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a b s t r a c t

Thermoelectric (TE) materials enable effective and direct energy conversions between heat and elec-

tricity, displaying wide applications including waste/low-grade heat harvesting, local cooling, sensing

and wearable electronics. Among the recently-developed organic and composite TE materials, poly(3,4-

ethylenedioxythiophene) (PEDOT) is perhaps the most successful and frequently reported type. Herein,

we aim to review the recent advances of the synthesis, mechanism and applications of PEDOT-based

TE composites. First, the research background and the history of TE materials are briefly introduced.

Next, the synthesis and TE performance of PEDOT-based composites are summarized according to the

sequence of films, hydrogels/aerogels and fibers/yarns. Then, the mechanism, structure and property are

elucidated. After that, the recent development and its applications of power generation and sensing are

highlighted. Finally, we provide an outlook on the prospects and the challenges of PEDOT-based TE com-

posites.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Nowadays, unsustainable resources such as conventional fos-

sil fuel-based energy technologies inevitably bring environmental

problems, which gradually aggravate the energy crisis, and even

induce economic problems and regional conflicts. Sustainable ther-

moelectric (TE) energy materials and corresponding devices bring

a new development direction [1]. The mechanism of TE conversion

is based on the mobility deviance of internal charge carriers when

exposed to temperature gradients. Due to its capability to harvest

waste or low-grade heat for usable electrical energy, TE technol-

ogy has become a promising method for power energy collecting,

thereby attracting significant attention in recent decades [1,2]. The

performance of TE materials is generally evaluated by a dimension-

less figure of merit (ZT), defined as ZT= S2σT/κ , where S, σ , T, and

κ stand for the thermopower or Seebeck coefficient, the electri-

cal conductivity, the absolute temperature, and thermal conductiv-

ity, respectively. Accordingly, a large S, high σ , and low κ are de-

sirable for high TE performance. Unfortunately, decoupling these

three parameters is always difficult due to their strong interde-

pendence, making it challenging to achieve significantly enhanced

TE performance [3]. For most organic or organic/inorganic compos-
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ites, the power factor (PF) is usually applied instead of ZT, defined

as PF= S2σ . This is mainly due to the low thermal conductivities

of these systems and the difficulty in precisely measuring the in-

plane thermal conductivities of thin films.

Since the discovery of the Seebeck effect in 1821, inorganic TE

materials have been extensively studied, including Bi2Te3, PbTe,

Sb2Te3, PbSe, PbS and their alloy systems [4]. However, their in-

herent rigidity and brittleness, poor processability, toxicity and low

abundance in the earth hinder their practical applications. Hence,

the search for new materials to address these issues is urgent and

of high importance. In recent decades, organic TE materials (i.e.,

organic small molecules, organic conducting or conjugated poly-

mers, and organic/inorganic composite materials) have achieved

significant advancements, possibly due to their distinct advantages

such as intrinsic flexibility, low thermal conductivities, elemental

abundance (C, O, H, N and S) and excellent processability com-

pared with their inorganic counterparts. Various conducting poly-

mers, such as poly(3,4-ethylenedioxythiophene) (PEDOT), polyani-

line (PANI), polythiophene (PTh), polypyrrole (PPy), polyacetylene

(PA), polycarbazole (PC) and their derivatives, have been employed

in the organic and composite TE studies. Indeed, research on TE

composites of conducting polymers with inorganic nanoparticles

has made significant progress, for instance, PEDOT/carbon nan-

otube (CNT), PANI/CNT, PPy/CNT composites [1–4].

Among the organic and organic/inorganic composites reported

so far, PEDOT is perhaps the most widely investigated and most
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Fig. 1. Schematic illustration of materials, mechanisms and applications of the

PEDOT-based TE composites.

successful type of polymer material. PEDOT displays high elec-

trical conductivity, low thermal conductivity, good environmen-

tal stability, and metallic and semi-metallic performance [5]. PE-

DOT:poly(styrene sulfonate) (PEDOT:PSS) is a mature commercial

product that has greatly expanded the range of applications in

diverse organic electronic fields, including TEs [6], light emitting

diodes [7–11], field effect transistors [12–14], solar cells [15–18],

supercapacitors [19,20], sensors [21], and electrochromic devices

[22–24]. PEDOT itself is insoluble in water and most common sol-

vents, the introduction of PSS enables PEDOT solvation and solves

the processability problem. Unfortunately, the presence of an ex-

cess amount of the electrical insulative PSS greatly reduces the

conductivity of PEDOT. Nevertheless, the TE performance can be

conveniently adjusted by doping and dedoping, nanostructure fab-

rication, and compositing with different inorganic nanoparticles

[25–29]. For instance, by doping or controlling the proportion of

PSS in PEDOT:PSS, the conductivity of PEDOT:PSS can vary from

10−6 S/cm to 103 S/cm [30,31]. In addition, to significantly enhance

the TE properties, many PEDOT-based composites have been suc-

cessfully prepared by dispersing different inorganic nanoparticles,

such as Bi2Te3 [32], CNTs [33], Te nanowires [34], Ca3Co4O9 [35],

PbTe [36], Au [37], Ge [38], and organic materials [39].

