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Abstract 
 

Thermoelectric aerogel is a novel type of material that can achieve the interactive transformation between electrical energy 
and thermal energy. Due to its unique characteristics such as low density, low thermal conductivity, high elasticity, and 
excellent thermoelectric properties, now it has received extensive attention in different fields such as high-temperature 
energy harvesting, intelligent sensing, and self-powered systems. This paper reviews the working principle and latest research 
progress of thermoelectric aerogels, including structural design innovation, performance optimization, and expansion of 
application fields. It focuses on exploring the application potential of thermoelectric aerogels in wearable devices, high-
temperature monitoring and early warning, energy harvesting and conversion, and looks forward to its future development 
directions. 
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1. Introduction 

With the rapid development of the Internet of Things, 

wearable electronics and intelligent equipment face 

unprecedented opportunities and challenges, imposing 

stringent requirements on power supply systems.[1-4] 

Traditional power supplies are limited in energy acquisition 

and stable operation, highlighting the urgency to develop 

efficient, self-powered energy conversion materials adaptable 

to complex environments.[5-9] Thermoelectric aerogel, as a 

highly promising new material, is gradually becoming a 

research hotspot. 

Thermoelectric materials rely on the Seebeck effect and the 

Palladium effect to achieve direct interconversion of thermal 

and electrical energy.[10-14] Compared with other energy 

conversion technologies, thermoelectric generators exhibit 

remarkable technical characteristics: they are less affected by 

the intensity of solar radiation, operate without noise, low heat 

source requirements.[15] The core technical advantage lies in 

that the directional migration of carriers inside the material in 

a temperature gradient environment directly generates direct 

current.[16-19] This characteristic enables it to seamlessly adapt 

to the power supply requirements of electronic devices. Since 

the discovery of the thermoelectric effect in the 19th century, 

research on improving the thermoelectric performance of 

materials has been continuously progressing.[20-23] With the 

advancement of size effect theory, the technology for band 

structure regulation has been continuously optimized.[24-25] 

High performance thermoelectric materials have been widely 

applied in fields such as solid state refrigeration devices and 

deep space power generation equipment.[26] Driven by the 

systematic advancement of size effect theory, the 

technological maturity of band engineering, and the successful 

fabrication of novel functional materials, remarkable 

breakthroughs have been achieved in exploring high 

performance thermoelectric materials.[27-28] 

Thermoelectric aerogels enable efficient conversion 

between thermal and electrical energy by virtue of their unique 

microstructures and material properties. Compared with 

conventional thermoelectric materials, thermoelectric 

aerogels offer prominent advantages: light weight, excellent 

flexibility to adapt to complex and changeable application 
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scenarios, and good thermal insulation performance, 

maintaining stable internal conversion environments. Their 

key advantage lies in the synergistic effect of specially 

arranged nanostructures and conductive components within 

the aerogel, which promotes the efficient directional 

movement of charge carriers under temperature gradients, 

thereby stably generating direct current (DC). This feature 

allows them to be conveniently adapted to the needs of 

miniaturized and flexible power supplies for wearable 

electronic devices and other applications.[29-32] The 

thermoelectric performance of these materials essentially 

hinges on the dimensionless figure of merit (ZT).[33-34] Various 

thermoelectric aerogel s have been prepared using a variety of 

materials including polymers such as poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS), polyaniline (PANI),[35-36] and a number of 

insulating polymers (cellulose or polyurethanes), carbon-

based materials such as graphene and carbon nanotubes,[37-38] 

as well as their composite and hybrid counterparts.[39-42] Using 

the compressibility, electrical conductivity, Seebeck effect, 

and excellent thermoelectric conversion ability of 

thermoelectric aerogels, they can be widely applied to 

piezoresistive pressure/strain sensors, temperature sensors, or 

thermoelectric generators.[43-47] To achieve these functional 

applications, temperature is a key parameter, which not only 

affects the thermoelectric properties of the aerogel itself but 

also determines its performance and practical applications as 

a sensor or generator.[48] 

However, the development of thermoelectric aerogels still 

faces many challenges. In terms of material performance, how 

to further improve their thermoelectric conversion efficiency 

and enhance their mechanical stability and flexibility to meet 

the needs of different application scenarios remains an urgent 

problem to be solved. In terms of preparation processes, most 

of the current preparation methods have disadvantages such as 

high cost, complex processes, and difficulty in large-scale 

production, which limit the industrialization process of 

thermoelectric aerogels. In terms of system integration, 

effectively integrating thermoelectric aerogels with other 

functional materials or devices to achieve multifunctional 

integration is also one of the current research difficulties. 

Despite these challenges, with the continuous progress of 

materials science, nanotechnology, and manufacturing 

processes, the research and application prospects of 

thermoelectric aerogels are still broad. In depth research on the 

preparation methods, structural properties of thermoelectric 

aerogels, and their applications in various fields is of great 

practical significance for promoting the development of 

wearable electronic devices and intelligent protective 

equipment. 

 

2. Basic thermoelectric principles 

The core working mechanism of thermoelectric materials is 

based on the Seebeck effect and the Peltier effect (Fig. 1). The 

former enables the conversion of thermal energy into electrical 

energy, while the latter is the reverse process of converting 

electrical energy into thermal energy.[49] In the presence of a 

temperature gradient across a material, the Seebeck effect 

drives thermal excitation of carriers: holes in p-type 

semiconductors and electrons in n-type semiconductors 

migrate directionally, generating an electric current in the 

external circuit.[22] The Peltier effect, the inverse of the 

Seebeck effect, refers to heat transfer at material junctions 

driven by an electric current. This unique characteristic has 

been applied to advanced applications in solid-state 

refrigeration, enabling efficient thermal management 

technologies.[24] 

The dimensionless figure of merit ZT is used to quantify 

the energy conversion efficiency of thermoelectric materials, 

which is expressed as Eq. (1):[50-51] 

ZT =
𝑆2σ𝑇

𝑘
                                         (1) 

where S, σ, T, and k represent the Seebeck coefficient, 

electrical conductivity, thermodynamic temperature in Kelvin 

scale, and thermal conductivity, respectively. To enhance the 

ZT value, a synergistic optimization of three key parameters is 

essential: elevating the Seebeck coefficient and electrical 

conductivity while reducing thermal conductivity. In 

thermoelectric materials, the three key parameters exhibit 

inherent coupling: increasing carrier concentration to boost 

electrical conductivity often compromises the Seebeck 

coefficient due to carrier energy filtering effects, thereby 

requiring sophisticated strategies such as band structure 

engineering and nanostructural design to achieve parameter 

decoupling.[52] 

The thermoelectric power factor PF is composed of the 

electrical conductivity and the Seebeck coefficient, and its 

definition is Eq. (2): 

          𝑃𝐹 = 𝑆2                                      (2) 

The Seebeck coefficient is expressed by the following Eq. 

(3):[53-54] 

 S =
π2𝐾

B2𝑇

3𝑞
{

d𝑛(𝐸)

𝑛d𝐸
+

dμ(𝐸)

μd𝐸
}
𝐸=𝐸F

                    (3) 

where kB is the Boltzmann constant, q is the carrier charge, μ(E) 

is the mobility, and n(E) is the carrier density. This formula 

indicates that an ideal Seebeck coefficient can be obtained by 

increasing the dependence of the mobility and the carrier 

density on energy. In addition, for degenerate semiconductors, 

the Seebeck coefficient can be represented by a simplified 

formula that includes the carrier effective mass m* as Eq. 

