
age of the assembled thermocells increased form 140 mV (for a
single-cylinder thermocell) to 2.1 V (for fifteen-cylinder thermo-
cells).

Currently, i-TE gels exhibit suboptimal performance in terms
of i-TE potential, output power density, and energy density, which
limits their practical use. While optimizing gel composition can
enhance performance, effective strategies are limited. Niu et al.
introduced the concept of “high entropy” into i-TE gels, develop-
ing high-entropy gel thermoelectric batteries that exhibited excel-
lent performance near room temperature (Figure 11c).[1% The
high-entropy structure, formed through multi-anion coupling,

www.advmat.de

significantly increased the entropy change of the redox reaction,
exchange current density, and ionic conductivity, enhancing en-
ergy collection. After 50 cycles of quasi-continuous discharge, the
high-entropy i-TE gel maintained a stable voltage of 95 mV at a
AT of 3 K for up to 250 min, demonstrating good stability and a
long lifespan suitable for practical battery applications. Niu et al.
developed an ion thermoelectric-electrochemical (i-TE-EC) ther-
mocell using two types of asymmetric gels to form a double sand-
wich structure (Figure 11d).'%] The integration of electrochemi-
cal energy significantly enhances thermoelectric conversion per-
formance, attributed to the synergistic effect based on thermodif-
fusion effect and thermogalvanic effect of the asymmetric gels. By
optimizing the gel composition through adjustments in the con-
centration and ratio of redox materials and the content of addi-
tives, the thermoelectric performance of the i-TE-EC battery was
further improved. A gel device composed of nine i-TE-EC ther-
mocells connected in series achieved an output voltage of 1.55 V
and a normalized maximum power density of 5.2 mW m~2 K2
at 40 °C. Additionally, Zhang et al. prepared an anti-freezing,
stretchable thermocell based on thermogalvanic effect by intro-
ducing guanidine ion-induced [Fe(CN)4]* ion crystallization.[*8]
This thermocell exhibits high thermoelectric performance, with
a remarkable thermopower of 4.4 mV K~! and a record-high nor-
malized output power density of 1780 pW m~2K~2. By generating
a stable voltage and reducing the CPU temperature by 1.5 K, this
thermocell demonstrates that thermal management and power
generation can be achieved simultaneously.

6.2. Hybrid Working Mode

A temperature difference application-removal cycle is necessary
to facilitate the charging and discharging processes of i-TE gen-
erator, which can be time-consuming and inefficient. Achieving
a continuous power supply while maintaining a constant AT
through the design of the electrolyte structure presents signifi-
cant challenges.

Currently, i-TE gels are utilized in a capacitive mode, as ions
cannot enter the external circuit, resulting in a discontinuous
working mode and low energy density. He et al. demonstrated
a continuous output by converting the ionic current into electri-
cal current using an ion-electron conductor(Figure 11e).11%! The
i-TE devices based on the ion-electron conductors can directly
power electronic devices. A porous carbonized pomelo peel filled
with ionic liquid is designed to facilitate the transport of both ions
and electrons. When a temperature gradient is applied to the i-
TE gel, an electric field was established due to the Soret effect.
As electrons pass through the i-TE gel, a portion of the drift cur-
rent can flow through the external circuit, resulting in a continu-
ous operating mode that converts ionic current into electrical cur-
rent. A large p-type thermopower of 11.58 mV K~! was achieved
by combining the coupling effect of thermodiffusion and