Here, we focus on the recent developments of PEDOT-based TE

composites. Although there have been some reviews on TE com-

posites and their devices, the rapid development of this field has

aroused the demand for a timely summarization of the recent re-

search advances in PEDOT-based TE composites. Here, we system-

atically summarize the progress of this topic following the se-

quence of preparation, mechanisms and applications (Fig. 1). First,

we introduce the preparation of PEDOT-based TE composites, dis-

cussing films, hydrogels/aerogels, and fibers/yarns, and then high-

lighting the enhanced TE performances achieved. Then, we eluci-

date the inherent mechanism of the structure-TE property relation-

ship, which includes doping-dedoping, interfacial energy-filtering,

and polymer aggregation structure adjustment. Next, we focus on

the device fabrication and applications, specifically power genera-

tion and sensing. Finally, we provide an outlook on the prospects

and challenges of PEDOT-based TE composites.

2. Syntheses and TE properties

TE materials can be classified into three forms: thin films, hy-

drogels/aerogels, and fibers/yarns, each with its own specific appli-

cation scenarios. Next, we will summarize the typical fabrication

methods for these different forms of TE materials.

2.1. Films

TE films are currently the most widely studied and extensively

applied form of TE materials. TE films not only exhibit excellent

adaptability and flexibility but also improve the contact between

the material and electrodes or substrates, which helps to enhance

TE performance and to facilitate efficient thermal energy conver-

sion and transfer.

Fig. 2 illustrates the typical preparation methods for PEDOT

films, primarily including spin-coating, vacuum filtration, drop

coating, and vapor deposition. Geng et al. [40] employed a spin-

coating process to produce CNT/PEDOT:PSS films, as depicted in

Fig. 2a. In this process, PEDOT:PSS served to lower the film’s

sheet resistance and CNTs facilitated stability and prolonged the

device lifetime. Moreover, they applied methanol and nitric acid

as post-processing to further enhance electrical resistance, sub-

strate adhesion, and film roughness. Various coating layers and

corresponding treatment methods have also been used to im-

prove the electrical conductivity of films. Researchers have em-

ployed PEDOT:PSS to enhance the graphene oxide (GO)-CNT net-

work [41], discovering that PEDOT:PSS can permeate the network’s

pores and densify the GO–CNT networks, as depicted in Fig. 2b.

Chen et al. [42] employed dynamic three-phase interfacial electro-

polymerization and chemical doping to produce PEDOT/a-SWCNT

films, as illustrated in Fig. 2c. This process significantly enhances

electrical conductivity while reducing the Seebeck coefficient, with

a maximum PF of 350.0±47.6 μW m−1 K−2. Liu et al. [43] utilized

the modulation effect of bis(trifluoromethane)-sulfonimide lithium

salt (LiTFSI), an ionic liquid, to synergistically enhance both the TE

and mechanical properties of PEDOT films. The electrical proper-

ties of LiTFSI/PEDOT:PSS composite flexible organic TE thin films,

as shown in Fig. 2d, improved nearly two orders of magnitude

compared to untreated PEDOT:PSS thin films. The composite film

exhibited a PF of 75 μW m−1 K−2 and a tensile strain exceeding

20%.

In summary, PEDOT-based films exhibit enhanced TE proper-

ties. Optimizing their performance via thermal treatment requires

balancing between electrical conductivity and the Seebeck coeffi-

cient. Acidic doping and adjusting material ratios effectively regu-

late TE performance. Furthermore, pre-treatment, filler incorpora-

tion, post-treatment, and the addition of ionic liquids can also en-

hance interactions between conductive polymer chains. In addition,

these interactions lead to the formation of a cross-linked structure,

thereby enhancing the mechanical properties of the films.

2.2. Aerogels and hydrogels

For the preparation of PEDOT aerogel, a common approach is

through the sol-gel process, including mixing and freeze-drying.

Chen et al. reported an elastic PEDOT-tosylate (PEDOT-Tos)/SWCNT

aerogel fabricated via convenient chemical oxidative polymeriza-

tion, physical mixing and subsequent freeze-drying process [44].

PEDOT-Tos powder is obtained through oxidative polymerization

with ammonium peroxydisulfate (APS) and para-toluene sulfonic

acid (pTSA), followed by the preparation of PEDOT-Tos and SWCNT

dispersion through sonication, and their subsequent mixing, as de-

picted in Fig. 3a. Organic TE aerogels possess low thermal con-

ductivity, excellent flexibility, and versatility [44,45]. The thermal
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Fig. 2. Synthesis scheme of thin films of PEDOT-based TE composites: (a) Controllable design for PEDOT:PSS/CNT hybrid film. Reproduced with permission [40]. Copyright

2020, nanomaterials. (b) Highly stable and conductive PEDOT:PSS/GO-SWCNT bilayer transparent conductive films. Reproduced with permission [41]. Copyright 2020, Royal

Society of Chemistry. (c) Preparation procedure for the PEDOT/a-SWCNT composite films. Reproduced with permission [42]. Copyright 2019, Royal Society of Chemistry. (d)

The LiTFSI/PEDOT:PSS composite flexible organic thin films and TE properties. Reproduced with permission [43]. Copyright 2019, Royal Society of Chemistry.

conductivity of a compressed porous aerogel composed of PE-

DOT:PSS, which includes a 5% volume concentration of N-methyl-

2-pyrrolidone (NMP), has been measured to be 0.10W m−1 K−1, as

indicated in [45].