(4):[53-56] 

S =
8π2𝐾

B2𝑚
∗𝑇

3𝑞ℎ2
(
π

3𝑛
)

2

3
                               (4) 

There are two strategies to increase the effective mass m*: 

one is to improve the symmetry of the crystal structure; the 

other feasible method is to increase the band effective mass 

through chemical doping, which helps to flatten the energy 

band and generate resonant energy levels.[13] Although the 

Seebeck coefficient is increased, a low carrier density will also 
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lead to a decrease in electrical conductivity. The definition of 

electrical conductivity σ is Eq. (5):[51] 

𝜎 =  nqμ                                      (5) 

where n is the carrier density, q is the carrier charge, and μ 

represents the carrier mobility. As the carrier density increases, 

the Seebeck coefficient decreases and the electrical 

conductivity increases, which reflects the strong coupling 

relationship between the Seebeck coefficient and the electrical 

conductivity.[22,53] Therefore, the optimal power factor can be 

obtained by adjusting the carrier density.[57] 

In thermoelectric materials, the heat conduction 

mechanism includes the transport of electrons and holes as 

well as the propagation of phonons related to the lattice 

thermal motion. In the case of single type carrier transport, the 

thermal conductivity can be expressed as the sum of the carrier 

thermal conductivity kc and the lattice thermal conductivity kl 

as: Eqs. (6) and (7).[58] 

k = kc + kl                                  (6) 

 kc  =  L0σ T  =  L0neμ T                       (7) 

According to the Wiedemann - Franz law,[53] the electronic 

thermal conductivity (kc) is associated with the carrier density 

(n), while the lattice thermal conductivity (kl) can be 

independently modulated by introducing phonon scattering. 

Based on the theoretical analysis of these three key parameters, 

several strategies for enhancing thermoelectric performance 

are put forward: (1) Band engineering, including improving 

the symmetry of the crystal structure, multi-band degeneracy, 

and introducing electronic resonance states; (2) Lattice 

thermal conductivity can be reduced through phonon 

scattering, which involves introducing point defects (such as 

doping or alloying), constructing mesoscopic structures, and  

forming second-phase nanostructures; (3) Electrical 

conductivity and thermal conductivity can be decoupled via 

interface scattering in nanostructures.[13] 

For a thermoelectric device, its maximum power 

conversion efficiency is given by the following Eq. (8):[57]  

ηmax =
𝑇h−𝑇c

𝑇h

(
√1+𝑍𝑇−1

√1+𝑍𝑇+
𝑇c

𝑇h

)                              (8) 

According to the laws of thermodynamics, the conversion 

efficiency of a thermoelectric device is also limited by the 

Carnot cycle. Under the conditions of the hot side temperature 

Th and the cold side temperature Tc, the maximum conversion 

efficiency is only determined by the ZT value.[59] 

The thermoelectric properties of a material are determined 

by the dimensionless optimum ZT. To improve ZT, synergistic 

optimization of S, σ, and k is crucial, but the intrinsic coupling 

between them (e.g., increasing carrier concentration raises σ 

but lowers S) requires advanced strategies. Nanostructure 

engineered phonon scattering plays a key role in reducing 

lattice thermal conductivity (kₗ). For example, heterogeneous 

interfaces between MXene and CNTs are capable of scattering 

low and mid-frequency phonons, reducing kₗ by 30 - 50%.[60] 

In addition, hierarchical porous structures (oriented freeze 

dried aerogels with hierarchical channels) further suppress 

phonon transport by increasing boundary scattering.[61] For “σ 

- S synergistic optimization”, energy band engineering through 

chemical doping has shown promising results. For example, 

PEDOT:PSS doped with DBSA improved σ by a factor of two 

while maintaining S at 85% of the original value, which was 

achieved by balancing carrier concentration and energy 

filtering.[48] 

 
Fig. 1: Schematic diagram of thermoelectric principle. Reproduced with permission,[62] Copyright 2025, American Chemical Society. 
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Fig. 2: a Schematic diagram of the preparation of p-n segment thermoelectric aerogel fibers by the alternate coaxial wet spinning 

strategy. Reproduced with permission,[60] Copyright 2023, The Author(s). b Schematic diagram of the preparation of core-shell 

structured SS/OSA@MXene thermoelectric fibers by the coaxial wet spinning method. Reproduced with permission,[69] Copyright 

2024, Donghua University, Shanghai, China. c Schematic diagram of the preparation of MXene/Ag NWs/ANFs (MAA) aerogel 

fibers by the wet spinning technology. Reproduced with permission,[70] Copyright 2023, Elsevier Ltd. 

3. Preparation methods and process innovation 

Advanced preparation processes are the key to achieving high 

performance thermoelectric aerogels.[48,62] Different 

preparation processes can precisely control the microstructure 

and macroscopic shape of thermoelectric aerogels, thereby 

optimizing their thermoelectric and mechanical properties. 

Advanced preparation processes such as coaxial wet-spinning, 

freeze-drying technology, and 3D printing provide diverse 

options for the preparation of thermoelectric aerogels, meeting 

the requirements for material properties in different 

application scenarios.[63-65] 

 

3.1 Wet-spinning technique 

Wet spinning technology is a process that can be used to 

prepare fibers with special structures.[65] During operation, 

different spinning solutions are uniformly mixed and then 

extruded through a spinneret into a coagulation bath. The 

solution undergoes a coagulation reaction in the coagulation 

bath to form fibers with specific structures. This technology 

enables the compounding of various materials, effectively 

improving the comprehensive properties of the fibers.[66-68] 

For example, He et al.[60] prepared p-n segment 

thermoelectric aerogel fibers by adopting an alternating 

coaxial wet-spinning strategy (Fig. 2a). First, the spinning 

dope with n-type Ti₃C₂Tx MXene and p-type 

MXene/SWCNT-COOH as the core materials, and the 

spinning dope with aramid nanofibers as the protective shell 

are prepared. By alternately injecting the spinning dope of the 

core material into the inner needle and the spinning dope of 

the protective shell material into the outer needle, it is 

solidified in the coagulation bath, and then the fiber is obtained 

after solvent replacement and freeze-drying. This spinning 
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technology can continuously produce fibers with an 

alternating p-n segment structure, endowing the fibers with 

both good flexibility and high-efficiency thermoelectric power 

both good flexibility and high-efficiency thermoelectric power 

generation performance. Moreover, the microstructure and 

performance of the fibers can be optimized by controlling the 

spinning process, such as forming a uniform concentric circle 

structure, ensuring the continuity and close fusion of the 

internal thermoelectric materials and the protective sleeve. 

Jiang et al.[69] prepared core-shell structured 

SS/OSA@MXene thermoelectric fibers via the coaxial wet-

spinning method (Fig. 2b). Firstly, MXene nanosheets are 

prepared as the core layer material, and then the SS/OSA 

composite material with self-healing function is synthesized 

as the protective shell layer material. After the two materials 

are respectively made into spinning dope, they are injected 

into the inner needle and the outer needle through coaxial 

needles, solidified in a coagulation bath containing CaCl₂, and 

collected and freeze-dried to obtain the fibers. This technology 

can be used to prepare fibers with an adjustable core-shell 

structure, enabling the tight combination of the MXene in the 

core layer and the SS/OSA in the protective shell layer. It not 

only ensures the thermoelectric performance but also endows 

the fibers with characteristics such as self-healing and flame 

retardancy, improving the reliability and durability of the 

fibers. He et al.[70] prepared MXene/AgNWs/ANFs (MAA) 

aerogel fibers via wet-spinning technology (Fig. 2c). The 

prepared ANFs, MXene and AgNWs are respectively made 

into solutions, and the spinning solution is obtained by mixing 

them. After being injected into a pump-controlled syringe, the 

spinning solution is extruded through a needle into a 

coagulation bath (deionized water) to form hydrogel fibers, 

and then the MAA aerogel fibers are obtained after solvent 

replacement and freeze-drying. This technology is simple and 

feasible, and can effectively integrate a variety of functional 

materials (the thermoelectricity of MXene, the electrical 

conductivity of AgNWs, and the excellent comprehensive 

performance of ANFs) into the fibers, endowing the fibers 

with good flexibility, mechanical properties, as well as 

excellent temperature sensing and flame-retardant properties. 

 

3.2 Freeze-drying technique 

Freeze-drying technology optimizes the thermal conductivity 

of thermoelectric aerogels by regulating the porosity and pore 

size distribution. During the freeze-drying process, the 

solution containing the solute is first frozen into a solid state, 

and then the ice is directly sublimated in a vacuum 

environment to remove the solvent, leaving behind a porous 

solid structure. By controlling parameters such as freezing rate, 

freezing temperature, and sublimation conditions, the porosity 

and pore size distribution of thermoelectric aerogels can be 

precisely regulated.[71-74]  

For example, He et al.[61] stated that freeze-drying 

technology is a crucial part of preparing aerogels with special 

properties. In the experiment, a mixed solution containing 

aramid nanofibers (ANFs), eicosane (C20), MXene, MWCNTs, 

AgNWs and other components is first injected into a mold (Fig. 