by poly(N-isopropylacrylamide) (PNIPAM) thermosensitive nanogels. Reproduced with permission.[3] Copyright 2019, Elsevier. d) A self-healing and
durable ionogel with tunable thermoelectric performance is developed through phase separation induced by metal-halogen interactions. Reproduced
with permission.[%®] Copyright 2024, Wiley-VCH. e) P-type or n-type i-TE gels with long ionic side chains that exhibit tunable i-TE performance. Reproduced
with permission.[®’] Copyright 2023, Wiley-VCH. f) A pH-sensitive zwitterionic hydrogel with a double network structure that demonstrates bipolar
thermoelectricity. Reproduced with permission.[?8] Copyright 2024, Wiley-VCH. g) Reversible bipolar thermopower of i-TE gels through manipulation of
the interactions between ions and electrodes. Reproduced under the terms of the CC-BY 4.0 license.[?2] Copyright 2023, The Authors, Springer Nature.
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graphene aerogel electrodes and a eutectic redox electrolyte. Reproduced with permission.l'®! Copyright 2019, Wiley-VCH. c) Remarkable i-TE perfor-
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thermogalvanic effect (Figure 11£).11] The i-TE gel with superior
stretching and adhesion property can output an energy density
of 32 mW m~2 at a temperature gradient of 15 K. Wang et al. re-
ported that thermoelectric conversion efficiency can be enhanced
by combining the Soret effect with the proton-coupled electron
transfer (PCET) reaction of benzoquinone and hydroquinone./1%!
An energy storage function can be achieved through the redox
couple, maintaining a power output of 27.7% and 14 mW m=2
for over 3 h by rebalancing the PCET reactants in the hydrogel.
Jiang et al. developed an i-TE generator with high energy den-
sity by harnessing the synergy between the thermodiffusion ef-
fect and the redox reactions occurring at the electrodes.[?)! The
i-TE gel exhibited a notable thermopower of 40.6 mV K~!, which
can be attributed to the phase transition behavior induced by hy-
drogen bonding during heating. Furthermore, the i-TE gel, when
combine with a polyaniline (PANI) electrode, can function as a
continuous and recyclable power source.

6.3. Extending the Working Temperature Range

Currently, the i-TE gel-based thermocells exhibit a relatively
low output power density. The limited operational tempera-
ture range restricts the potential for further enhancement of
this output power density. A flexible i-TE gel-based thermocell
has been developed by incorporating glutaraldehyde into the
gelatin-KCl-FeCN* /3 matrix, significantly improving the ther-
mal stability of the gel (Figure 11g).['%! The maximum tem-
perature differential has been increased from 9 to 23 °C. The
gelatin/glutaraldehyde polymer network enhances the entropy
difference of the FeCN* /> redox couple, thereby improving its
thermoelectric power. A flexible and wearable device composed
of 16 i-TE cells can generate a high voltage of 3.6 V and an output
power of 115 mW by harnessing body heat.

The i-TE performance of thermocells was limited by the re-
stricted thermal tolerance of i-TE gels. Han et al. developed a
strategy to enhance the thermopower and output power den-
sity by incorporating graphene into i-TE gels (Figure 11h).[11%
Graphene improves the i-TE performance of thermocells by
forming a bridge-like structure. The i-TE gel demonstrated a high
thermopower of 13 mV K~ at 323 K. A record-high normalized
maximum power density of 1.2 mW m~2 K2 is achieved at 323
K by connecting four thermocells in series.

6.4. Enlarging the Temperature Difference

In the case of thermionic capacitors and thermocells, the normal-
ized maximum power density (P, A" AT~?, where P represents
the maximum power output and A denotes the module’s cross-
sectional area) is at least one order of magnitude lower than that

of thermoelectric devices. The primary reason for the reduced
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power density is the significant internal resistance of thermionic
capacitors, combined with the weak driving force provided by the
temperature difference. The temperature difference acts as the
driving force for the i-TE generator, and the output performance
of the i-TE generator can be enhanced by increasing the temper-
ature difference through methods such as radiative cooling or
evaporative cooling. Furthermore, the ionic gels can be employed
for thermoelectric energy generation and freshwater collection,
thereby improving the efficiency of energy and water conversion.

Yang et al. developed a self-sustaining thermocell based
on thermogalvanic effect in conjunction with a passive radia-
tive cooling layer (Figure 12a).'l The thermogalvanic iono-
gel is composed of a poly(N,N-dimethylacrylamide) (PDMAA)
network, an ionic liquid (EMIM:DCA), and ion redox cou-
ple ([Fe(CN)g]*/[Fe(CN)¢]*). This ionogel demonstrates a re-
markable thermopower of 32.4 mV K~! and maintains stable
thermoelectric performance over a broad temperature range
(~—40-90 °C), enabling effective energy harvesting under diverse
weather conditions. A thermoelectric module is constructed by
integrating 80 units, yielding an output voltage exceeding 45 V
under a solar intensity of 1000 W m~2.

