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Abstract

The issue of energy consumption has garnered significant interest due to its excessive usage. Recently, thermoelectric devices
have been getting increased attention, as they can harness waste heat from various sources, such as solar radiation, human
body, and industrial processes. Traditionally, the recovery of low-grade heat has been a challenge, resulting in unsustainable
energy use and significant losses. While considerable advances have been made in thermoelectric materials in recent decades, the
majority of these devices still primarily employ semiconductors. Nevertheless, the emergence of quasi-solid-state thermoelectric
materials represents a novel devel-opment with profound promise for the environment and society. These materials offer several
advantages, such as improved energy conversion capacities, cost-effectiveness, versatility, and scalability, to support increased
usage. Additionally, this review explores the application of thermoelectric materials in self-powered sensors, integrated modules,
and heat harvesting management. Lastly, the po-tential of high-performance thermocouples based on thermogalvanic effects is

assessed, along with the challenges that must be over-come to realize this goal.
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1. Introduction

With the exponential increase in energy demand, there has been an excessive reliance on fossil fuels such
as natural gas, oil, and coal, resulting in severe pollution, widespread environmental damage, and further
aggravation of the global energy crisis.['"¢! Therefore, the pursuit of energy recycling has gained significant
attention. Heat energy, which is derived from the burning of fossil fuels or solar radiation, serves as a widely
utilized energy source. While heat can be partially recycled, the challenge lies in effectively reusing and
capturing low-order heat generated by human activities, solar radiation, and electronic devices.[” 11l

Solid-state thermoelectric devices based on semiconductors have been widely researched and applied for the
recycling of low-grade thermal energy. Nonetheless, it is important to acknowledge that the output perfor-
mance of these semiconductor devices is temperature-dependent. Excessively high temperatures pose a risk
of fracture in the p-n junction, resulting in considerable deterioration in performance. Conversely, extremely
low temperatures reduce the thermoelectric properties of solid materials, resulting in remarkably low Seebeck
coefficients ranging from 100 to 200 pV K 1 [12.13] Currently, BisTes stands as the sole commercially utilized



solid-state material in this domain. ['YTemperature fluctuations threaten the performance stability, safety,

and lifespan of electronics. Thus, maximizing the efficiency of thermoelectricity and exploring new avenues
for its development have become prominent areas of research. In this context, hydrogels have emerged as a
promising electrolyte medium. Current studies indicate that hydrogels exhibit two distinct working modes
for the thermoelectric effect: thermogalvanic effect and thermal diffusion effect. Table 1 provides a simple
comparison of the two modes. Thermogalvanic effect is a cost-effective option that offers flexible structural
designs. Recent studies suggest that hydrogels utilizing the thermoelectric current effect can achieve Seebeck
coefficients exceeding 1 mV K1.[15-22] Moreover, certain experimental samples can be coupled and integrated
to achieve higher output voltages. This review primarily focuses on the discussion of hydrogels using redox
reactions as a basis for thermoelectric devices. It aims to provide a comprehensive understanding of the
fundamental principles, gel structures, and practical applications of such systems.
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Figure 1 Applications of redox thermal cells rely on thermogalvanic effect. Application of integrated
module!™! (Reproduced from ref. 75 with permission from John Wiley and Sons, copyright 2022), respira-
tory monitoring!!?! (reprinted with permission from ref. 19. Copyright 2022 American Chemical Society),
health management /! (reprinted with permission from ref. 89. Copyright 2022 American Chemical So-
ciety), heat collection management®!(reproduced with permission from ref. 91. Copyright 2022, Royal
Society of Chemistry), battery heat recovery devicel3? (reprinted with permission from ref. 32. Copyright
2020 American Chemical Society) etc.

Table 1 Comparison of different types of thermalcells

Reaction principle Reactant Characteristics

Thermogalvanic effect Redox couples 1)The Seebeck coefficient is
smaller 2) It mainly works in the
operation mode of thermal

battery
Thermal diffusion effect Polymer ion thermoelectric 1) The Seebeck coefficient is
material larger 2) The source of electricity

is intermittent heat 3) It mainly
works in the operation mode of
thermal capacitance




2. Development and application of the thermogalvanic effect in the field of electrochemistry
2.1. Working Principle of Redox Reaction Thermocouple

This review delves into the exploration of thermocouples and their utilization in generating thermal potential
through the exploitation of the thermogalvanic effect. The thermogalvanic effect finds typical applications
in thermoelectric cells, wherein redox couples such as[Fe(CN)éf /Fe(CN)éf], [Fe?t /Fe*t|and [I~/I5] are
employed to convert heat energy into electricity, as illustrated in Figure 2. Usually, these redox couples,
along with electrolytes, can reach a certain degree of the Seebeck coefficient. The Seebeck coefficient of ionic
thermoelectric materials based on the thermogalvanic effect is determined by Eq. (1) as follows:[??]