3a). Subsequently, the mold is placed on a copper plate in a 

liquid nitrogen atmosphere for directional freezing for 20 

minutes, so that the solution is preliminarily formed. Then, the 

frozen sample is immersed in a mixed solution of ethanol and 

acetic acid for 48 h, followed by solvent exchange. Finally, the 

ACMCA aerogel is obtained after freeze-drying for 16 h. This 

directional freeze-drying strategy enables the aerogel to form 

a highly ordered layered porous structure similar to human 

muscle tissue. In terms of performance, the tensile strength of 

the aerogel reaches 2.52 MPa and the compressive strength is 

0.21 MPa, demonstrating good mechanical properties. This 

allows it to withstand a certain amount of external force 

without being easily damaged when used as a material for 

fireproof suits. In terms of thermoelectric performance, its 

Seebeck coefficient at room temperature is as high as 46.78 

μV·K⁻¹ and the thermal conductivity is as low as 0.048 

W·m⁻¹·K⁻¹, showing efficient thermoelectric conversion 

ability. When applied to fireproof suits, the aerogel can 

achieve wide temperature range sensing from 50 °C to 400 °C, 

and it performs excellently in high-temperature early warning 

with a response time of about 1.43 s, providing a strong 

guarantee for the safety of firefighters. Ren et al.[75] utilized 

bidirectional freezing and freeze-drying technologies to 

prepare biomimetic layered silica nanofiber/MXene aerogel 

(LSMA) in this study (Fig. 3b). Specifically, a homogeneous 

aqueous dispersion of MXene nanosheets, SNFs (silica 

nanofibers) and PVA (polyvinyl alcohol) is bidirectionally 

frozen. Under the combined action of a horizontal temperature 

gradient (ΔTH) and a vertical temperature gradient (ΔTV), the 

building blocks are pushed into the spaces between adjacent 

ice crystals and assembled into parallel thin sheets. 

Subsequently, the ice crystals are sublimated through freeze-

drying, thus obtaining the LSMA aerogel with a microscopic 

structure resembling that of avian bones. This aerogel has an 

extremely low density, only 8.5 mg/cm³, and can stand 

independently on a foxtail grass, demonstrating its ultralight 

property. In terms of mechanical properties, it exhibits 

excellent anti-fatigue performance. After 10,000 compression 

cycles, its height retention rate can reach 99.1%, ranking 

among the top in the reported MXene-based aerogels. In the 

application of pressure-temperature dual-mode sensing, the 

LSMA sensor performs remarkably well, with a temperature 

resolution of up to 0.07 K and a pressure detection limit as low 

as 0.20 Pa, showing high sensitivity and high precision sensing 

performance. Li et al.[48] prepared the PEDOT:PSS/SWCNT 

composite aerogel via solution mixing, solvent replacement, 

and freeze-drying methods (Fig. 3c). Firstly, the SWCNT is 

dispersed by probe sonication in an ethanol solution for 60 

minutes. Then, solvent replacement is realized through 

vacuum filtration to obtain an aqueous dispersion of SWCNT. 

Subsequently, NFC, an aqueous solution of PEDOT:PSS, and 

the cross-linking agent GOPS are added in sequence. After a 

series of ultrasonic and stirring treatments, the mixed solution 
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Fig. 3: a Preparation of anisotropic ANFs/eicosane (C20)/MXene/MWCNTs/AgNWs thermoelectric aerogel (ACMCA) via the 

directional freeze-drying strategy. Reproduced with permission,[61] Copyright 2025, The Author(s). b Preparation of biomimetic 

layered silica nanofiber/MXene aerogel (LSMA) by bidirectional freezing and freeze-drying technology. Reproduced with 

permission,[75] Copyright 2024, Wiley‐VCH GmbH. c Preparation of PEDOT:PSS/SWCNT composite aerogel by the method of 

solution mixing, solvent replacement and freeze-drying. Reproduced with permission,[48] Copyright 2024, The Author(s). 

 

is dropped into a PTFE mold. Finally, the aerogel is prepared 

by vacuum freeze-drying for 48 h. The aerogel prepared by 

this method presents a typical layered interconnected porous 

structure, with a porosity as high as 87%, a density as low as 

0.01 g/cm³, and a thermal conductivity of 0.074 W·m⁻¹·K⁻¹. It 

also has super mechanical elasticity. The sensor constructed 

based on this aerogel can not only accurately detect pressure 

signals but also effectively sense temperature within a wide 

temperature range from 25 °C to 325 °C. In addition, a 

thermoelectric generator assembled from 25 such composite 

aerogels has excellent performance. It can generate a 

maximum output power of 400 μW under a temperature 

difference of 300 K, demonstrating good capabilities in high-

temperature thermal energy harvesting and conversion. 

 

3.3 3D printing technique 

3D printing technology has brought new possibilities to the 

preparation of thermoelectric aerogels.[63] Through 3D printing, 

thermoelectric aerogels with complex structures can be 

customized to meet the special requirements for the shape and 
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Fig. 4: a Preparation of PEDOT:PSS Aerogels with Tunable Electromechanical Properties via Direct Ink Writing (DIW) in 3D 

Printing Technology. Reproduced with permission,[79] Copyright 2025, The Author(s). b Combination of 3D Printing and Three-Stage 

Doping Process for Fabrication of PEDOT:PSS Aerogel Thermoelectric Generators. Reproduced with permission,[80] Copyright 2023, 

Elsevier Ltd. 

 

function of materials in different application scenarios. During 

the preparation process, according to the designed 3D model, 

the printing ink containing the thermoelectric aerogel material 

is stacked layer by layer to finally form the desired structure.[76-

78] 

For example, Hasan Emre Baysal et al.[79]. employed the 

direct ink writing (DIW) method in 3D printing technology to 

prepare PEDOT:PSS aerogels with adjustable 

electromechanical properties in this study (Fig. 4a). First, a 

carefully formulated slurry containing Li salt and GOPS 

additives is printed into the desired structure on a stretchable 

substrate via DIW, and then freeze-drying is carried out to 

form a stable aerogel. Li et al.[80] combined 3D printing with a 

three level doping process to prepare a PEDOT:PSS aerogel 

thermoelectric generator in this study (Fig. 4b). Firstly, a 

hydrogel precursor with an appropriate concentration is 

prepared by mixing superabsorbent polymer (SAP) beads with 

a commercial PEDOT:PSS solution. Then, an aerogel with a 

controllable macroscopic and microscopic structure is 

obtained through 3D printing and freeze-drying. During the 

3D printing process, by controlling the concentration of the 

hydrogel, precise regulation of key properties of the aerogel 

such as porosity, pore size distribution, thermal conductivity, 

electrical conductivity, and Seebeck coefficient can be 

achieved. For example, the aerogel printed at a concentration 

of 6 wt% has the highest porosity, the lowest thermal 

conductivity, and the highest ZT value. After that, the aerogel 

is subjected to three level doping. It is first soaked in a 0.3 M 

DBSA solution for 24 h, and then soaked in DMSO for 2 h. 

An aerogel with a high electrical conductivity of 27.15 S/cm, 

a low thermal conductivity of 75.38 mW·m⁻¹·K⁻¹, and a 

specific Seebeck coefficient of 19.34 μV/K is successfully 

prepared, and its ZT value reaches 3.99×10⁻³, significantly 

improving the thermoelectric performance. 

 

 3.4 Comparative analysis of advantages and 

disadvantages of different preparation methods 

In the preparation technology of thermoelectric gels, wet 

spinning, freeze-drying, and 3D printing are three core 

methods. The differences in their characteristics directly affect 
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the industrialization applications of materials. Drawing on 

existing research practices in thermoelectric gels, a 

comparative analysis can be carried out from three aspects: 

cost, process complexity, and large-scale production potential. 