Traditional semiconductor thermoelectric devices struggle to
dissipate heat effectively during low-grade heat harvesting, lead-
ing to decreased efficiency in core energy conversion systems.
To tackle this issue, Liu and colleagues have developed a smart
thermoelectric hydrogel by combining low-grade heat harvesting
and evaporative cooling (Figure 12b).l'"!] The redox reactions of
ions within the hydrogel, along with moisture evaporation and
absorption, create two independent thermodynamic cycles. This
innovative approach allows for efficient evaporative cooling while
thermoelectric conversion occurs. When applied to a heating el-
ement, the hydrogel film can convert waste heat into electrical
energy, while the moisture rapidly evaporates to dissipate heat,
thereby lowering the device’s temperature. Additionally, when
not in use, the hydrogel film absorbs moisture from the air, en-
abling spontaneous recycling. High temperatures generated dur-
ing the rapid charging and discharging of high-power batteries
can pose safety risks. A 2 mm-thick thermoelectric hydrogel film
reduce the temperature of a mobile phone battery by 20 °C during
rapid discharge, while also recovering energy for self-monitoring
and system control.

6.5. Assembling of Thermoelectric Modules

Generally, the output voltage of a single i-TE device operates at the
millivolt level. Furthermore, the power density of thermionic ca-
pacitors and thermocells is lower than that of thermoelectric de-
vices, which presents challenges for practical applications. How-
ever, due to the solvent processing characteristics of i-TE gels,
they can be printed on a large scale to fabricate thermoelec-
tric modules. These thermoelectric modules can harness energy

employs two types of asymmetric gels to form a double sandwich structure. Reproduced with permission.l'%] Copyright 2024, Royal Society of Chemistry.
e) High-performance i-TE materials are designed through ion-electron thermoelectric interactions. Reproduced under the terms of the CC-BY license.[1%6]
Copyright 2023, The Authors, Springer Nature. f) Double network i-TE gels enhance performance by combining thermodiffusion and thermogalvanic
effects. Reproduced with permission.l'%7] Copyright 2023, Elsevier. g) Record-high output power in gelatin-based i-TE gels achieved by extending the
operational temperature range. Reproduced with permission.['%] Copyright 2022, Royal Society of Chemistry. h) Thermopower and maximum power
density improved at elevated temperatures with graphene incorporation.[' Reproduced with permission. Copyright 2024, Royal Society of Chemistry.
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Figure 12. Enhancing the output performance of i-TE gels. a) Showcasing integrated chaotropic effect-enhanced thermocells as practical power sources.
Reproduced with permission.!""] Copyright 2024, Wiley-VCH. b) Smart i-TE gels for low-grade heat harvesting and evaporative cooling. Reproduced with
permission.["" Copyright 2020, American Chemical Society. c) A high-performance thermoelectric module integrates n-type and p-type i-TE gels in
series. Reproduced under the terms of the CC-BY license.['2] Copyright 2024, The Authors, Springer Nature. d) Connecting multiple electrodes in series
reduce thermal charging time and increase output energy density of thermocells.[?*] Reproduced with permission. Copyright 2024, Wiley-VCH.

from the surrounding environment, providing sufficient electric-
ity to power various electronic devices.

A stretchable thermocell for wearable power supply by com-
bining a polyacrylamide (PAAm) matrix with different redox ion
pairs.[¥}] The thermopower of the n-type and p-type ionogels is
—1.46 and 1.38 mV K7!, respectively. The i-TE gel conforms to
the curved surface of the arm while maintaining its thermoelec-
tric properties, demonstrating its potential for use in stretchable
wearable devices. By integrating a graphite paper electrode, a
body-conformal and portable thermocell device is created, pro-
ducing a voltage output of 0.16 V from 14 pairs of p-n junctions.

Xia et al. demonstrated that p-n conversion in ther-
mocell can be achieved through the phase transition of
temperature-sensitive hydrogels with triiodide/iodide redox

Adv. Mater. 2025, e06436

06436 (18 of 27)

pairs (Figure 12¢).'"?l The interaction between triiodide and
the hydrogel's hydrophobic region captures triiodide on the
hydrophilic side while repelling it on the hydrophobic side,
increasing the concentration gradient and enhancing the ther-
mopower. The n-type thermocell exhibits a thermopower of
7.7 mV K71, whereas the p-type thermocell has a thermopower
of —6.3 mV K™! (AT = 15 K). Connecting 10 pairs of p-n junc-
tion yielded a voltage of 1.8 V and an output power of 85 uW,
surpassing previous reported thermocells. This work introduces
a phase transition strategy for p-n conversion and emphasizes
the potential of integrated thermocells for low-grade heat energy
harvesting.