S=Y =35 @

where V, S, n, and F represent the open circuit operating voltage of the ionic thermoelectric material,
the partial molar entropy difference of the redox couple, the number of electrons transferred during the
redox reaction, and the Faraday constant, respectively. When considering the Seebeck coefficient, the energy
conversion efficiency of thermoelectric materials is often determined using the dimensionless quality factor,
defined by Eq. (2) as follows:[?4
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Figure 2 (a) Composition and working principle of thermocouple based on redox reaction. (b) Thermocouple
working equivalent circuit. Reproduced with permission from ref. 99. Copyright 2021, American Chemical
Society

Thermoelectric devices can be categorized into p-type and n-type based on the value of the thermal potential,
as illustrated in Figure 3. The p-type devices typically exhibit a negative thermal potential, inducing an
oxidation reaction at the thermal end. Consequently, electrons flow from this end to the cold end through an
external circuit, generating a reduction reaction at the cold end. In contrast, n-type thermoelectric devices
operate in the opposite manner, with positive thermal potential.[?’ Typical examples of p-type redox couples
include [Fe(C’N)é_/Fe(CN)g_], [FeBry~ /FeBr; |, and [FeClif/FeCIZ]. On the other hand, common n-

type redox couples consist of [Co(byp)g+/Co(byp)§+], [Fe*t /Fe®*], [Cu®T/Cu™], [Zn*"/Zn™], and [~ /15 ].



The effects and characteristics of different redox couples can vary significantly. Table 2 provide a simple
comparison of commonly used redox couples with their respective properties.

Table 2 Comparison of different redox couples properties

Redox couples Absolute charges and structure S (mV K1) S (mVK?) Ref
Fe(C’N)g_/Fe(C’N)g_ High absolute charges and complex structures 4.28 92 92
Fe(Cloyg)y/Fe(Clog), High absolute charges and complex structures 1.76 95 95
SO2™ /803~ Low absolute charges and simple structures 1.63 93 93
Fe3 ™ /F62+ Low absolute charges and simple structures -1.63 15 15
I-/I7 Low absolute charges and simple structures 0.51 96 96
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Figure 3 (a) is a p-type thermocouple and (b) is an n-type thermocouple. M™*and M"* stands for redox
couples.

2.2. Factors affecting thermocouples based on thermogalvanic effect
2.2.1. Impacts of hydrogel composition

Traditional semiconductor thermoelectric materials demonstrate a favorable S at high temperatures. How-
ever, when being utilized in absorbing and converting low-degree heat energy, their coefficients plummet
to below 200 uV K ! exacerbating the unfavorable issue of material flexibility. Quasi-solid electrolytes,
such as hydrogels, address these issues by presents a safer, efficient, environmentally friendly, and flexible
alternative.[20]

Tonic gels possess a broad operating temperature range, enhanced ionic conductivity, and higher S , making
them ideal for energy conversion and utilization. At the same time, gels offer diverse applications, further
highlighting their versatility. A notable example is the study conducted by Wang et al. in 2021, where
they utilized gels and functional carbon nanomaterials to prepare a flexible supercapacitor.?”l The study
discusses the ionotropic gelation properties when introduced into various matrices, with particular attention
to its impacts.

In recent years, there has been a considerable focus on hydrogel electrolytes as flexible quasi-solid polymers.
These hydrogels are developed through the chemical or physical crosslinking of hydrophilic natural or syn-
thetic polymers. Polysaccharides and polypeptides are frequently used as natural hydrophilic polymers in
the preparation of hydrogels. Meanwhile, synthetic hydrophilic polymers include but are not limited to,
acrylic acids, alcohols, and their derivatives.?8) Among them, polyacrylamide (PAAm) and polyvinyl alcohol
(PVA) are two of the most commonly employed hydrophilic polymer materials in research studies.

Acrylamide (AM) is an organic compound that readily polymerizes via ultraviolet irradiation or at high
temperatures due to the presence of a carbon-carbon double bond and amide group. PAAm hydrogels exhibit
remarkable resilience and excellent elasticity, as well as mechanical and chemical stability. 273! The chemical