In terms of cost, wet spinning has a moderate cost. This 

method relies on continuous production equipment such as 

coaxial spinning nozzles and coagulation baths, with high 

material utilization rate, and can achieve stable output by 

adjusting spinning parameters. However, the solution 

preparation of multi component systems such as functional 

layers and protective layers in core sheath structures requires 

precise control of proportions, which may increase raw 

material mixing costs. Meanwhile, equipment maintenance 

such as nozzle cleaning and coagulation bath component 

renewal incurs ongoing expenses. Freeze-drying has relatively 

high costs. Its core processes include low-temperature 

freezing such as bidirectional temperature gradient control and 

vacuum freeze-drying, which consume substantial energy to 

maintain low-temperature environments such as liquid 

nitrogen. Additionally, the freeze-drying process takes a long 

time, resulting in significantly high energy consumption costs 

per unit product. Coupled with low equipment utilization due 

to batch processing mode, the comprehensive costs are further 

pushed up. 3D printing has the highest cost. This technology 

relies on high precision printing equipment such as 

omnidirectional nozzle systems and customized inks (which 

need to meet specific rheological properties), with high 

equipment procurement and maintenance costs. Moreover, the 

slow printing speed and low single batch output, along with 

time costs per unit product and material losses such as nozzle 

residues, further exacerbate cost pressures. 

In terms of process complexity, wet spinning has moderate 

complexity. Its core lies in realizing shaping through phase 

separation of spinning solution in coagulation baths, requiring 

precise control of parameters such as spinning solution 

concentration, coagulation bath components, and extrusion 

rate. For multi-phase composite systems such as combinations 

of conductive and elastic layers, it is essential to prevent 

component delamination or agglomeration, and the difficulty 

of process control increases as structural complexity rises. 

Freeze-drying has higher complexity. The key is to induce 

specific porous structures such as lamellar or columnar pores 

through temperature gradients, requiring accurate regulation 

of freezing rate and temperature gradient direction to prevent 

disordered growth of ice crystals from damaging structural 

integrity. In the freeze-drying stage, ice crystals need to be 

sublimated slowly to prevent structural collapse such as 

interlayer cracking or pore shrinkage caused by stress 

concentration, which demands high operation accuracy. 3D 

printing has the highest complexity. Its core is to achieve 

stable extrusion and precise shaping of inks, requiring 

simultaneous optimization of ink rheological properties such 

as shear thinning characteristics, printing paths (to ensure 

interlayer bonding of complex structures), and post-treatments 

such as annealing to enhance performance. For high aspect 

ratio structures, nozzle clogging or structural distortion is 

prone to occur. Printing on flexible substrates also needs to 

solve interfacial adhesion issues, and the overall process is 

extremely sensitive to ambient temperature and humidity. 

In terms of large-scale production potential, wet spinning 

has the strongest potential. This method is naturally suitable 

for continuous production, can increase output through multi 

nozzle parallel operation and automated winding, stably 

prepare fibrous or film products, and its product form is easy 

to integrate into end products such as textiles and flexible 

devices, showing outstanding mass production adaptability in 

fields like wearable devices and smart textiles. Freeze-drying 

has limited potential. It adopts batch processing mode, with 

single batch production volume limited by mold size. 

Moreover, the long-time consuming freezing and freeze-

drying processes make continuous production difficult. In 

addition, large-area samples are prone to structural differences 

due to uneven temperature gradients, affecting product 

consistency, so it is more suitable for small batch preparation 

of high porosity and lightweight aerogels. 3D printing has 

weak potential. This technology relies on the "layer-by-layer 

stacking" forming method, with printing speed limited by 

nozzle movement speed and interlayer drying time, resulting 

in low single-batch output. Meanwhile, the printing precision 

of complex structures is susceptible to environmental factors, 

leading to poor batch stability, so it is more suitable for small 

batch customized products such as special shaped sensors and 

complex interconnection structures and difficult to meet the 

needs of large-scale industrial production. 

In summary, wet spinning has significant advantages in 

mass production capacity and is suitable for large-scale 

scenarios with stable demand; freeze-drying excels in 

preparing high performance porous structures, but its high cost 

limits mass production; 3D printing has unique strengths in 

structural customization, making it better suited for high end 

small batch applications. The selection of the three methods 

should be comprehensively considered in combination with 

the cost budget, performance requirements, and mass 

production scale of specific application scenarios. 

 

4. Performance optimization 

Excellent structural properties are the key to achieving high 

performance thermoelectric aerogels. The high elasticity, 

flame retardancy, and mechanical strength of aerogels provide 

diverse options for the preparation of thermoelectric devices, 

meeting the requirements for material properties in different 

application scenarios.[81-84] 

 

4.1 Mechanical properties 

The excellent mechanical properties of aerogels enable them 

to have a wider range of applications. Yu et al.[61] revealed the 

structural and performance characteristics of ACMCA 

aerogels from multiple perspectives. Fig. 5a is a high 

magnification SEM image of the honeycomb structure on the 

surface of the ACMCA aerogel. From Fig. 5a, it can be clearly 
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seen that the cell walls of the aerogel are composed of 

interwoven ANFs, with a thickness of only a few micrometers. 

This microscopic structure is closely related to the 

macroscopic properties. The interwoven ANFs form a stable 

skeletal structure, which is the basis for the good mechanical 

properties of the aerogel. When actually applied to fire suits, 

this structure can effectively withstand external forces and 

ensure the safety of firefighters during rescue operations. At 

the same time, its unique porous structure helps to reduce the 

thermal conductivity, enhance the thermal insulation 

performance, and reduce the harm of external high-

temperatures to firefighters. Fig. 5a1 shows an optical 

photograph of the ACMCA aerogel placed on a flower. The 

aerogel has a regular size (with a side length of 3 cm and a 

thickness of 10 mm) and can be stably placed on the flower 

without damaging the flower structure. This intuitively 

reflects the ultralight characteristics of the aerogel, with a 

density of only 0.038 g/cm³. In the application of fire suits, this 

lightweight characteristic is crucial, as it can reduce the burden 

on firefighters, improve rescue efficiency, and enable 

firefighters to perform tasks more flexibly. Fig. 5a2 presents 

optical images of the ACMCA aerogel in a bent state at 45° 

and 180°. The aerogel does not break even under such a large 

angle bending, fully demonstrating its excellent flexibility. 

This flexibility allows the ACMCA aerogel to adapt to various 

complex movements of firefighters in fire suits, and it will not 

be damaged due to frequent bending and stretching, ensuring 

the stability and reliability of the fire suit in different usage 

scenarios. It shows the scene where the ACMCA aerogel lifts 

a weight 400 times its own weight. This indicates that the 

aerogel has excellent strength and can withstand relatively 

large external forces.  

In the actual use of fire suits, the aerogel with high strength 

can better protect firefighters, prevent damage caused by 

external forces such as collisions and pulls during the rescue 

process, and effectively improve the protective performance 

of the fire suit. Yu et al.[75] fabricated a super-fatigue-resistant 

MXene aerogel inspired by the structure of bird bones. Fig. 5b 

combined with the SEM image, shows the fatigue resistance 

mechanism of LSMA. The rigid MXene nanosheets are 

assembled into a highly ordered layered framework through 

bidirectional freezing, providing the basic structural support 

for the aerogel. The elastic SNFs are uniformly interspersed 

between the layers, acting like the supporting structure in bird 

bones, buffering the stress. Meanwhile, the adhesive effect of 

PVA and the entanglement and adhesion among the SNFs 

enable the MXene framework and SNFs to form a firm whole, 

allowing the stress to be uniformly transmitted and dispersed 

throughout the structure. In addition, the SNFs are embedded 

in the laminates and bridges, forming a structure similar to 

reinforced concrete, further enhancing the stability of the 

overall framework. This multi scale synergistic enhancement 

mechanism is the fundamental reason for the excellent fatigue 

resistance of LSMA.  