PEDOT hydrogels can be prepared using the acid treatment

method[45], freeze-thaw (FT) method [46], chemical crosslinking

method [47] and photo-induced gelation method [48]. The con-

centrated sulfuric acid treatment can partially remove the PSS in

PEDOT:PSS solution. It is reported that the PEDOT hydrogel has

a high conductivity of 880 S/m with a low solid content of 4

wt% after concentrated sulfuric acid treatment [45]. As depicted

in Fig. 3b, the hydrogel can be fabricated into different shapes

such as films, fibers, and columns with arbitrary sizes for diverse

needs. Chen et al. employed a convenient FT induced gelation and

subsequent high-speed wet-spinning process to fabricate PEDOT

TE generator [46]. The spinnability and TE properties were obvi-

ously improved by regulating the FT cycles, as shown in Fig. 3c.

Zhao et al. fabricated pure PEDOT:PSS hydrogels with excellent

performance by designing interconnected networks of PEDOT:PSS

nanofibrils [47]. According to Fig. 3d, the method involves mix-

ing volatile additive dimethyl sulfoxide (DMSO) into aqueous PE-

DOT:PSS solutions followed by controlled dry-annealing and rehy-

dration. Their hydrogels exhibited high electrical conductivity, high

stretchability, low Young’s modulus, superior stability, and tunable

isotropic/anisotropic swelling in wet physiological environments.

Zhang et al. reported a three-dimensionally (3D) printable conduc-

tive hydrogel with high electrical conductivity, which can be pho-

tocrosslinked [48]. The conductive printing solutions composed of

polyethylene glycol diacrylate, PEDOT:PSS and photoinitiator were

placed on the Z-controlled movable container and printed by UV

laser exposure.

In general, the differences between aerogels and hydrogels lie in

their preparation processes and drying methods. For PEDOT aero-

gel, the preparation process relies on the sol-gel process and su-

percritical drying or freeze-drying. On the other hand, the prepara-

tion of PEDOT hydrogel typically involves concentrated acid treat-

ment and FT method. These distinct preparation methods result in

structural and property differences between aerogels and hydro-

gels, making them suitable for different applications and require-

ments.

2.3. Fibers and yarns

PEDOT fibers and yarns are typically soft and flexible, allowing

them to adapt to various shapes and curved surfaces, which can

be woven, knitted, braided, or formed into different structures and

shapes to meet specific requirements of wearable devices, provid-

ing a comfortable feel when in contact with the human body or

objects.

The wet-spinning method is the most suitable method for

preparing PEDOT fibers, owing to advantages like good solubil-

ity of PEDOT, excellent fiber-forming capability, the ability to cre-

ate ordered structures, and scalability. The preparation process of

wet-spinning includes the preparation of the PEDOT:PSS solution,

spinning into fibers, solidification in coagulation bath, and possible

subsequent treatments, such as acid treatment, drawing or stretch-
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Fig. 3. Synthesis scheme of PEDOT-based TE hydrogel or aerogel. (a) Schematic of the fabrication procedures for the PEDOT-Tos/SWCNT aerogel TEG. Copied with permission

[44]. Copyright 2021, Elsevier. (b) Images of PEDOT:PSS hydrogels with different geometric shapes and their steady rheological behaviors. Reproduced with permission [45].

Copyright 2017, Wiley Publishing Group. (c) The FT-induced gelation process for the PEDOT:PSS dispersion. Reproduced with permission [46]. Copyright 2022, Elsevier. (d)

Preparation processes of pure PEDOT:PSS hydrogel, including dry-annealing and swelling processes of PEDOT:PSS with DMSO as the additive. Reproduced with permission

[47]. Copyright 2015, Nature Communications.

ing treatment. Fig. 4 depicts the typical processes of the prepara-

tion of PEDOT:PSS fiber and yarn. Ruben et al. [49] investigated the

drawing effect on the properties of PEDOT:PSS fibers. They incor-

porated a DMSO draw bath following the initial coagulation pro-

cess, as shown in Fig. 4a. Drawing induces a preferential orien-

tation of PEDOT chains in the fiber-axis direction, enhancing the

mechanical properties and electrical conductivity [50]. Pan et al.

[51] produced PEDOT fibers via a continuous wet-spinning pro-

cess, followed by a one-step sulfuric acid treatment, as shown in

Fig. 4b. The acid treatment enhanced the electrical conductivity

of the PEDOT fibers. The advantages of PEDOT:PSS fibers include

their feasibility of large-scale production, excellent electrical con-

ductivity, and adaptability to various shapes. However, these fibers

also have some disadvantages. These include susceptibility to vari-

ations in raw material quality, potential requirements for specific

solvents and process controls, and the comparatively lower con-

ductivity, which necessitates engineering optimization [52,53].