properties of these hydrogels can be adjusted by controlling the gel pore size via varying the concentrations
of monomers and cross-linkers, thereby tailoring their usage conditions accordingly. In this regard, Hu
et al.’?l prepared a smart thermocouple hydrogel film achieving efficient evaporative cooling and waste-
heat recovery (Figure 4). The study investigated the recycling of[Fe(CN )g_ /Fe(CN )2_} redox couple to
drive redox thermoelectricity, harnessing K™, Lit,Br-,and[Fe(CN);~ /Fe(CN)3 ™ |plasma confined in either
water or polymer to enhance thermoelectric conversion. Moreover, the moisture content of hydrogels was
regulated through the controlled equilibrium of Li* and Br~ ions. Meanwhile, any excess heat generated was
dissipated by the evaporation of free water molecules present in the hydrogel. High mechanical strength and
an impressive tensile strain of 0.24 MPa allow hydrogels to elongate 2-3 times beyond their original length.
Further, Wu et al.'8lintroduced a double network hydrogel, incorporating AM and AMPS with remarkable
thermal and electrical capabilities. As depicted in Figure 4c, the hydrogel demonstrated exceptional tensile
strength, enabling it to lift a 1.5 kg fruit without being ruptured. Additionally, this hydrogel displayed around
220% elongation under stress levels of nearly 1200 kPa (Figure 4d). In order to obtain a hydrogel with a
combination of high tensile strength, superior elongation, and excellent thermal and electrical efficiency, Chen
et al.2Zemployed a double-network structure composed of PAAm/Alg. This as-obtained hydrogel displayed
outstanding tensile strength (up to 700%), as shown in Figures 4e and 4f. Further, the elastic modulus,
fracture stress, and elongation of the hydrogel were also recorded. Collectively, these findings suggest the
promising potential of AM-based hydrogels in single/double network systems.
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Figure 4 (a) Stress-strain curve of the hydrogel. The tests were carried out with a stretching rate of 20 mm
min-1. Insets show pictures of the TG hydrogel in its original and stretched state. The scale bar is 1 cm.
(b) Thermogravimetric characterization of thermogalvanic hydrogel. Reprinted with permission from Pu et
al. Copyright 2020, American Chemical Society. (c¢) The double-network thermocell with a thickness of 3
mm and a width of 5 mm lifts a bag of oranges with a weight of 1.5 kg. The red circle indicates the location
of the thermocell. (d) The nominal stress-strain curve of the double-network thermocell (un-notched). The
yellow dashed line indicates the strain-at-break of a notched sample. Reproduced with permission from Lei
et al. Copyright 2021, Elsevier. (e) Stress-strain curves of the PAAm and PAAm/Alg hydrogels. Inset shows
the stretching process of the PAAm/Alg hydrogel, which can be easily stretched over 700%. (f) The elastic
modulus, breaking stress, and elongation data of the PAAm and PAAm/Alg hydrogels.?? Copyright 2022,
Springer Nature.

Meanwhile, the thermoelectric properties of these hydrogels are the biggest concern. Hu’s TG hydrogel
exhibits favorable physical and electrochemical properties.Figure 5a depicts the thermoelectric properties
of the hydrogel, including theS is 1.2 mV K, theeffective conductivity of approximately 100 mS/cm,
and the thermal conductivity ranging from 0.30 to 0.39 W (mK)™! | and the power generation factor of
6.5-12 pW(m K?). Chen et al. observed a remarkably significant Svalue of up to 1.43 mV Kfor the
PAMM/ALg hydrogel, while simultaneously retaining high stretchability. Previously, Wu et al. achieved a
remarkably highSvalue of 1.5 mV K for their double-network thermocell, influenced by the concentration
of NaCl. Despite the satisfactory thermoelectric performance of hydrogels, there is ample opportunity for
improvement.
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Figure 5 (a) Dependence of the output voltage on applied temperature differences. Reprinted with per-
mission from ref. 32. Copyright 2020 American Chemical Society. (b) Comparison of the maximumsS of
different PAAm/Fe-Alg hydrogels (the Se at 0.25 h for the 0.2, 0.1, 0.05, 0.025, 0.01, and 0.005 M samples,
and the Se at 6 h for the 0.002 M sample).?2Copyright 2022, Springer Nature.(c) Sand o of the thermocells
with different NaCl concentrations. The [Fe(CN )é_ /Fe(CN )g_] concentration is fixed at 0.4 M. Error bar
represents standard deviation. Reproduced with permission from Lei et al.. Copyright 2021, Elsevier.

Furthermore, PVA possesses excellent characteristics that make it a potential matrix for the development