I-TE gel-based thermocells encounter challenges such as ex-
tended thermal charging times and low output power. Liu et al.
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Figure 13. i-TE gels for low-grade heat harvesting. a) Mechanically adaptive, waterproof i-TE gels for energy harvesting. Reproduced under the terms
of the CC-BY license.l"3] Copyright 2023, Wiley-VCH. b) Nanocomposite ionogel thermionic capacitors for solar-to-electricity conversion. Reproduced
with permission.[] Copyright 2022, The Authors, Springer Nature. c) Stretchable ionic thermoelectric supercapacitors for wearable heat harvesting.
Reproduced with permission.[*’] Copyright 2023, Elsevier. d) Wearable thermoelectric shoes with antifreezing hydrogels for heat harvesting in ultralow
temperatures. Reproduced with permission.[”¢] Copyright 2023, American Chemical Society.

introduced a multilayer electrode design that reduces ion diffu-
sion distance and increases electrode surface area, significantly
decreasing thermal charging times (Figure 12d).** Increasing
the number of electrode layers from 2 to 8 reduced the charging
time from 27 min to just 8 min. The i-TE battery showed excellent
cycling stability, with 2 h output energy density of 403 ] m~2 was
achieved over 7 cycles. A flexible, wearable i-TE device consist-
ing of 20 units generated 3.8 V and 282 pW by harnessing body
heat. This research offers a promising approach to enhance the
applications of i-TE device in power generation.

7. Applications of i-TE Gels

7.1. Arrayed/Wearable Devices based on i-TE Gels for Low-Grade
Heat Harvesting

Converting waste heat from buildings and the environment
into electricity can help mitigate the energy and environmen-
tal crisis. By replacing traditional building coatings with ther-
moelectric coatings, waste heat generated by buildings can be
harvested and transformed into electricity. Zhao et al. devel-
oped a high-performance i-TE gel featuring a high n-type ther-
mopower of —8.8 mV K~! based on synergistic ionic associa-
tions (Figure 13a).['"®] Furthermore, the i-TE gel demonstrates
excellent adaptability to irregular surfaces, a rapid self-healing
capability (120 s), and remarkable stability under harsh environ-
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mental conditions. The i-TE gels can be applied to the roof of a
model building to create a planar temperature gradient. Even on
a cloudy day, the open-circuit thermovoltage for a painted i-TE
array with an area of 8.5 X 1073 m? exceeds 2 V.

Xiao et al. reported a durable and stretchable nanocompos-
ite ionogel created by incorporating ionic liquid and Laponite
nanosheets into a WPU polymer matrix (Figure 13b).'*] The
presence of multiple hydrogen bonds in WPU enables the iono-
gel to accommodate a higher concentration of ionic liquid,
thereby enhancing its conductivity. Furthermore, the ionogel
demonstrates a high thermopower of 44.1 mV K~! and a low
thermal conductivity of 0.43 W m~! K~! due to the inclusion of
Laponite. This nanocomposite ionogel can be fabricated into a
thermoelectric capacitor, enabling the conversion of heat from
solar radiation into electricity.

The softness and adaptability of i-TE gels enable them to
closely conform to the human body and accommodate its
movements. Compared to traditional thermoelectric materials,
i-TE gels have lower thermal conductivity, which helps main-
tain a consistent temperature gradient essential for effective
energy conversion. Park et al. presented a fully stretchable
ITESCs by sandwiching the i-TE gel between two Au-TiO,
nanowire (NW)/thermoplastic polyurethane (TPU) electrode lay-
ers (Figure 13¢).l*’] The i-TE gel composes of a polyethylene di-
acrylate (PEGDA)/2-hydroxyethyl acrylate (2-HEA) network and
a non-volatile ionic liquid (EMIM:TESI). This gel exhibits a high
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Figure 14. i-TE gels for thermal sensing applications. a) Photosensitive Janus ionogel converting solar energy to electricity. Reproduced with
permission.!>! Copyright 2024, Elsevier. b) Dual-module smart window with a thermochromic hydrogel for temperature regulation and electricity gener-
ation. Reproduced with permission.l"#! Copyright 2024, Elsevier. c) A flame-retardant ionic hydrogel with high thermopower and sensitive fire warnings.
Reproduced with permission.[113] Copyright 2022, Royal Society of Chemistry. d) Self-powered fire protection ionogels with accurate temperature sensing.