Fig. 5c shows the compression stress strain curve of LSMA 

under 10,000 cycles at a strain of 50%. As can be seen from 

the curve, LSMA exhibits extremely excellent fatigue 

resistance. After 10,000 cycles, its plastic deformation is 

extremely low, only 0.9%. This characteristic benefits from its 

unique bionic structure. The elastic SNFs are uniformly 

distributed in the aerogel, similar to the supporting structure in 

bird bones, effectively enhancing the fatigue resistance of the 

aerogel. Compared with the unreinforced MXene aerogel, its 

fatigue resistance has been significantly improved, providing 

a solid foundation for LSMA to be used as a sensor material 

for long-term use. In wearable devices, if it is used to monitor 

human movement, it can withstand long-term deformation 

without failure, ensuring stable and reliable monitoring. Fig. 

5c1 presents the compression stress-strain situation of LSMA 

under different strains. It can be found that LSMA can still 

return to its initial height under a strain of up to 80%, reflecting 

its excellent compression resilience. Even if it is deformed 

under a large external force, it can quickly return to its original 

shape after the external force is removed. This characteristic 

enables LSMA to maintain the integrity of its structure when 

subjected to various pressures, ensuring that it will not be 

damaged due to frequent pressure changes in applications such 

as pressure-temperature dual-mode sensing, and extending its 

service life. Fig. 5c2 shows the changes in the maximum stress, 

energy loss coefficient, and plastic deformation of LSMA 

under a strain of 50% with the number of compression cycles. 

As the number of cycles increases, the maximum stress 

remains above 79% of the initial value even after 10,000 

cycles, and gradually tends to be stable; the energy loss 

coefficient and plastic deformation also gradually stabilize. 

This indicates that LSMA has good structural stability and 

reliable mechanical properties during long-term compression. 

When actually applied to sensors, it can ensure that during 

long-term use, the sensing performance for pressure and 

temperature will not be significantly affected by structural 

changes, ensuring the accuracy and stability of the sensors. He 

et al.[60] prepared p-n segmented coaxial aerogel fibers via wet-

spinning. Fig. 5d shows the microstructure of the p-n 

segmented core-shell thermoelectric device fiber from 

different angles. The cross-sectional SEM image clearly 

demonstrates that the p-n segmented core-shell thermoelectric 

device fiber has a regular concentric circle structure. This 

structure indicates that the internal thermoelectric material and 

the continuous protective sheath have been successfully 

formed. The regular concentric circle structure is crucial for 

the performance of the fiber. The internal thermoelectric 

material is the core for achieving the self-powered fire alarm 

function, while the continuous protective sheath can 

effectively protect the internal thermoelectric material, 

enabling it to work stably in complex environments. In the 

actual application scenarios of fire suits, this structure can 

resist adverse factors such as external friction and high-

temperatures, ensuring that the thermoelectric performance of 

the fiber is not affected and thus guaranteeing the reliability of 

the fire alarm function. From the middle SEM image, it can be 

https://www.espublisher.com/


Review article                                                                                                                                                                                  Engineered Science 

 

10 | Eng. Sci., 2025, 36, 1683                                                                                                                                                                  Engineered Science Publisher 

Fig. 5: a The microscopic structural characteristics of ACMCA aerogels (a1) the macroscopic lightweight properties of CMCA 

aerogels (a2) the flexibility and high strength of CMCA aerogels. Reproduced with permission,[61] Copyright 2025, The Author(s). b 

Schematic diagram of the fatigue resistance mechanism. c Compression stress-strain curve under 10,000 cycles with a strain of 50% 

(c1) Compression stress-strain curves under different strains (c2) Changes in relevant parameters with compression cycles under a 

strain of 50%. Reproduced with permission,[75] Copyright 2024, Wiley‐VCH GmbH. d SEM image of p-n segmented coaxial aerogel 

fiber. e Tensile stress-strain curves of different thermoelectric device fibers. Reproduced with permission,[60] Copyright 2023, The 

Author(s). 

 

seen that the outer diameter of the p-n segmented core-shell 

thermoelectric device fiber is 853.12±18.37 μm, and the wall 

thickness is 211±21.39 μm. Moreover, the core and the shell 

are continuously and closely integrated without obvious gaps 

and holes. The appropriate outer diameter and wall thickness 

ensure the mechanical strength of the fiber, making it less 

likely to be damaged during actual use. The closely integrated 

core-shell structure is beneficial for charge transfer, reducing 

energy loss and having a positive impact on improving the 

thermoelectric performance of the fiber. In fire suits, the stable 

structure can ensure that the fiber will not be damaged by 

external forces such as friction and stretching during the 

activities of firefighters, maintaining its normal working state. 

The right image shows that in the p-type MXene/SWCNT-
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COOH core material, the SWCNT-COOH has a "spider web" 

morphology. This morphology reflects the good self-assembly 

compatibility between SWCNT-COOH and MXene. The good 

compatibility enables the two materials to work synergistically, 

enhancing the conductivity and other properties of the core 

material. During the thermoelectric conversion process, it is 

conducive to the transfer and movement of charges, thereby 

improving the overall thermoelectric performance of the fiber 

and providing strong support for achieving efficient self-

powered fire alarms.  

Fig. 5e shows the typical tensile stress-strain curves of the 

p-segment, n-segment, and alternating p-n segment 

thermoelectric device fibers. The p-segment thermoelectric 

device fiber has a maximum elongation of 12.4% under a 

tensile stress of 0.54 MPa; the n-segment thermoelectric 

device fiber has a maximum elongation of 12.7% under a 

tensile stress of 0.6 MPa; the p-n segment thermoelectric 

device fiber has a tensile strength of 0.56 MPa and an 

elongation at break of 9.4%. These data indicate that different 

types of fibers have differences in mechanical properties. The 

p-n segment thermoelectric device fiber has a certain tensile 

strength and elongation, which can meet the basic mechanical 

requirements in the application of fire suits, ensuring that the 

fiber will not break easily during the wearing process by 

firefighters and having good practicality. 

 

4.2 Thermoelectric properties 

Thermal electrical aerogels, with the synergy of unique porous 

structures and functional components, demonstrate excellent 

performance in the fields of thermoelectric conversion and 

temperature sensing. Their core advantages are mainly 

reflected in high conversion efficiency, wide temperature 

range response, high sensitivity, structural stability and other 

aspects. Yu et al.[61] reported that ACMCA aerogels prepared 

via a directional freeze-drying strategy exhibit a unique 

microstructure, enabling muscle-inspired anisotropic aramid 

nanofiber aerogels to achieve efficient thermoelectric 

conversion and precise temperature monitoring in firefighting 

suits. From the SEM images in Figs. 6a1 and a2, it can be 

clearly seen that the MXene nanosheets are orderly arranged 

along the directional freezing direction, forming a continuous 

conductive network, which greatly promotes the transport of 

charge carriers. This structural advantage endows the ACMCA 

aerogels with a low thermal conductivity (0.048 W m⁻¹ K⁻¹), 

effectively reducing the heat loss, and thus significantly 

improving the thermoelectric conversion efficiency. Fig. 6a3 

shows the voltage output of the ACMCA aerogels at different 

temperatures. With the change of temperature, the voltage 

output shows a good linear relationship, further demonstrating 

its efficient thermoelectric conversion ability. This figure 

provides strong support for expounding the advantages of the 

thermoelectric conversion efficiency of the ACMCA aerogels.  

Yu et al.[48] demonstrated that PEDOT:PSS/SWCNT 

composite aerogels prepared for high-temperature thermal 

energy utilization via elastic thermoelectric aerogels exhibit 

excellent thermoelectric properties under specific conditions. 

Fig. 6b shows the variation of the power factor of the 

composite aerogels under different compressive strains. When 

the strain is 80%, the power factor reaches 0.58 μW m⁻¹ K⁻², 

reflecting the influence of strain on the thermoelectric 

properties, and also indirectly indicating the potential of the 

aerogels to achieve efficient thermoelectric conversion under 

different working conditions. Yu et al.[85] reported that the 

CNT/MXene/cellulose nanofiber aerogel (CMC) sensor, 

designed as a high-performance bimodal temperature-pressure 

contact sensor with enhanced multifunctionality based on 

layered CNT-MXene-cellulose nanofiber aerogels, exhibits 

excellent performance in temperature detection. Fig. 6c1 

shows that the Seebeck coefficient of this sensor is 33.5 μV 

K⁻¹. This relatively high Seebeck coefficient indicates that the 

sensor is extremely sensitive to temperature changes. Fig. 6c2 

further shows the voltage response of the CMC sensor to small 

temperature differences, with the minimum detectable 

temperature change as low as 0.03 K, fully demonstrating its 

advantages of high sensitivity in temperature sensing. These 

two figures provide key evidence for demonstrating the 

temperature sensing sensitivity of the thermal electrical 

aerogels.  