of hydrogel electrolytes. It is cost-effective, easily processed, and can be formed into films with outstand-
ing bending performance.?>4% In the 1980s, Petty-Weix et al.[*!) made significant progress by developing
a proton-conductive polymer electrolyte from PVA/H3POy4, which showed high ionic conductivity. PVA
servesas an ideal matrix for quasi-solid thermocell sowing to its desirable characteristics such as biocom-
patibility, non-toxicity, non-corrosiveness, and excellent water solubility.[*? 47 Along these lines, Wu et al.
successfully developed a quasi-solid thermal cell that mimics the structure of layered fibrils and organized
nanochannels found in natural muscles.?8] PVA was employed as a matrix in this system, facilitating the
permeation of [Fe(CN )g_/ Fe(CN )2_] redox couple into the hydrogel via solvent exchange. Moreover, it
was observed that mechanical training strengthens the hydrogen bonding within the PVA chain; however,
it weakens the interaction between the PVA chain and water molecules. Consequently, this released addi-
tional water molecules, thereby promoting ion conduction within the polymer networks. As demonstrated
in Figures 6a and 6b, the quasi-solid heat cell showcased a tensile strength of 470%, along with toughness
and fatigue thresholds of 17900 J m 2 and 2500 J m 2, respectively, surpassing those of natural muscles. In
another attempt, Zhang et al.®lintroduced a novel redox couple as PVA-SO, /32" gel, displaying remarkable
tensile properties. The gel demonstrated its strength by easily lifting a weight of 1 kg, as depicted in Figure
6¢. Notably, the gel exhibited an impressive tensile strength of up to 833 kPa, with a tensile strain of approx-
imately 220%. Furthermore, the combination of dimethyl sulfoxide (DMSO) and PVA has recently garnered
attention. In this direction, Zhang et al.l%¥ capitalized on this combination to develop a thermogalvanic
gel. As shown in Figure 6e, the presence of DMSO greatly enhanced the tensile strength of the gel at the
expense of reduced tensile strain. However, the introduction of ethylene glycol (EG) helped in attaining the
maximum Young’s modulus of up to 0.217 MPa.
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Figure 6 (a) Crack propagation per stretching cycle (dc/dN) of the thermocell under increasing energy
release rate. (b) A comparison of the mechanical properties (toughness, fatigue threshold, and strength)
between the thermocell and existing quasi-solid thermocells with mechanical records. The yellow, blue, and
purple regions represent the quasi-solid thermocells based on physically crosslinked, chemically crosslinked,
and double-networks, respectively. Reproduced with permission from Lei et al. Copyright 2022 Wiley-
VCH.[B (¢) Mechanical properties of PVA-SO,4 /32’ hydrogels. Stress-strain curves of hydrogels with different
concentrations of the redox couple, the illustration shows a hot cell hydrogel with a thickness of 2 mm and a
length of 5 c¢m lifting a weight of 1 kg. (d) Tensile stress-strain curves of the hydrogels with varying ratios of
the redox couple. Reproduced with permission from Tian et al. Copyright 2023, Elsevier. 93] (e) Mechanical
properties of the organogel. The tensile stress-strain curves of organogels with varying EG contents. (f)
Stress and Young’s modulus values of organogels with varying EG contents. Reprinted with permission from
Fang et al. Copyright 2023, American Chemical Society.[94]

In addition, to facilitate the operation of thermal batteries at low temperatures, Chen et al.[*8) considered
the effects of solubility and used Fe(II/III) redox couples as thermocouples. They observed a significant
reduction in the entropy elasticity of the polymer chain, along with limitations on the entropy difference
of the redox ions. In order to break the strong hydrogen bond within the aqueous quasi-solid thermal cell,
EG was introduced to lower the freezing point of the electrolyte solution to -40 °C. Additionally, Ma et
al.[?] conducted comprehensive investigations on gels designed for extreme temperature conditions and suc-



cessfully developed a stretchable thermogalvanic hydrogel thermocell, exhibiting an unprecedented specific
output power density through ion-induced effects. Surprisingly, the gel retained its functionality at a high
temperature of 75 °C, highlighting its robustness. Moreover, to evaluate its performance at low temperatures,
the cold end was set at -35 degC, and the gel continued to maintain its exceptional working state. This
ground-breaking research signifies the immense potential of the developed gel for diverse applications, par-
ticularly in extreme temperature conditions. Recent work by Feng et al. has resulted in the development of
cellulose-based thermogalvanic cells (TGC) with excellent mechanical properties.l?” To further enhance its
capabilities, LiBr was added into the system, resulting in an expanded operating temperature range for the
cell, which functioned between -50 degC and 50 degC, as demonstrated in Figures 7d and 7e. This innovative
approach holds great potential and warrantsfurther exploration for its use in various applications. Overall,
these studies provide valuable insights into the advancement of high-performance thermocell materials.
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Figure 7 The output voltage and current of the organohydrogelthermocell during deformation: (a) The
voltage-time (blue) and current-time (red)curves of the organohydrogelthermocell being repeatedly pressed
when Tc = 20 °C and Th = 30 °C. (b) The voltage-time (blue) and current-time (red)curves of the orga-
nohydrogelthermocell being repeatedly pressed when Tc = -20 degC and Th = 20 degC. (¢) A photograph
of the organohydrogel thermocell being pressed on an ice surface of -20 degC. Reproduced with permission
from Gao et al. Copyright 2021, Wiley-VCH.[*8] (d) Thermogravimetric characterization of BC, BC-TGC,
and BC-TGC with different LiBr weight fractions. (e) Schematic of TGC used as smart windows. (f) The
corresponding voltage and temperature-time diagram of (e). Reproduced with permission from Yin et al.
Copyright 2023, Elsevier. 7]

Gelatin, a polypeptide polymer, contains numerous polar groups such as -COOH, -NHs, and -OH; thus, it
exhibits strong polarization ability under the action of an electric field.[*9-51) Using this property, Chen et al.
developed a gelatin-based device that achieved a considerable thermoelectric conversion effect by combining

10



alkali metal salts with iron-based reduction couples.l®This device demonstrated the ability to effectively
harness energy from body heat and achieved a high thermoelectric energy of 17.0 mV K !. It was noticed that
the ion transport in gelatin occurred by the thermal diffusion of KCI, NaCl, and KNO3. Additionally, the
thermoelectric effect was increased by the presence of [Fe(CN )g_/ Fe(CN )g_]. This enhancement enables
wearable devices, utilizing body heat energy as a heat source, to obtain a thermoelectric effect of 2 V and a
maximum AT power of 12.8 J m 2.