Besides fiber, yarn represents another typical fabric type. The

preparation of PEDOT yarn differs from the fiber. The latter is made

originally from the PEDOT solution, while PEDOT yarn is typically

fabricated by coating, dyeing, or printing PEDOT onto basic textiles.

As depicted in Fig. 4c, Zhang et al. [54] fabricated PEDOT:PSS/CNT

yarn (CNTY) by immersing the CNTY in a PEDOT:PSS bath. A p-n

segment design was employed in fabricating CNT-based TE yarns

(TEYs), formed by alternately dipping the yarns into PEDOT:PSS (p-

type) and PEI (n-type) solutions [54]. This p-n segment design sig-

nificantly reduced the electrical contact resistance and enhanced

the mechanical properties, leading to outstanding TE conversion ef-

ficiency in TEYs. The key to this design lies in the alternating ar-

rangement of p-type and n-type TE materials, significantly improv-

ing the overall TE performance of thermoelectric textiles (TETs),

exhibiting a power density of up to 51.5mW/m2 and a voltage den-

sity of 520.9V/m2 at a temperature difference of 47.5K. This design

not only enhances TE conversion efficiency but also maintains the

flexibility and wearability. This fabrication method facilitates large-

scale production of TE textiles.

3. Structure-TE performance relation mechanism

The PEDOT:PSS, CNTs and other organic TE materials offer ad-

vantages such as good flexibility, low thermal conductivity, and

the capability for large area processing [55], making organic TEGs

attractive for commercial applications. A series of methods have

been explored to enhance the TE performance of PEDOT:PSS, in-

cluding pre-treatment, filler addition, post-treatment, and manip-

ulation of defects [56–59]. Additionally, special computing meth-

ods like the asymmetrical transport distribution function [60] and

machine learning [61] have been proposed for analyzing TE perfor-
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Fig. 4. Synthesis scheme of PEDOT-based TE fiber/yarn. (a) Scheme of the continuous wet-spinning process for the fabrication of PEDOT:PSS fibers, including coagulation

bath and DMSO draw bath. Reproduced with permission [49]. Copyright 2019, American Chemical Society. (b) The wet-spinning process and digital images of the PEDOT:PSS

TE fibers. Copied with permission [51]. Copyright 2020, Elsevier. (c) Illustration of the scalable manufacture process of CNTYs. Reproduced with permission [54]. Copyright

2020, Royal Society of Chemistry.

mance. Regulation mechanisms mainly focus on three types of TE

composites based on PEDOT:PSS: doped and dedoped nanoparticle

structures, network structures and polymerization structures.

3.1. Conjugated chain and degree of crystallinity during

doping/dedoping

Doping PEDOT involves introducing additional charge carriers

containing various molecules or ions, increasing the carrier con-

centration in PEDOT and altering its energy band structure. The

charge transport properties have been enhanced, and the electri-

cal conductivities of the doped TE composites are significantly en-

hanced. Conversely, dedoping refers to removing dopant molecules

or ions from PEDOT, changing it back toward its initial undoped

state. The dedoped treatment of the PEDOT macromolecule leads

to a decrease of carrier concentration, and thereby reduces the

electrical conductivity and lowers the charge transport properties.

Next, we will review the influence of doping/dedoping on the con-

jugated chains and degree of crystallinity of PEDOT molecules.

Caironi et al. [62] revealed the morphological, compositional,

and energetic evolution of PEDOT:PSS with the addition of the sec-

ondary dopant, DMSO. They observed the system’s evolution after

secondary doping with AFM and grazing incident wide angle X-ray

scattering (GIWAXS), and detected the compositional structure us-

ing X-ray photoelectron spectroscopy (XPS). They found that the

compositional changes do not influence the molecular packing and

the thin film crystallinity. Ouyang et al. [63]. reported TiO2-doped

PEDOT TE materials with a high Seebeck coefficient and high con-

ductivity, of which the Seebeck coefficient can be enhanced via UV

light exposure. The mechanism of this enhancement in Seebeck

coefficient is that UV light induces electrons to be excited from

the valence band to the conduction band in TiO2 particles, result-

ing in the subsequent electron transfer from the conduction band

of TiO2 into PEDOT:PSS. Doping and dedoping processes, when

executed sequentially, have a synergistic effect on enhancement.

Kim et al. reported a simple chemical dedoping treatment of PE-

DOT:PSS nanofilms to enhance the TE properties of the polymer

nanofilms [64], achieved by over-coating with a mixture of DMSO

and hydrazine, as shown in Fig. 5a. An optimized power factor of

112 μW m−1 K−2 is obtained with 0.0175 wt% hydrazine in DMSO

at room temperature. Fig. 5b shows the preparation process of a

flexible PEDOT film proposed by Chen et al. [65]. They employed

a combination of DMSO doping and NaBH4 dedoping strategies to

enhance the TE properties of flexible PEDOT films. They found that

the reduction of the oxidation level of PEDOT:PSS after NaBH4 de-

doping led to a balance between conductivity and the Seebeck co-

efficient.