Ren et al.[75] reported that the silica nanofiber/MXene 

aerogel (LSMA) sensor, inspired by bird bones to create a 

super anti-fatigue MXene aerogel with human-like tactile 

perception and machine learning-assisted multi-level 

information encryption capabilities, also demonstrates 

advantages in temperature sensing. Fig. 6d1 shows the 

relationship between the thermoelectric voltage of the sensor 

and the temperature difference, and the Seebeck coefficient 

(ST = -8.96 μV⋅K⁻¹) reflects its sensitivity to temperature 

changes. Fig. 6d2 shows the response of the LSMA sensor to 

slight temperature stimuli, and it can detect a temperature 

difference as low as 0.07 K, further proving the advantages of 

thermal electrical aerogels in terms of temperature sensing 

sensitivity. Ren et al.[69] reported that SS/OSA@MXene self-

healing core-sheath thermoelectric fibers prepared via a 

coaxial wet-spinning strategy for fire safety in firefighting 

suits maintain stable output voltage after multiple heating-

cooling cycles. Fig. 6e shows that during 60 alternating 

heating and cooling cycles, the output voltage of the sensor 

remains at approximately 1.41 mV, which is close to the 

theoretical value, fully demonstrating its stability in 

temperature sensing. This figure intuitively reflects the 

stability advantage of thermal electrical aerogels in 

temperature cycling tests.  

Ren et al.[61] reported that ACMCA aerogels demonstrate 

good stability in the study of muscle-inspired anisotropic 

aramid nanofiber aerogels, which exhibit efficient 

thermoelectric conversion and precise temperature monitoring 

in firefighting suits. Fig. 6f shows the variation of the output 

voltage of the ACMCA aerogels during 10 heating (at 250 °C) 

and cooling (at room temperature) cycles. After multiple 

cycles, its output voltage is stable with minimal fluctuations, 
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Fig. 6: a1、a2 SEM images of the honeycomb structure on the surface of the ACMCA aerogel at different magnifications. a3 linear 

fitting curve of the output voltage of the ACMCA aerogel and the temperature difference. Reproduced with permission,[61] Copyright 

2025, The Author(s).b the variation of the thermoelectric properties of the PEDOT:PSS/SWCNT composite aerogel with the 

compressive strain. Reproduced with permission,[48] Copyright 2024, The Author(s). c1 the linear response characteristic diagram of 

the temperature gradient and output voltage of the sensor based on the CNT/MXene/cellulose nanofiber aerogel. c2 The diagram of 

the voltage response characteristics of the CMC sensor to small temperature changes. Reproduced with permission, [85] Copyright 

2024, Wiley‐VCH GmbH.d1 characteristic diagram of the temperature difference - thermoelectric voltage related to the Seebeck 

coefficient of the LSMA sensor based on MXene aerogel. d2 diagram of the thermoelectric voltage response of the LSMA sensor to 

slight temperature stimuli. Reproduced with permission,[75] Copyright 2024, Wiley‐VCH GmbH. e The diagram of the temperature 

sensing performance and stability test of the SS/OSA@MXene coaxial TE aerogel fibers. Reproduced with permission,[69] Copyright 

2024, Donghua University, Shanghai, China. f The test diagram of the output voltage stability of ACMCA aerogel during 10 heating-

cooling cycles between 250 °C and room temperature. Reproduced with permission,[61] Copyright 2025, The Author(s). g1 The 

temperature-related thermoelectric characteristics of n-type MXene. g2 The temperature-related thermoelectric characteristics of p-

type MXene/SWCNT-COOH. Reproduced with permission,[60] Copyright 2023, The Author(s). 

 

which further illustrates the stability advantage of thermal 

electrical aerogels in different temperature environments. He 

et al.[60] focused on the thermoelectric properties of p-n 

segment core-shell structured thermoelectric fibers in the 

study of temperature-sensing self-powered fire alarm 

electronic textiles based on p-n segment coaxial aerogel fibers 

for active fire prevention in firefighting suits. The 

temperature-related thermoelectric characteristics of the n-
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type MXene and p-type MXene/SWCNT-COOH materials are 

presented, providing crucial evidence for understanding the 

performance advantages of these thermoelectric fibers. Fig. 

6g1 shows the changes in the thermoelectric properties of the 

n-type MXene material within the temperature range of 150 – 

350 °C. As can be seen from the figure, the Seebeck coefficient 

is negative, indicating that the internal charge carriers are 

mainly electrons. With the increase of temperature, the 

absolute value of the Seebeck coefficient first decreases and 

then gradually increases, while the conductivity shows an 

opposite trend, exhibiting typical metallic behavior. This 

variation trend reflects the influence of the changes in carrier 

concentration and mobility of the n-type MXene material at 

different temperatures on its thermoelectric properties.In the 

p-n segment thermoelectric fiber system described in the paper, 

as one of the core materials, the n-type MXene's stability and 

controllability of thermoelectric properties are of great 

significance for the thermoelectric conversion efficiency of 

the entire fiber. This characteristic enables the p-n segment 

thermoelectric fibers to generate stable voltage signals through 

the Seebeck effect in different temperature environments, 

providing a reliable basis for temperature sensing in 

applications such as fire alarms. Fig. 6g2 presents the changes 

in the thermoelectric properties of the p-type 

MXene/SWCNT-COOH material with temperature. Different 

from the n-type MXene, the Seebeck coefficient of this 

material is positive within the range of 150 – 350 °C, 

confirming the p-type characteristics of the carriers in it. Its 

power factor shows a similar temperature-dependent trend to 

the Seebeck coefficient. The Seebeck coefficient first 

increases, then decreases, and slowly rises again with the 

change of temperature, while the conductivity first decreases, 

reaching a minimum value of 81.05 S cm⁻¹ at 250 °C and then 

increases. In the p-n segment thermoelectric fibers, the p-type 

MXene/SWCNT-COOH material and the n-type MXene 

cooperate with each other. The different thermoelectric 

properties of the two enable a stable potential difference to be 

formed at the p-n junction when the temperature changes, thus 

achieving efficient thermoelectric conversion. This 

complementary thermoelectric characteristic is one of the key 

factors that allow the p-n segment thermoelectric fibers to 

effectively convert thermal energy into electrical energy and 

realize the self-powered fire alarm function. 

 

5. Application fields and typical cases 

Thermoelectric aerogels have demonstrated great application 

potential in self - powered wearable systems, bringing new 

opportunities for the development of smart wearable 

devices.[61,86] As a typical representative of self-powered 

wearable systems, the smart sensing glove integrates various 

excellent properties of thermoelectric aerogels, achieving 

functions such as wide-temperature-range detection and 

gesture recognition, and providing users with a more 

intelligent and convenient interactive experience.[87-90] 