2.2.2. Impacts of structure design

The impact of different surface structures on hydrogels can lead to variations in heat absorption,!®® moisture
retention,®* wear resistance, etc. For mechanical or wearable devices, the overall shape of the hydrogel can
be molded according to the specific needs of the device, facilitating effective heat dissipation. Furthermore,
to achieve an optimal morphology, the microstructure of hydrogels should be intentionally designed based
on actual requirements.[>4-59
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Figure 8 (a) Fabrication process illustration of the knitted fabric integrated TEG.I7 (b) Schematic illustra-
tion of the mechanism for thermoelectric material with wrinkle structure.%6) Reproduced from ref. 66 with
permission from AIP Publishing, copyright 2019. (c¢) Schematic diagram and photographs of the stretchable
TEG using origami-like folding deformation.!%3 Copyright 2018, MDPI. (d) llustration of the mechanism of
connected p-n cell based on hydrogel electrolytes.!” Reproduced from ref. 75 with permission from John
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Wiley and Sons, copyright 2022. (e) Schematic illustration for fabrication of stretchable TEG with 3D helical
architecture.(%8) Copyright 2018, American Association for the Advancement of Science.

Surface structure engineering involves designing the surface microstructure of an ion polymer matrix, creating
a gap between the electrode and the matrix.[%°) The gap thus created enhances the compressibility of the
hydrogel, leading to improved sensitivity and a broader range of response. Interestingly, external mechanical
forces can alter the contact area between the ionic polymer matrix and the electrode.l! At present, the
surface structure of hydrogels can be classified into several types, including folding structure,[62:93] wrinkle
structure,[54-66] spiral structure,[6768 textile integration structure,[7% and island bridge structure with
retractable electrodes,[”™ 7as shown in Figure 8. Among them, the island bridge structure has gained
widespread popularity due to its ability to preserve the mechanical properties of thermoelectric materials. It
presents a simple construction process and scalability, making it suitable for the development of electronic skin
applications. However, the performance of this structure relies heavily on electrode materials, and in current
research, copper tablets are predominantly used as electrodes in the structure. The island bridge structures
have been found to increase the flexibility of hydrogels in energy devices, although their operational lifespan
can be somewhat affected. Moreover, the paper folding structure in hydrogels can enhance their tensile strain
performance and is recognized as a powerful tool in the pursuit of obtaining complex 3D configurations and
unprecedented performance through the graphic design of conventional materials. The folding structure is
known for its stability, generally forming at the bonding interface of hydrogels through stretching or external
influences. In contrast, the spiral structure directly improves the strain of thermoelectric hydrogels and
reduces the influence of the environment on their conductivity. Similarly, the integration of thermoelectric
generators (TEG) into textiles presents a favorable structure due to their malleability, lightweight, comfort,
and air permeability, allowing for increased heat contact between thermoelectric materials and heat sources
in a 3D interlocking mode.

2.2.3. Impacts of electrode materials

After discussing the influence of electrolytes as cells or capacitors, it becomes evident that electrodes play a
key role in determining the performance of thermoelectric devices, considering their working principle. Wang
et al. combined gel with meso/microporous graphene nanocomposites to prepare a flexible supercapacitor
with excellent electrochemical performance.["®! Herein, we mainly focus on metal and carbon-based material
electrodes, which are currently the most widely used electrode types in the field of energy storage and
batteries.

Various metal-based electrodes, such as Ni,[771Cu,[7879 and W [#%electrodes, have been developed so far for
thermal cells. As shown in Figure 94,18 the Ni-based thermal cells show similar performance to Pt foils,
making them promising alternatives to Pt or nanostructured carbon electrodes under alkaline conditions.
Additionally, Cu electrodes have also demonstrated advantages for thermal batteries. Duan et al. (Figure
9b)[82] reported a basic Cu electrode with a power density of 0.06 W m 2, which was effectively improved to
0.75 W m ™2 after modification to a 3D multi-structured Cu electrode. Moreover, the 2D Au/Cu electrode
was modified to a 3D Au/Cu electrode configuration, resulting in a remarkable improvement in power density
by 1072%. These outcomes imply that optimizing the electrode structure can effectively enhance the power
density of the system.
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Figure 9 (a) Voltage (straight line) and power density (dashed line) versus current density of the Pt, Ni,
and carbon electrodes.3!) Reproduced from ref. 81 with permission from Elsevier Ltd, copyright 2021.
(b) Current-voltage and power-voltage curves for LTC and TC-LTC using different electrodes at a AT
of 70 K. The best performance of the device was obtained using a 3D multi-structured Cu electrode. 82!
Reproduced from ref. 82 with permission from Elsevier Ltd, copyright 2021. (c) Schematic diagrams of
hybrid therermos-electrochemical cells (TECs). (d) Voltage (straight line) and power density (dashed line)
versus current density of the Pt, W, and GC electrodes at AT of 50 K.33Reproduced from ref. 83 with
permission from Elsevier Ltd, copyright 2021.