Reproduced with permission.["18] Copyright 2024, Elsevier.

thermopower of 38.9 mV K~! at a relative humidity of 90%. This
gel demonstrated reliable mechanical stability at 50% strain over
500 repetitive cycles. Zhang et al. reported anti-freezing thermo-
galvanic hydrogels for body heat harvesting at ultralow tempera-
ture environment (Figure 13d).”%) The i-TE gel displays excellent
anti-freezing properties due to the formation of hydrogen bonds
between ethylene glycol and free water molecules. This i-TE gel
can enable self-powered breath monitoring and bi-directional
communication using Morse code. Additionally, a wearable ther-
moelectric shoe has been developed by integrating the i-TE gel
into the shoe, allowing it to harvest body heat even in cold condi-
tions, down to —30 °C.

7.2. i-TE Gels for Smart Windows and Intelligent Fire Protection
Sun et al. reported a photosensitive Janus ionogel with pseudo-

photoelectric efficiency based on cascade conversion, exhibiting
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a thermopower of 19.5 mV K~! (Figure 14a).[**! The photosensi-
tive Janus ionogel is synthesized through in situ polymerization
of the thermoelectric ionogel on the photothermal layer. Through
the “light-thermal-electric” cascade conversion process, the pho-
tosensitive Janus ionogel can generate electricity by converting
solar energy. This ionogel demonstrated a maximum volume en-
ergy density of 2.6 ] m~ when harnessing solar energy.

With the capability to intelligently adjust color and light trans-
mittance, thermochromic smart windows have gained significant
attention for their potential to enhance energy efficiency in build-
ings and improve residential comfort. Xie et al. introduced an in-
telligent solar thermal utilization window composed of PNIPAm-
gly5 thermochromic hydrogel and PVA-based thermoelectric hy-
drogels (Figure 14D).''*] When exposed to sunlight, the ther-
mochromic hydrogel exhibits a sunlight shielding rate of up to
99.2%, effectively reducing excessive solar energy from entering
the room. Additionally, the PVA-based thermoelectric hydrogel
can generate a stable and continuous current (=75 pA) under a
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Figure 15. i-TE gels for human-machine interfaces. a) A self-driven retinomorphic eye with ionogel heterojunctions for broadband photoperception
and a wide field of view. Reproduced under the terms of the CC-BY 4.0 license.l'®) Copyright 2024, The Authors, Springer Nature. b) Self-powered,
machine-learning material identification ring made from double-network i-TE gels. Reproduced with permission.[1"°] Copyright 2024, Wiley-VCH. c)
Deep-learning-assisted i-TE gel-based fiber sensor for in-nostril respiratory monitoring. Reproduced with permission.l'2°] Copyright 2025, Elsevier. d)
Self-powered multimodal medical sensors made from piezoelectric-augmented i-TE gels. Reproduced with permission.l'2¢] Copyright 2024, Wiley-VCH.

temperature difference of 40 K. By converting the temperature
differential between the interior and exterior of windows into
electricity, smart windows can significantly enhance the energy
conversion efficiency of modern buildings.

The i-TE gels can generate electricity by harnessing heat from
flames, and they can also respond to rapid temperature in-
creases, thereby triggering fire-warning systems. Jiang et al. pre-
pared an i-TE gel with flame-retardant functionality through free-
radical polymerization (Figure 14c).'">] The i-TE gel exhibits ex-
cellent flame retardancy, self-adhesive properties, and high ther-
mopower (3.04 mV K1). When exposed to flames, this i-TE
gel can activate a fire alarm and generate a voltage exceeding
100 mV. Zhao et al. fabricated a phosphorous-containing ionic
liquid (PIL)-based ionogels (PILGs) that demonstrate excellent
ionic conductivity (1.33 S m™') and high thermopower (1.31 mV
K1) (Figure 14d).[''] The PILGs can provide flame retardancy
and sensitive fire-warning capabilities to combustible materials.
Additionally, PILGs exhibit high durability in extreme environ-
ments because due to the excellent thermal stability and low
volatility of the PIL. These PILGs can be utilized as thermo-
electric capacitors to power fire-warning circuit and electronics
devices.