5. 1 Smart sensing gloves 

The advancement of intelligent sensing technology has led to 

an increasing demand for multifunctional electronic 

devices.[91-93] Thermoelectric aerogels, with their unique 

thermoelectric properties, lightweight nature, and high 

elasticity, inject new vitality into the performance 

improvement and functional expansion of intelligent sensing 

gloves, revolutionizing the gloves performance in aspects such 

as temperature monitoring, motion recognition, and 

environmental interaction.[60] Tian et al.[85] demonstrated that 

the developed layered CNT/MXene/cellulose aerogel (CMC) 

sensor gloves exhibit excellent temperature resolution. As 

shown in Figs. 7a1-a4 ,when the wearer comes into contact 

with a cold water cup (15 °C) and a hot water cup (50 °C), the 

thermal voltage signal maps of the fingertip and palm regions 

of the gloves show significant differences: the cold water 

triggers a low-temperature response of approximately -0.8 mV, 

while the hot water generates a high-temperature signal of 

+1.2 mV, clearly reflecting the temperature distribution on the 

hand surface (with a resolution of 0.03 K). The stable 

temperature gradient supported by the low thermal 

conductivity (0.056 W·m⁻¹·K⁻¹) makes it suitable for daily 

temperature sensing monitoring of rheumatism patients. Li et 

al.[48] showed that the PEDOT:PSS/SWCNT aerogel gloves 

can detect temperatures over a wide range from 25 °C to 

325 °C. Figs. 7b1-b3 show that when the finger touches a metal 

plate heated to 200 °C, the sensor outputs a voltage of 4.6 mV, 

and there is no signal attenuation when the compression strain 

reaches 60%. This compression resistance (the conductivity 

increases to 3.7 S·cm⁻¹ under 80% strain) makes it an ideal 

choice for scenarios such as boiler inspection and 

metallurgical operations, and it can provide real-time early 

warnings of high-temperature contact risks (for example, 

triggering a buzzer alarm when the temperature is higher than 

250 °C). Tian et al.[85] demonstrated that thermoelectric aerogel 

gloves, leveraging the synergy of piezoresistive and 

thermoelectric effects, can achieve precise recognition of 

complex hand gestures. The CMC sensor array (as shown in 

Figs. 7c1-c3) can successfully distinguish three typical 

postures by monitoring the pressure distribution when holding 

a pen. These postures include the correct grip posture (with 

concentrated pressure on the fingertips and a 58.8% decrease 

in resistance), the incorrect grip posture (with abnormal 

pressure on the palm and a resistance fluctuation of ± 20%), 

and the relaxed state (with no significant change in resistance). 

The combination of this high sensitivity (-45.2 %·kPa⁻¹) with 

machine learning enables the gloves to accurately capture 

actions such as "pointing", "pinching", and "grasping" during 

virtual reality interactions. Ren et al.[75] developed bionic bird 

bone MXene aerogel gloves. As shown in Figs. 7d1-d4, the 3×3 

sensing array collaboratively inputs the password "1579" 

through a plastic rod (pressure input) and a finger (temperature 

input). The pressure signal (a 30% decrease in resistance 

corresponding to 1 kPa) and the thermoelectric signal (a  
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Fig. 7: a1- a4 The thermal voltage map of the gloves when they contact cold and hot water cups. The signal change corresponding to 

the temperature difference from 15 °C to 50 °C. Reproduced with permission,[85] Copyright 2024, Wiley‐VCH GmbH. b1- b3 The 

voltage signal in the high-temperature touch experiment. Reproduced with permission,[48] Copyright 2024, The Author(s). c1- c3 The 

resistance change and pressure distribution thermal map of three pen-holding postures. Reproduced with permission,[85] Copyright 

2024, Wiley‐VCH GmbH. d1-d4 The dual-modal signals of the 3×3 array when inputting "1579" and the confusion matrix. 

Reproduced with permission,[75] Copyright 2024, Wiley‐VCH GmbH. 

 

voltage of 179 μV generated when ΔT = 20 K) are processed 

by the CNN algorithm. The confusion matrix reveals a 100% 

classification accuracy. This dual-factor input mode of 

"pressure coding + temperature verification" offers an 

interaction solution with a higher security level for the control 

of confidential devices. 

 

5.2 Integration of firefighting suits 

In addition to the intelligent sensing gloves, thermoelectric 

aerogels have also made important progress in the integration 

of firefighting suits, providing more reliable protection for the 

safety of fire fighters.[94-96] Thermoelectric aerogels, with their 

unique thermoelectric conversion ability and thermal 

protection performance, have become the core material for 

enhancing the intelligent safety protection of firefighting suits. 

Taking the muscle-bionic anisotropic aramid nanofiber 

aerogel (ACMCA) as an example, its deep integration with the 

multi-level wireless alarm system provides an innovative 
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solution for the safety of firefighters in extreme fire 

environments.[61]  

Based on the efficient thermoelectric conversion and 

precise temperature-sensing capabilities of the fabricated 

ACMCA aerogel, it is integrated with the developed multi-

level wireless high-temperature alarm system into firefighting 

suits. The developed hierarchical self-driven multi-level 

wireless alarm system, with dimensions of (3 cm×3 cm×1 cm), 

can be integrated into firefighting protective clothing together 

with ACMCA. The self-driven high-temperature alarm system 

based on ACMCA can achieve precise high-temperature 

monitoring of firefighting suits before they suffer thermal 

damage in a fire. In this temperature monitoring and early-

warning system, preset thresholds are established for high and 

low temperatures, and three different-colored LED lights are 

used as indicators for the "safe", "high-temperature alert", and 

"warning" states of the firefighting suits.To verify the precise 

high-temperature early-warning function of the ACMCA 

aerogel, the temperature-sensing ACMCA aerogel is fixed on 

a temperature-controlled platform and connected to the 

wireless alarm system, and the early-warning is triggered by 

the thermoelectric generation of ACMCA. The alarm state 

threshold of the second-level early-warning system is set at 

200 °C, and the danger alarm state threshold of the third-level 

early-warning system is set at 400 °C, corresponding to output 

voltage thresholds of 6.8 mV and 15.6 mV, respectively. To 

verify the accuracy of the hierarchical early-warning of the 

ACMCA aerogel, we heat the thermoelectric aerogel at 

different temperatures. When there is no temperature change, 

everything remains quiet. However, once the temperature is 

detected, the early-warning system is quickly activated and 

displays different levels of early-warnings (Fig. 8a). When the 

temperature of the aerogel is lower than 200 °C, a green light 

is triggered to indicate the "safe state" (first-level early-

warning); when the temperature is between 200 - 400 °C, a 

yellow light is triggered to indicate the "high-temperature alert 

state" (second-level early-warning); when the temperature 

exceeds 400 °C, a red light is triggered (third-level early-

warning). 

The traditional thermal insulation layers of firefighting 

suits rely on passive thermal protection and lack the ability for 

real-time temperature monitoring. However, the ACMCA 

aerogel constructs an anisotropic structure through directional 

freeze-drying technology, achieving an integrated design of an 

intelligent thermal insulation layer and self-driven 

temperature sensing (Fig. 8b). Among them, the negative 

temperature coefficient phase-change material eicosane (C20) 

works in concert with the MXene conductive network, 

endowing it with efficient thermal-barrier characteristics. With 

an ultra-low thermal conductivity of (0.048 W・m⁻¹・K⁻¹) 

and a significant temperature gradient effect, its surface 

equilibrium temperature is only 110.4 °C in a high-

temperature environment of 300 °C, with a temperature 

difference of 189.6 °C, effectively blocking heat penetration. 

The MXene nanosheets arranged along the directional 

freezing direction form a continuous conductive channel, with 

a Seebeck coefficient as high as 46.78 μV・K⁻¹, which can 

directly convert the temperature difference into an electrical 

signal, realizing self-driven thermoelectric conversion and 

avoiding the failure risk of traditional sensors relying on 

external power sources. 

To simulate the durability performance of ACMCA during 

the actual wearing of firefighting suits, cyclic compression 

tests are carried out on the electrical conductivity of ACMCA. 

Fig. 8c shows the compression stress-strain curve of ACMCA 

under 500 compression cycles at a strain of 20%. The results 

show that due to its anisotropic structure, ACMCA exhibits 

stable compressive performance and super-strong fatigue 

resistance. Figs. 8d and 8e show the resistance change rate [(R 

- R₀)/R₀] and the thermoelectric output voltage change rate [(V 

- V₀)/V₀] during the cyclic compression process. After 500 

compressions, the resistance change rate and voltage change 

rate of ACMCA only change slightly, showing excellent 

electrical-related stability. In addition, add a resistance change 

test with a 10% compression strain and 10 cycles, further 

demonstrating the excellent stability of the ACMCA aerogel. 