In the case of a W-based electrode, the S can be improved by two synergistic reactions, as depicted in Figure
9c: the redox reaction of the electrolyte and the oxidation reaction of the W electrode.l®3 The resulting
hybrid thermal cell using W electrodes achieved a S of 1.66 mV K 'and a power density of 425 mW m 2.
Notably, this power density is 70% higher than that achieved by Pt or C electrodes, as shown in Figure 9d.
This study presents a new thermal cell design employing metal-based electrodes, where both the electrodes
and electrolytes undergo redox reactions. Generally, most metal-based electrodes possess varying valence
states, and thus, this strategy provides another way to improve the performance of thermal batteries.

Furthermore, organic electrochemical devices are extensively used in the fields of bioelectronics, energy
storage, electrocatalysis, and sensing. These devices operate based on a faradaic process, i.e., involving
charger transfer through either oxidation reactions (electron loss) or reduction reactions (electron gain)
facilitated by conductive polymers.

Berggren and Malliaras!®¥ demonstrated a simple metal electrode model that involves capacitive charge
transport and storage of opposite charges in two electrode plates. On the other hand, they presented that a
Faradaic process occurs with redox reactions on the bipolar plate, enabling charge transport and subsequently
leading to a rectangular cyclic voltammetric curve that represented a transient charge current. Contrastingly,
the voltammetric curves of the latter yield distinct redox peaks with the presence of a steady-state current.
In addition, Horike et al. designed a flexible electrode using a polymer matrix derived from PEDOT: PSS.
Their hydrogel samples were composed of Emim:Cl/PVA. While thermal diffusion is the predominant effect
observed in this hydrogel, it still holds certain value to reference. The hydrogel, combined with this electrode,
exhibited n-type conversion and showed a S of approximately 1 mV K .8

Next, the carbon electrode is a carbon-based conductive material made by processing anthracite coal,
petroleum coke, graphite, coal asphalt, etc., through molding, roasting, and machining. It is a new, energy-
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saving, and environmentally friendly material that has gained increasing global usage since the 21st century.
Carbon nanotubes (CNTs), discovered in the early 1990s,8¢! are seamless, hollow nanoscale tubular struc-
tures made of single or multiple layers of graphite carbon, possessing unique physical and chemical properties.
CNTs exhibit a range of impressive properties such as metal- or semiconductor-like conductivity, extraor-
dinary mechanical strength, hydrogen storage capacity, broadband electromagnetic wave absorption, and
significant adsorption capacity.®” As a result of these exceptional properties, they hold important appli-
cation value as energy storage materials, conductive materials, nanoelectronic components, and composite
materials. Additionally, owing to their distinctive hollow structure, excellent conductivity, large specific sur-
face area, and ion-permeable pores in electrolytes, coupled with their ability to intertwine and form nanoscale
mesh structures, CNTs are often used as electrode materials in double-layer capacitors.

In a study conducted by Liu et al.,!88 a multi-walled CNT (MWCNT)-based ink was prepared with high vis-
cosity and uniformity through ultrasonic treatment. It was demonstrated that chitin nanocrystals (ChNCs)
interacted with MWCNT through non-covalent interactions like 7-7 stacking and hydrophobic interactions.
The ChNCs/MWCNT (CCNT) ink exhibited excellent stability, with no accumulation even after 3 months.
By using CCNT ink, a paper-based TEG was produced utilizing the silk screen printing technique. Further,
the CCNT dispersion underwent solvent evaporation, resulting in a self-supporting membrane with an elec-
trical conductivity of up to 1150 S m'. The TEG was observed to have good biosecurity and flexibility,
with the CCNT ink evenly attaching to both the surface and upper inner layers of the cellulose paper. Un-
der a temperature difference of 12 K, the CCNT-based TEG showed efficient conversion of thermal energy
into electrical energy, yielding a maximum output voltage of 0.375 mV, with a corresponding temperature
difference of 0.7 K.

2.3. Application aspects and experimental scenarios of thermogalvanic hydrogels
2.3.1.Thermal induction self-supply equipments

In recent years, gels have generated significant interest in the fields of self-powering, status detection, and
sensors.[%8] Additionally, thermoelectric materials, based on thermoelectric principles, have been primarily
employed as temperature sensors. However, there has been a growing focus on thermoelectric-based inductors
due to their lower cost, simplified manufacturing processes, and ease of obtaining heat sources. They can
monitor temperature, movement, and biophysical activities in wearable electronic devices, electronic skin,
flexible robots, and other related scenarios.
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Figure 10 (a) Proof of Concept of Dual Network Thermoelectric Hydrogel Respiratory Monitoring System
with Mask Attached, Infrared Image of Wearing Mask and Monitoring Results. Reprinted with permission
from ref. 19. Copyright 2022 American Chemical Society. (b) The tester wore a headband with the
sensor. The next is the response of the sensor when cycling. Reprinted with permission from ref. 89.
Copyright 2022 American Chemical Society. (c) Panoramic view of the gel-based thermoelectric patch
for body temperature monitoring. Relationship between current and body temperature in the three typical
regions. Body temperature monitoring and the corresponding temperature signal are displayed on terminals.
Insets: Photographs of the gel patch that was twisted and bent (scale bar: 1 cm). Reprinted with permission
from ref. 20. Copyright 2021 American Chemical Society.