There have been numerous studies on the underlying mecha-

nism of doping and dedoping. The microstructures of conjugated

polymers span multiple scales, from crystalline/amorphous mi-

crostructures at microscale to molecular structures at nanoscale.

The π interactions of conjugated polymers, encompassing long-

range order and site-specific π contacts, are denoted as π-stacking

[66]. It has been shown that higher carrier mobility is typically as-

sociated with greater crystallinity and reduced disorder in polymer

films [67]. The π-interactions formed between polymer chains in

solution-state aggregates can transfer to the solid-state microstruc-

tures [68]. Precise control of the solution-state aggregation of con-

jugated polymers can lead to finely tuned solid-state microstruc-

tures and enhanced charge transport properties [66]. The crystal-

lization process is slowed down, resulting in better stacked chains

when ethylene glycol (EG) is added to the PEDOT:PSS [69,70], com-
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Fig. 5. Schematic illustration of regulation mechanism of doping and dedoping nanoparticle structures based on PEDOT:PSS. (a) Schematic of the dedoping procedure of

PEDOT:PSS nanofilms by using over-coating and dedoping methods. Reproduced with permission [64]. Copyright 2014, Royal Society of Chemistry. (b) Schematic illustration

of DMSO doping, SWCNTs incorporating, and NaBH4 dedoping. Reproduced with permission [65]. Copyright 2022, Elsevier. (c) The effect of high boiling point solvents like

ethylene glycol on the PEDOT:PSS structure. Reproduced with permission [70]. Copyright 2015, Wiley Publishing Group.

pared to the pure material shown in Fig. 5c. The degree of crys-

tallinity of PEDOT:PSS thin films is substantially increased by the

corresponding post-treatment methods [68]. When the thin films

are further treated with an EG bath, the system recrystallizes and

shifts from a face-on to an edge-on configuration.

3.2. Network structure construction and evolution

The network structure of PEDOT:PSS-based composites is of-

ten intentionally designed to achieve a stretchable, compressible,

and wearable TE generator that can efficiently harvest heat. One

approach to achieving this is through hierarchical hybridization,

which involves introducing two or more effective dopants, such

as CNT, reduced graphene oxide (rGO), and fullerene (C60), into

PEDOT-based systems [71].

The blended dispersion of long CNTs and PEDOT:PSS can

achieve a well-cross-linked network structure. Functionalized PE-

DOT:PSS nanoparticles cover the surface of CNT and connect with

each other through long CNTs to form a network structure [72–

74], significantly improving electrical conductivity and mechani-

cal properties. The presence of the CNT/PEDOT:PSS interface gives

rise to the exceptional TE transport properties, which can impede

phonon transport but promote electron transport. The intercon-

necting nodes between CNTs, designed by Chen et al. [75], achieve

a limitation on phonon transmission while maintaining high elec-

trical conductivity. In this design, the CNTs are covered by PEDOT

through native polymerization, as shown in Fig. 6a. After post-

treatment with the ionic liquid LiTFSI, the electrical conductivity

of the composite improved by almost 46%, meanwhile, the Seebeck

coefficient remained nearly constant.

Fig. 6b depicts the CNT network structure, energy-filtering ef-

fect, and the three regions categorized by the main carrier trans-

port mechanism and TE properties of PEDOT: PSS/CNT composite

films. The CNT network structure is composed of primary parti-

cles and aggregates, with blue and green arrows pointing to the

primary particles and aggregates, respectively. The energy-filtering

effect was induced by primary particle/aggregate interfaces, where

the high-energy carriers can pass across the energy barrier and the

low-energy ones are filtered. The main carrier transport regions

were divided into three regions [76]: percolation-like effect re-

gion (Region I), energy-filtering effect region (Region II) and equi-

librium region (Region III). Consequently, the curve of electrical

conductivity with SWCNT loading reveals an S-shaped behavior in

Region I.

Similarly, the intercalated composites of reduced graphene

oxide/reduced PEDOT:PSS (rGO/rPEDOT:PSS) reported by Chen

et al. [77] achieved a stable network structure. The flexible

rGO/rPEDOT:PSS composite films shown in Fig. 6c were prepared

by vacuum filtration, where PEDOT:PSS was intercalated into the

GO nanolayers, and both GO and PEDOT:PSS were simultaneously

reduced to rGO and rPEDOT:PSS, respectively, by hydriodic acid.

Due to the high electron mobility in graphene, the carrier mo-

bility between graphene and PEDOT:PSS is enhanced, resulting

in a significant improvement in electrical conductivity. This syn-

ergistic effect, characterized by the simultaneous improvement

in electrical conductivity and Seebeck coefficient along with re-

duced thermal conductivity, results in the highest power factor of

107.5±5.5 μW m−1 K−2. Composites combining one-dimensional

and two-dimensional materials can exhibit synergistic enhance-

ment effects. Yin et al. prepared rGO/CNT/PEDOT:PSS (GCP) ternary

composites [78]. The strong π-π interaction between rGO/CNTs

and PEDOT:PSS leads to the formation of ordered regions. The

porous structures of the rGO/CNTs aerogel act as a conductive net-

work skeleton, promoting carrier transport in GCP composites.