Adv. Mater. 2025, e06436

06436 (21 of 27)

7.3.i-TE Gels-based Devices for Multimodal Physiological Signal
Monitoring

Thermoelectric devices present promising applications in
human-machine interfaces. Luo et al. have developed an artifi-
cial, self-powered, hemispherical retinomorphic eye (SHR-E),
which features an ionogel heterojunction forest that functions
as a photoreceptor (Figure 15a).'°! Drawing inspiration from
the octopus’s eye, they embed an array of photosensitive hetero-
junctions onto the surface of a transparent ionogel hemisphere,
creating a retina-like pillar forest. This SHR-E device functions
effectively as an optical-to-electrical converter while also exhibits
neuroelectric plasticity. Unlike previous self-powered optical
synapses that relied on the photovoltaic effect, the self-powering
capability of SHR-E is primarily driven by selective ion diffusion
within the ionogel, induced by the photothermoelectric effect.
Furthermore, the SHR-E’s exceptional conformal and stretch-
able properties allow the artificial retina to adhere seamlessly
to surfaces with complex geometries, thereby enhancing its
potential for diverse applications.

Tian et al. developed a self-healing thermoelectric hydro-
gel composed of poly(vinyl alcohol) and low acyl gellan gum,
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utilizing [Fe(CN)]*/*>~ as the redox couple.l''’] A passive con-

formal wristband based on the i-TE hydrogel was created for
the monitoring of multiple physiological signals, including body
temperature, pulse rate, and sweat content, without the need for
decoupling. Thermoelectric hydrogels that integrate temperature
and strain sensing capabilities are in high demand for human-
machine interfaces and wearable devices. Wu et al reported an i-
TE hydrogel exhibiting high toughness and temperature respon-
siveness through the Hofmeister effect.[!’®] This i-TE hydrogel,
functioning as a dual-responsive sensor, was integrated into a
robotic hand and combined with feedback mechanisms based on
deep learning. This device can issue temperature warnings at var-
ious levels, achieving a recognition accuracy of 95.3%.

Zhang et al. have made significant contributions to the field of
self-powered sensing applications of i-TE gels, including identity
recognition,[''%12grip posture assessment,['2!] sign language
and object recognition,['??] multi-point fatigue monitoring,!'?3!
and mental monitoring.['?*] Touch is one of the most important
ways for humans to explore the world. Zhang et al. designed a
self-powered material identification ring (MIR) based on a ther-
moelectric double-network hydrogel that triggers a thermoelec-
tric response to temperature changes (Figure 15b).'"! By ana-
lyzing the voltage signals associated with interfacial heat trans-
fer generated upon contact with various materials, they success-
fully identified seven materials with an accuracy of up to 97.2%.
Continuous monitoring of breathing patterns is vital for diagnos-
ing diseases. Guo et al. created a self-powered intranasal hydro-
gel sensor for interference-resistant respiratory monitoring, us-
ing a dual-network i-TE gel (Figure 15¢).'?) This innovative sen-
sor generates thermoelectric signals in the nasal cavity by lever-
aging the temperature difference between exhaled air and skin,
minimizing external interference. With deep learning, the sys-
tem can identify seven distinct breathing patterns, achieving an
accuracy of 97.1% and providing timely alerts for high-risk respi-
ratory symptoms.

Pai et al. designed an i-TE gel based multimodal sensor that
combines the i-TE effect of ionic liquids and the piezoelectric
effect of a PVDF polymer networks (Figure 15d).['2) When the
temperature gradient and pressure field are aligned, both fac-
tors generate voltage, while the piezoelectric effect amplifies the
separation of cations and anions. This leads to a synergistic en-
hancement of i-TE potential. Additionally, the presence of water
in the gel enhances ionic transport, thereby increasing the ther-
moelectric potential. An ionic gel sensor integrated into an ar-
terial catheter, designed to leverage the material’s dual sensitiv-
ity to temperature and pressure. Experiments conducted using a
hemorrhagic shock model with pigs demonstrated the sensor’s
capability to accurately detect vital signs, including blood pres-
sure, heart rate, surface temperature, core body temperature, and
blood loss. This highlights the sensor’s potential applications in
medical monitoring.