In addition, Fig. 8f further depicts the multi-level early-

warning data diagram and logical design of the high-

temperature alarm system. The electronic design automation 

schematic diagram of the alarm system shows that this early-

warning system mainly includes modules such as voltage 

acquisition and processing, display circuit, indicator lights of 

different levels, calibration button, communication module, 

voltage reference, power supply circuit, and STM32 micro-

controller unit. The ACMCA aerogel generates a 

thermoelectric voltage signal at high-temperatures, which is 

collected by the micro-controller to reflect temperature 

changes. When the voltage signal exceeds the early-warning 

trigger threshold, the wireless transmitter sends an instruction 

to the terminal receiver. Correspondingly, the wireless signal 

activates the indicator lights, allowing firefighters to quickly 

understand the safety status of the protective clothing 

according to the color of the indicator lights. The above results 

show that the multi-level wireless alarm system based on 

ACMCA has a promising application prospect in real-time 

temperature monitoring and multi-level high-temperature 

early-warning capabilities. 

Fig. 8g depicts the extended application of ACMCA or 

ACMCA-M aerogel in firefighting suits, which can achieve 

ultra-sensitive temperature and visual toxic gas monitoring in 

complex fire environments. In a high-temperature 

environment, the aerogel can monitor the temperature of the 

surface of the insulation layer in real-time based on the linear 

relationship between the temperature difference and voltage. 

When the output voltage exceeds the set threshold, the 

wireless alarm system sends an early warning signal to the 

terminal via Bluetooth transmission. The activated indicator 

lights in the firefighting suit or the danger signals received by 

the firefighting base station can remind firefighters to evacuate 

in time before their lives are endangered. Overall, the  

https://www.espublisher.com/


Review article                                                                                                                                                                                  Engineered Science 

 

16 | Eng. Sci., 2025, 36, 1683                                                                                                                                                                  Engineered Science Publisher 

Fig. 8: a Multi-level high-temperature alarm test. b Schematic diagram of the layered structure of the firefighting suit. c-e Cycle 

compression performance curve. f Schematic diagram of the electronic design of the alarm system. g Schematic diagram of 

applications in complex fire scenes. Reproduced with permission,[61] Copyright 2025, The Author(s). 

 

anisotropic thermoelectric aerogel inspired by human muscles 

can ensure the operational safety of firefighters in the face of 

complex fire environments that include high-temperatures and 

even flammable and explosive gases. 

The integration of thermoelectric aerogels in firefighting 

suits has achieved a leap from passive protection to an active 

intelligent safety system. In the future, it is possible to further 

explore the integration with flexible energy storage devices 

and biological sign monitoring, and promote the upgrading of 

firefighting suits to full-scene intelligent protective equipment. 

Thermoelectric generators are based on the Seebeck effect and 

can directly convert heat energy into electrical energy. Their 

structure includes thermoelectric modules, heat exchangers, 

etc. They can recover waste heat in industry, utilize exhaust 

heat in vehicles, and supply power in special scenarios such as 

aerospace. Although their current conversion efficiency is 

limited and costs are high,[97-100] they have great development 

potential thanks to advantages like having no moving parts and 

being clean.[101-103] This also represents an expansion of the 

application fields of thermoelectric aerogels. 
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6. Summary and development prospect 

Thermoelectric gels are a class of cutting-edge materials that 

fuse lightweight porous structures with thermoelectric 

conversion capabilities, and have made significant advances 

in the field of materials science and engineering. Their 

microstructures and macroscopic morphologies can be 

precisely tuned by advanced fabrication techniques (e.g., 

coaxial wet spinning, freeze-drying, and 3D printing) to 

optimize the thermoelectric and mechanical properties for 

diverse applications. 

In terms of functional applications, these gels demonstrate 

strong scene adaptability. In the field of fire safety, they enable 

a self-powered, multi-stage high-temperature warning system 

as the core insulation of firefighting suits. Through 

green/yellow/red indicator lights and wireless transmission, 

they dynamically monitor heat damage in real-time, buying 

critical evacuation time for firefighters. In wearable 

electronics, its pressure-temperature dual-mode sensing has 

given rise to self-powered smart gloves and flexible textiles 

that can differentiate complex hand movements (e.g., grasping, 

pointing) by voltage changes and track temperature 

differences of contacting objects (e.g., ice water, warm water, 

hot water), which are promising for human computer 

interaction and medical health monitoring. In the industrial 

energy sector, flexible generators consisting of tandem aerogel 

units wrapped around high-temperature pipes for waste heat 

recovery synchronized with overheating alarms bring 

innovation in energy efficiency and safety of industrial 

processes. 

However, in terms of performance, the dimensionless 

figure of merit (ZT) remains low (10-6 to 10-3) due to the 

mutual constraints of conductivity, Seebeck coefficient and 

thermal conductivity. This is the result of a trade-off between 

the porous structure reducing thermal conductivity but 

disrupting electron transport. In contrast, bulk materials like 

Bi₂Te₃-based alloys have a ZT > 1. This disparity stems from 

three factors: (1) The porous structure of the aerogel leads to 

enhanced electron scattering (grain boundary scattering, pore 

interface scattering), resulting in a significant decrease in 

carrier mobility. Additionally, the low density and the possible 

increase in the proportion of amorphous materials further 

hinder the long-range transport of electrons, leading to a 

significant reduction in conductivity. In summary, the decrease 

in thermal conductivity is limited and cannot compensate for 

the decline in S²σ; (2) The weak interfacial bonding in 

composites (e.g., MXene-silica gel matrix) reduces carrier 

mobility; (3) The degradation of organic components under 

extreme conditions (e.g., PEDOT:PSS collapses above 200 °C 

and MXene oxidizes at high humidity, with a conductivity 

drop of 30 - 50% in 100 h). 

In addition to the ZT gap, thermoelectric gels face other 

key challenges. (1) Outstanding performance-mechanical 

conflict: Increasing electrical conductivity through 

densification, e.g., reducing porosity, often comes at the 

expense of mechanical flexibility. (2) Scalable manufacturing 

bottlenecks: Existing processes make it difficult to produce 

large-area aerogels with uniform properties. (3) Multimodal 

signal crosstalk: In pressure-temperature dual-mode sensors, 

the piezoresistive effect of aerogel causes strain-induced 

resistance changes that mask the thermoelectric voltage signal, 

leading to temperature measurement errors during mechanical 

deformation. (4) Performance stability in harsh environments: 

PEDOT:PSS aerogel will experience structural collapse above 

200 °C.  

In response to the current problems and challenges, 

mitigation strategies include: encapsulation with PDMS 

coatings or silk gum and sodium alginate oxide shell layer, 

which can reduce MXene oxidation and improve washing 

resistance, with minimal loss of conductivity after 120 h of 

washing; chemical cross-linking can be added with GOPS, so 

that the PEDOT:PSS aerogel retains 80% of its initial 

conductivity for 500 h at 150 °C; and the structural design can 

be made by adopting a layered strut structure that mimics the 

skeleton of birds to disperse the deformation stress and reduce 

the loss of conductivity. The structural design can be modeled 

after the skeleton of birds by adopting a laminated column 

structure to disperse deformation stress and reduce water 

penetration, thus extending the service life in humid 

environments. 

In the future, research needs to focus on four areas: (1) 

Through interfacial engineering to enhance MXene adhesion 

to polymers through coupling agents, balancing conductivity 

and insulation with the goal of doubling the ZT value; (2) 

Biomimetic structural optimization to develop highly fatigue-

resistant aerogels that retain 99% of their height after 10,000 

compression cycles, drawing on the structure of bird bones 

and muscle fibers; (3) Scalable process innovation requires 

optimization of 3D printing parameters and coaxial wet-

spinning bath concentration to achieve large-area 

homogeneous production; (4) Multifunctional integration can 

be achieved by combining heterogeneous layered structures 

with energy storage units to build self-sustaining systems for 

remote monitoring of extreme environments. 

In summary, the lightweight, flexible, and self-powered 

properties of thermoelectric aerogels render them 

transformative in the fields of intelligent sensing and energy 

conversion. Addressing performance, fabrication, and 

durability issues through interdisciplinary innovation will 

drive its large-scale application in fire safety, wearables, and 

industrial energy, contributing to a green, low carbon, and self-

driven smart society. 
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