Generally speaking, the construction and evolution of the net-

work structure in PEDOT:PSS-based composites can be described

as follows: First, the insulating PSS component is replaced by con-

ductive carbon materials, creating a bridge among the PEDOT-rich

chains within the composite film. This substitution not only en-

hances the overall conductivity of the film but also allows for more

efficient charge transport, further improving the electrical conduc-

tivity of the hybrid films. Additionally, conductive PEDOT:PSS ma-

terials are strategically positioned between the graphene and CNT

networks. This arrangement helps to reduce the contact resistance

between the carbon materials, improving the electrical conductiv-

ity of the hybrid films. By optimizing the composition and arrange-

ment of the components within the composite, the network struc-
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Fig. 6. Schematic diagram of PEDOT:PSS network formed by carbon materials. (a) Underlying mechanism of the TE performance improvement for the PEDOT:PSS/SWCNT

composite film prepared by post-treatment with the ion liquid of LiTFSI. Reproduced with permission [75]. Copyright 2022, American Chemical Society. (b) Schematic

illustrations of SWCNT network structure, energy-filtering effect and three regions divided by the main carrier transport mechanism and TE properties for PEDOT:PSS/SWCNT

composite films. Reproduced with permission [76]. Copyright 2022, Elsevier. (c) Schematic illustration of the preparation of rGO/rPEDOT:PSS composites. Reproduced with

permission [77]. Copyright 2022, Wiley Publishing Group.

Fig. 7. Polymerization process and polymerization nanostructure transition for PEDOT-based TE composites. (a) Schematic illustration showing the preparation process of

the PEDOT/rGO nanocomposite with a pie-like structure. Reproduced with permission [79]. Copyright 2013, Royal Society of Chemistry. (b) Schematic illustration showing

the preparation procedure for the nanocomposites of PEDOT:PSS-coated MWCNTs via a template-directed in situ polymerization approach. Reproduced with permission [80].

Copyright 2015, Wiley Publishing Group. (c) XRD patterns and cross-sectional SEM images of PEDOT:PSS films before and after DMSO-H2SO4 double treatments, with typical

images of PEDOT:PSS films with 6 wt% Cu-BST filler incorporation. Reproduced with permission. Reproduced with permission [81]. Copyright 2020, Elsevier. (d) Schematic

illustration of the annealing of the PEDOT:PSS thick film and two possible π-π stacking orientations (edge-on and face-on) for crystalline PEDOT macromolecules. Reproduced

with permission [82]. Copyright 2020, Energy Material Advances.

ture evolves to facilitate enhanced electrical conductivity, making

the material more suitable for TE applications.

3.3. Transition of polymer molecular and aggregation structures

The transition of polymer molecular and aggregation structures

can significantly influence the TE performance. Firstly, the tran-

sition can induce template-directed polymerization. Xu et al. re-

ported a PEDOT/rGO nanocomposite with a pie-like structure, fea-

turing rGO nanosheets and PEDOT layers as cores and shells [79],

as illustrated in Fig. 7a, where template-directed in situ polymer-

ization occurred on the rGO surfaces. Through ultra-sonication

and stirring, EDOT molecules were adsorbed onto the surfaces of

2D rGO nanosheets templates, owing to strong π-π interactions.

Fig. 7b shows the nanocomposites consisting of PEDOT:PSS-coated

multiwalled-CNTs (MWCNT) via template-directed in situ polymer-

ization [80]. Owing to π-π attraction and van der Waals interac-

tions, the EDOT monomers were closely adsorbed onto the surfaces

of the MWCNT/PSS templates. Following the addition of ammo-

nium peroxidisulfate and iron chloride (FeCl3), an in situ oxidized

polymerization reaction of EDOT monomers occurred on the sur-

faces of the dispersed MWCNTs.

Secondly, enhanced crystallinity, resulting from the transition

of structures, is another potential mechanism affecting TE perfor-

mance. The structural transition of PEDOT monomers from benzoid

to quinoid, following DMSO–H2SO4 double treatments, results in

increased crystallinity. Chen et al. developed a new strategy to im-

prove the interfacial resistance in TE materials [81]. As depicted in

Fig. 7c, they employed highly crystallized PEDOT:PSS as the matrix,

with fillers coated with a CuTe layer. This strategy improved the

charge transport characteristics between the matrix and the filler.

The smaller fillers, enveloped by PEDOT:PSS, can be attributed to

the blocking effects of conductive polymers, beneficial for optimiz-

ing interfacial carrier transport. Consequently, this leads to opti-

mized interfacial carrier transport with improved mobility, favor-

able for enhanced conductivity.