7.4.i-TE Gels for Biomedical Applications
The endogenous electric field (EEF) is vital for wound heal-
ing, but electrolyte loss can weaken it.'?’-2°l Conventional di-

rect current can cause thermal damage to wounds, whereas al-
ternating current fails to mimic the direction of the EEF at the
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wound site. Emerging power supply methods, such as tribo-
electric and piezoelectric systems, require external triggers and
often produce unstable voltage outputs. Therefore, designing
dressings that restore the EEF and possess antibacterial prop-
erties is essential for effective wound healing. Yan et al. cre-
ated a wearable thermoelectric dressing from polycationic hy-
drogels that generates thermoelectric potential by utilizing the
temperature difference between the infected wound and the
environment (Figure 16a).% This i-TE dressing reshapes the
EEF and promotes healing through anti-inflammatory and an-
tibacterial effects. The dressing accelerates wound healing by
promoting cell proliferation, migration, angiogenesis, and col-
lagen deposition, providing an effective solution for wound
care.

Diabetic ulcers are a major cause of amputations and fatali-
ties among diabetic patients. Severe electrolyte loss in these ul-
cers can result in a deficiency of endogenous electric fields, while
disordered glucose metabolism and oxidative stress may cause
endothelial dysfunction. Peng et al. developed a wireless smart
thermoelectric hydrogel drug dressing containing a vascular-
targeting exosome from ginseng (Figure 16b).l'”] This dressing
generates a biomimetic electric field and releases angiogenic sig-
nals to enhance healing and vascular reconstruction in challeng-
ing diabetic ulcers. This i-TE gel has been shown to promote re-
epithelialization, dermal regeneration, and neovascular network
reconstruction in diabetic mouse models. Additionally, single-
cell RNA sequencing has revealed how i-TE gel regulates fibrob-
lasts, endothelial cells, and inflammatory cells in the repair of
diabetic ulcers. This study introduces a novel method for gener-
ating wireless passive electric fields through a light-heat-electric
cascade effect, offering innovative concepts and support for ther-
moelectric materials in biomedicine and smart wearable medical
devices.

Photothermal therapy (PTT) has garnered increasing at-
tention due to its high accuracy and selectivity in tumor
ablation and cancer treatment.!’3!l However, imprecise
thermal regulation can damage adjacent healthy tissues,
potentially leading to tumor invasion and recurrence. Xu
et al. developed an innovative photothermoelectric (PTE)
cobalt-infused chitosan hydrogel for precise temperature-
regulated PTT, which features exceptional biocompatibility
and desirable mechanical properties. The PTE responses
demonstrate a linear correlation between temperature vari-
ations and resistance changes, enabling accurate control
of PTT temperature through the monitoring of electrical
signals. This thermoelectric hydrogel can function as a self-
feedback platform to enhance the efficiency of photothermal
therapy.

8. Challenges and Perspectives

Though thermoelectric hydrogels exhibit significant potential in
energy harvesting and thermal sensing, they still face challenges
such as improving efficiency, stability, and achieving system inte-
gration. Future research should explore new materials and struc-
tural designs to promote the application of these i-TE gels in
various fields, including energy harvesting and wearable devices
(Figure 17).
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8.1. Enhancing the Mechanical Performance of i-TE Gels

Various strategies have been employed to address this is-
sue, including the use of multiple-hydrogen bond reinforced
polyurethane as a polymer matrix and the implementation of
double network structures. The trade-off between high i-TE per-
formance and the mechanical durability of i-TE gels can be al-
leviated by optimizing the network structure. The toughness
of i-TE gels can be improved by incorporating sacrificial bonds
into the polymer network, such as hydrogen bonds, double net-
works and crystallization. Fatigue resistance in i-TE gels can be
achieved through bionic mechanical training for hierarchical fib-
rils and aligned nanochannels, or by developing a dense net-
work structure with enhanced entanglements between polymer
chains. These distinctive properties position i-TE gels as promis-
ing energy solutions for flexible and wearable electronics.

It is essential to equip the i-TE gels with self-healing capa-
bilities, particularly at the device level. This feature enables de-
vices to recover form mechanical damage while ensuring contin-
uous and stable energy output. The self-healing ability facilitates
the rapid assembly of the thermoelectric modules by connecting
different p/n legs of the i-TE gels through a cutting and heal-
ing process. Additionally, the output voltage can be successfully
adjusted to the desired value. Furthermore, by integrating self-
healing electrolytes and electrodes, fully self-healable i-TE devices
can be developed, leading to the creation of reconfigurable and
wearable energy devices. These self-healable i-TE devices could
significantly impact prosthetics and robotics by extending their
service life while minimizing the risk of damage.