The thermoelectric gel patch prepared by Zhang et al.,!'¥] as illustrated in Figure 10a, effectively converted
physiological data into easy-to-understand electrical pulse signals by taking advantage of the temperature
difference between the environment and the heat generated by human breathing. Interestingly, the gel
patch functioned reliably even in temperatures below 0 °C, implying its adaptability to low-temperature
environments. In another investigation, Zhang et al. developed a highly-sensitive temperature sensor using
thermoplastic polyurethane fiber that can accurately monitor human activity. The sensor, with a remarkable
tensile strain of up to 270%, can be conveniently worn as a headband to monitor the body temperature
of athletes (Figure 10b).[89] Similarly, Yang et al. successfully created a wearable temperature sensor using
the oxidation-reduction reaction mechanism of [Fe?* /Fe?*]. The device generated variable current signals
in response to fluctuations in body temperature, providing key information about the temperature status
of the wearer, as shown in Figure 10c. These research findings may have significant relevance in moni-
toring human activity and predicting potential health risks, making them valuable contributions to the
field.[2%1In the latest progress, Zhang et al. introduced a thermogalvanic interpenetrating network hydrogel
with [Fe(CN)g]* /[Fe(CN)g]*as a redox pair and KCI as a ion provider for thermodiffusion, which not only
has good flexibility but also prominent thermoelectric property with the thermal current up to 124 pA at
the temperature difference of 10 K. Committed to providing more effective medical assistance services.!102]

2.3.2. Integrated applications
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The energy output of a single small thermoelectric hydrogel is relatively small and may be insufficient to meet
real-life needs. To address this issue, integrated modules came into view. Most of the integrated modules
are typically island-bridge structures with hundreds of small hydrogels connected in series and encapsulated
together. Once the integrated module is successfully prepared, it not only enhances the energy output but
also improves the overall application of thermoelectric hydrogel. The mechanical properties of the hydrogel
can vary depending on the choice of matrix and crosslinking agents used in its preparation. The use of an
integrated module unleashes the flexibility, strength, ductility, and toughness of the thermoelectric hydrogel.
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Figure 11 (a) Retractable schematic diagram of integrated wearable thermoelectric hydrogel batteries for
energy collection. The thermoelectric properties of integrated 14 p-n couples of thermoelectric cells were
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studied, and the voltage changes of the equipment attached to the deformed wrist were studied.[”®! Repro-
duced from ref. 75 with permission from John Wiley and Sons, copyright 2022. (b) Integrated module
representation diagram and schematic diagram. (c¢) The left diagram shows the power supply to the LEDs
relying on the different temperatures of the contact water. The right diagram shows the voltage output of
the integrated module collecting human waste heat. Reproduced with permission from ref. 75. Copyright
2018, Nature Publishing Group. (d) The temperature simulations of three types cogenerators. (e) The
diagram of the proposed hybrid cogenerator for electricity and water. (f) The curves of current—voltage (I-
V) and output power density-voltage (P-V) of different hybrid cogenerators under 1 kW m™2 illumination.
Reproduced with permission from ref. 91. Copyright 2022, Royal Society of Chemistry.

Figure 11al™! depicts a p-n battery integration module usingFe(ClOy),/Fe(ClO4)4 as the n-type ion couple
and K3[Fe(CN)g]/K4[Fe (CN)g] as the p-type ion couple. The p-n to hydrogel electrolyte exhibited a voltage
output of 29 mV, a current output of 8.5 Am 2, and an average maximum power density of 0.66 mW K2
m 2 per p-n cell at AT of 10 K. By integrating the hydrogel electrolyte with graphite paper electrodes, a
close-fitting portable thermal battery device was fabricated, achieving a voltage output of 0.16 V with 14
couples of p-n batteries (AT = 4.1 K). Figure 11b¥lillustrates the replacement of 50 thermoelectric hydrogels
with integrated modules, as demonstrated by Xu et al. In this configuration, the hydrogels were utilized as
batteries and interconnected in series using Cu wires. Figure 11c shows an aqueous electrolyte consisting of
a mixture of urea (24 M), GdmCl (2.6 M), and 0.4 M of K3[Fe(CN)g]/K4[Fe(CN)g]. It was observed that
the integrated module, when used with graphite as an electrode, exhibited an output voltage of 3.4 V and
an output current of 1.2 mA at AT = 18 K, which was sufficient to power the LEDs. Furthermore, Zhou et
al.[% used PVA as the matrix to prepare n-type and p-type thermoelectric hydrogels with [Fe3* /Fe?*] and
[Fe(CN)g]* /[Fe(CN)g]* as the respective redox couple. They connected, integrated, packaged, and attached
59 pairs of p-n hydrogels onto the human arm. At an ambient temperature of 5 °C, an output voltage of
about 0.7 V and an output current of 2 yA was generated, with a corresponding maximum output power
of 0.3 uW. Additionally, the integration of thermoelectric hydrogels has shown promising applications in
the field of solar energy conversion. For this purpose, Miao et al. successfully developed a double-network
hydrogel by combining AM with starch for the utilization of solar radiation to create a temperature gradient
between the hot side of TEG and water, resulting in water evaporation and electricity generation (Figures
11d and 11e). The proposed design yields a high power density of up to 11.39 W m™2 and achieves multi-level
utilization of solar energy (Figure 11f).] In recent research, Ma et al. once again prepared an excellent
toughness thermogalvanic hydrogel thermocell for human health monitoring, with a high tensile strength of
19MPa and a high thermal power of 6.5mV K-1.[100]