Thirdly, interchain coupling between polymer chains in PE-

DOT:PSS films significantly affects electronic transport. The tran-

sition to a more ordered structure, like edge-on stacking, enhances

the intercoupling of macromolecular chains, thereby enabling ef-

ficient carrier hopping and transport. Fig. 7d shows a schematic

illustration of the interchain coupling in the PEDOT:PSS film after

the annealing and subsequent solvent post-treatment process [82].

The two π-π stacking orientations, edge-on and face-on, for crys-

talline PEDOT chains, are considered. The interchain coupling sig-

nificantly impacts the electronic transport in PEDOT:PSS films. The

predominantly preferred π-π edge-on stacking orientation dra-

matically facilitates carrier hopping and transport along the in-
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Fig. 8. Schematic diagram of preparation process and performance of organic TE generator. (a) Design of one-dimensional PEDOT TEG prepared by a simple self-assembled

micellar soft-template method and vacuum-assisted filtration. Reproduced with permission [83]. Copyright 2019, Elsevier. (b) A homemade thermoelectric device fabricated

using the flexible PEDOT:PSS films with a high output power density of about 1 μW/cm2 with human arm as a heating source. Reproduced with permission [84]. Copyright

2019, American Chemical Society. (c) Schematic of the device setup (consisting of the PEDOT:PSS film, an electrolyte, and metal electrodes) and schematic diagram of

the morphology model and CV curves of PEDOT:PSS. Reproduced with permission [86]. Copyright 2022, American Chemical Society. (d) Ear muffs as a wearable device.

Reproduced with permission [51]. Copyright 2020, Elsevier. (e) Schematic illustration of the structure and application of the S-shape TEG. Reproduced with permission [76].

Copyright 2022, American Chemical Society. (f) Images of the FTE device with human wrist and chest as thermal sources, and its thermovoltage generations. Reproduced

with permission [81]. Copyright 2020, Elsevier.

plane direction, superior to face-on stacking in thin films, thus fa-

voring carrier hopping and transport in intercoupled macromolec-

ular chains.

4. Applications of power generation and sensing devices

4.1. Power generation

TE power generation devices can be classified into TE genera-

tors (TEGs) and thermoelectric cells (TECs), based on their oper-

ating principles. TEGs generate electricity through the migration

of charge carriers, whereas TECs produce current based on chem-

ical redox reactions. These devices can be designed in a wear-

able form to collect waste heat from the human body. Such de-

vices generate electricity by utilizing the temperature difference

present on the body [83–88]. Fig. 8a showcases a one-dimensional

PEDOT TEG, prepared using a simple self-assembled micellar soft-

template method and vacuum-assisted filtration [83]. The flexible

TE prototype composed of six strips (7mm×30mm) of the PE-

DOT nanowire films connected in series showed an output power

of 157.2 nW at a temperature difference of 51.6K. A flexible TE

thin film device reported by Chen et al. [84] was made by us-

ing Sb2Te3 composite nanowire as the n-leg and Te-PEDOT:PSS as

the p-leg, as shown in Fig. 8b. Worn on human arms, this de-

vice, when its external resistance equaled the resistance of the de-

vice, demonstrated an increase in voltage with increasing external

resistance, ultimately achieving a peak output power density of

approximately 1 μW/cm2. Paipetis et al. fabricated PEDOT:PSS TE

fibers [85], which delivered a high electrical conductivity of 4029.5

S/cm with a Seebeck coefficient of 19.2 μV/K. Fig. 8c illustrates

the mechanism of charge transfer in a PEDOT-based power gener-

ation device. The formation of PEDOT-rich and PSS-rich phases in

the uniform mixture provides a pathway for charge transfer [86].

Fig. 8d depicts a fibrous TEG sewn onto ear muffs [51], consist-

ing of five pairs of PEDOT:PSS-Ni TE couples connected to foam.

The fibrous TE legs are arranged along the thickness direction of

the foam. This configuration results in an open-circuit voltage of

0.72mV when the temperature difference is 3.6K. A variety of

wearable devices have been designed, besides arms and ears, fin-

gers [76], wrist, and chest can also be used as heat sources [81], as

shown in Figs. 8e and f.

In addition, the harnessed heat can be utilized to provide a con-

stant power source for other devices, such as charging dielectric

capacitors, electrochemical supercapacitors, and green LEDs [89–

92]. In the gel electro-decomposition process, PVA-FeCl2/3 trans-

forms into PEDOT:PSS electrodes, effectively connected in a series

of p-n batteries. This configuration allows for a high energy output

(up to 38.3 μW) suitable for charging a dielectric capacitor (C=10

mF), electrochemical supercapacitors (C=470 mF), and powering a

green LED [89]. This TE device design can also facilitate the cre-
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Fig. 9. Application display of wearable TE devices in sensing. (a) Applications and schematic diagram of flexible TE devices. Reproduced with permission [94]. Copyright

2019, Wiley Publishing Group. (b) Applications of the MPCA based pressure sensing devices. Reproduced with permission [97]. Copyright 2022, American Chemical Society.