8.2. Modulating the Thermopower of i-TE Gels

By adjusting the ion-polymer interactions within i-TE gels, the
thermal diffusion of anions and cations in the electrolyte can be
effectively controlled, thereby modulating the thermopower. The
i-TE gels consist of solid networks and liquid electrolytes. The
structure of these solid networks is essential for the mechanical
and electrical properties of the i-TE gels. By modulating the inter-
actions between solvent and polymer in i-TE gels, both mechani-
cal and electrical properties can be improved. Acetone is an effec-
tive solvent for poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP), whereas ethanol is regarded as a poor solvent.
Thermopower and conductivity are significantly enhanced by en-
gineering the polymer networks with antisolvents. In the typical
capacitive operating mode of thermionic capacitors, ions migrate
across the i-TE gels from the hot side to the cold side, accumu-
lating at the electrode interface. During the charging and dis-
charging cycles, it is essential to repeatedly establish and remove
the heat source to facilitate the back-and-forth movement of ions,
which presents practical challenges.

A comprehensive understanding of intermolecular interac-
tions, along with a summary of established principles for enhanc-
ing the performance of i-TE gels can provide valuable insights
for the design of high-performance i-TE gels. The integration
of computational simulations with artificial intelligence and big
data technologies shows promise in predicting the performance
of i-TE gels, including their flexibility, stretchability, self-healing
properties, thermopower, and ionic figure of merit.['*? This ap-
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proach enables the design of i-TE gels with customized properties
to meet the requirements of various application scenarios.

8.3. Expanding the Application Area of i-TE Gels

Owing to their exceptional flexibility, stretchability and dura-
bility, the application areas of ionic gels can be expanded to
include wearable technology, implantable self-powered medical
devices, and outdoor applications. Wearable, maintenance-free
power sources have attracted considerable research interest due
to the rise of the Internet of Things (IoT). Various methods have
been explored to harvest energy from human activities, includ-
ing walking, breathing, and blood circulation. Among these tech-
niques, i-TE generators, such as thermionic capacitors or thermo-
cells, can effectively harvest energy from the human body, pro-
viding a consistent and uninterrupted power source for wearable
electronic devices. Additionally, ionic gels can accurately detect
temperature changes due to their high thermopower. By balanc-
ing thermoelectric performance with biocompatibility, ionic gels
can be utilized in vivo for self-powered medical devices. These
gels are capable of harvesting thermal energy and converting it
into electricity. They can capture dissipated body heat generated
from muscle activity, blood circulation, and metabolic reactions
to power implantable medical devices. In addition to energy har-
vesting, i-TE gels can function as self-powered sensors to moni-
tor body temperature or the temperature fluctuations of the skin
and organs, thereby reflecting the physiological state of the body.
Furthermore, i-TE gels can also serve as electrical stimulators to
activate organs such as the spinal cord, heart, and brain, offering
treatment for chronic pain, irregular heart rates, and Parkinson’s
disease.

In summary, i-TE gels have emerged as a prominent area of re-
search in materials science and engineering due to their unique
properties and extensive application potential. As research pro-
gresses, these gels are expected to play a crucial role in energy
conversion and human-computer interfaces.

9. Conclusions

I-TE gels, emerging as a prominent category of thermoelec-
tric materials, have garnered attention due to their high ther-
mopower, stretchability, adaptability, and potential for large-scale
fabrication. This review summarizes the state-of-the-art advance-
ments in the field of i-TE gels and presents their potential appli-
cations. The difference in thermodiffusion rates between cations
and anions within the polymer matrix determines both the sign
and magnitude of thermopower. The substantial thermopower of
ionic gels enables the conversion of low-grade heat into electric-
ity and demonstrates an ultra-sensitive response to temperature
fluctuations. With their exceptional stretchability and adaptabil-
ity, i-TE gels can be utilized in physiological monitoring, human-
machine interfaces, and various biomedical applications. A com-
prehensive understanding of the interactions among polymers,
ions, solvents, and electrodes is essential for enhancing the ther-
moelectric performance of ionic gels. The journey of i-TE gels
has only just begun. Future research should concentrate on elu-
cidating the mechanisms for designing high-performance i-TE
gels while also expanding their application areas.
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