2.3.3. Heat collection and management devices

In addition, thermoelectric materials are used as a heat source for different applications to create a temper-
ature difference between the hot and the cold ends. In this regard, Ma et al.®?) combined AM with sodium
alginate to form double-network hydrogels and added guanidinium hydrochloride to enhance their thermo-
electric properties and improve their heat dissipation ability. In this study, a 30 mm computer CPU was
selected as the subject, and its normal operating temperature was observed to reach 76.2 °C. Notably, after
applying the hydrogel onto the surface of the CPU, its operating temperature decreased by 15.1 °C, reaching
61.1 °C, while maintaining a stable voltage output of approximately 43.5 mV. At the same time, Ma and his
team reported a multifunctional superelastic graphene-based thermoelectric sponge that is also committed
to thermal management. It is not only relatively stable in performance, but also can cool the working CPU
by 8K.[191 In another approach, Hu and co-workers*?l employed K3[Fe(CN)g]/K4[Fe(CN)g| as redox couples
in the electrolyte of thermochemical batteries and achieved evaporation and absorption of moisture through
mutual regulation of Lit and Br~ ions. The researchers inserted a Ti plate in the middle of the hydrogel
and placed two Ti meshes, one connected to a mobile phone cell as the positive pole and the other as the
negative pole of the thermochemical batteries. This configuration resulted in varying temperatures during
battery operation with different discharge efficiencies. Moreover, the studies illustrate that thermoelectric
materials have promising prospects in the heat management of electronic devices.
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3. Conclusions and Perspectives

Given the current global energy crisis, developing thermoelectric technologies is undoubtedly a good choi-
ce. However, traditional solid-state materials are no longer suitable for certain applications, leading to the
emergence of quasi-solid-state gels as a promising alternative. In recent years, the research progress of ther-
moelectric hydrogels has advanced rapidly, especially in the development of quasi-solid-state thermoelectric
hydrogels. According to the current research status, these materials have the potential for a diverse range of
applications. This review provides an overview of the working principles and commonly used redox couples
of thermocells based on the thermogalvanic effect. It then focuses on recent advances in hydrogel network
matrices, electrode materials, surface and compositional structure of these thermocells. Lastly, the review
presents the more advanced results in this field.

Despite significant progress in present thermoelectric research, there remains considerable scope for the
development of thermoelectric batteries.

Firstly, the optimization of electrolytes is worth discussing. When hydrogels are used as electrolytes, the
selection of different matrices and catalysts allows for the tailoring of their mechanical properties, with their
ionic conductivity, thermal conductivity, and S. Currently, the [Fe(CN)g]*"/[Fe(CN)g]3 redox ion couple is
the most intensively studied in terms of its thermoelectric effect. However, further exploration is needed to
identify couples that exhibit a more prominent thermogalvanic effect. Additionally, we observed that the
addition of reagents, such as NaCl and KCl, can enhance the efficiency of the oxidation-reduction process,
thereby improving the overallS. Furthermore, the hydrogels achieved good working efficiency at both low
and high temperatures by adding alcohol reagents. These three options provide opportunities for further
optimization of the quasi-solid-state hydrogel electrolyte.

Besides, while addressing energy problems, the design of thermoelectric devices should not be confined to
the laboratory setting but should also prioritize practicality in their structural design. The paper folding
structure, pleated structures, helical structures, integrated textile structures, and island bridge structures
with stretchable electrodes presented in this review offer various possible applications. Depending on the
specific practical needs and material properties, different structures can be chosen to address problems in
multiple environments, thus, making energy conversion more efficient.

Moreover, electrode materials play a critical role in the composition of batteries and should not be over-
looked. Presently, metal electrodes are most commonly used, followed by carbon-based material electrodes,
while thin film electrodes are rarely employed in battery applications. From the viewpoint of thermoelectric
development, it is important to investigate the impact of the physical properties of electrodes on the overall
performance. This call for a particular focus on flexible electrode materials with good mechanical properties,
toughness, and low cost.

In conclusion, when studying thermogalvanic or thermal diffusion effects, the following steps involve opti-
mizing the S, improving electrical conductivity, and reducing thermal conductivity. This can be achieved
through effective cooperation among the electrolyte, structure design, and electrodes, along with the addition
of suitable solvents. The rapid development of thermoelectric materials has demonstrated their enormous
commercial potential, which can drive environmental and economic developments in the future.
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