(c) Fabrication process of PPCF and its pressure sensitivity with different numbers of layers of PPCF. Reproduced with permission [33]. Copyright 2020, Royal Society of

Chemistry. (d) TE device for precision recognition of complex motions. Reproduced with permission [77]. Copyright 2022, Wiley Publishing Group. (e) Schematic diagram of

wearable TEGs sensor for body motion monitoring. Reproduced with permission [98]. Copyright 2019, Royal Society of Chemistry. (f) PEDOT:PSS@MS flexible and wearable

pressure sensor. Reproduced with permission [99]. Copyright 2018, American Chemical Society.

ation of a direct thermal rechargeable battery [90] and thermosen-

sitive crystalline liquid TECs [91]. Liu et al. designed a leaf-inspired

flexible TEG [92], in which the TE thin films were designed in a

vertical orientation to harness the environmental temperature dif-

ference and achieve a higher output power. With a 30 °C temper-

ature difference, the 10-leaf-TEG obtained a maximum power of

0.38 μW per leaf.

4.2. Sensing electronics

In addition to waste heat recovery, thermoelectric devices can

also be used as sensors. Flexible wearable physical sensors and per-

sonalized medical sensors represent important application scenar-

ios for TE devices. These devices are commonly used in wearable

applications such as health monitoring, medical treatment, and hu-

man body movement detection [93].

With their wide range of applications and growing popularity,

wearable sensing devices have a promising market outlook. Fig. 9

illustrates the diverse potential applications of wearable TE de-

vices in various sensing scenarios. Fig. 9a depicts the extraordinary

market performance of TE wearable electronic devices, highlight-

ing typical modules with high power generating efficiency and the

estimated global market values of wearable electronics [94–96].

Fig. 9b illustrates a PEDOT:PSS/MXene composite aerogel, which

has been used to assemble pressure sensors for wearable physi-

cal monitoring and high-resolution sensor microarrays for robotic

tactile sensing [97]. The 3D network composed of MXene and PE-

DOT:PSS exhibits excellent mechanical flexibility and piezoresistive

properties, resulting in high sensitivity and fast response capabili-

ties. Wang et al. reported on a multi-layered structure comprising

PEDOT nanowires, cellulose nanofibers (CNF) and PEDOT:PSS fab-

ric, referred to as PPCF, as depicted in Fig. 9c. The sensor based on

layered conductive fabrics boasts high sensitivity, a wide detection

range, and excellent stability. The PPCF pressure sensor demon-

strates significant potential for medical applications, particularly

in real-time detection of human behavior and physiological sig-

nals. Once attached, the flexible pressure sensor can detect various

states of finger movement, the frequency and intensity of human

swallowing behaviors, and relative current changes due to muscle

contractions in a clenched hand, which compress the sensor. Ad-

ditionally, it can detect blood pressure changes due to left ventri-

cle contractions and the reflective wave from the lower body. Chen

et al. reported on PEDOT-based TE devices [77] capable of accu-

rately recognizing gestures. Fig. 9d illustrates the working prin-

ciple of these devices. Sensors placed on the knuckles generate

voltage signals corresponding to different hand gestures involving

fourteen knuckles. This feature enables the accurate recognition of

hand gestures, including "Point," "Pinch," and "Grip". Similarly, TE
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devices can be integrated into clothing at the knee, functioning as

a wearable body motion monitoring sensor to detect knee move-

ments, thus enabling real-time monitoring of the physical state of

the knee joint [98], as shown in Fig. 9e. Zhu et al. proposed a cost-

efficient and scalable approach to create a highly flexible and com-

pressible conductive sponge for piezoresistive pressure sensor [99],

as demonstrated in Fig. 9f. With this sensor, a variety of human

motions can be monitored, including speaking, finger bending, el-

bow bending, and walking. Senem et al. reported on an ink-jet-

printed CNT/PEDOT:PSS temperature sensor with excellent temper-

ature sensitivity [100]. This sensor can be directly deposited onto

textiles. A sensitive temperature response curve can be obtained

when a finger touches the printed sensors.

In addition to human body monitoring, TE power generation

devices can also be used for environmental monitoring. Wang et al.

developed a methanol gas sensor made from a blend of PEDOT:PSS

and MXene, capable of sensitively monitoring methanol gas emis-

sions [101].

5. Outlook and summary

Polymer and polymer-based composites are considered promis-

ing TE materials for TE devices. Thus far, the focus has been on

PTh derivatives, including PEDOT, as p-type polymers, due to their

high PF values, which can reach hundreds of μW m−¹ K−² at room

temperature. To achieve high conductivity, specific features are re-

quired in PTh derivatives, such as high carrier mobility, a well-

ordered structure, favorable surface morphology, and a high doping

level. Consequently, the selection of polymers, effective dopants,

and suitable doping processes becomes critical. The use of effective

doping or dedoping agents for PEDOT:PSS, combined with refined

treatment processes, is believed to hold the potential for ground-

breaking developments in organic TE materials. However, the im-

pact of polymer chemical structure or molecular organization on

the Seebeck coefficient remains unclear. Therefore, the power fac-

tor of PEDOT:PSS still remains relatively low, necessitating the fur-

ther exploration of the mechanism between structure and TE per-

formance. The relationship between structure and TE properties, as

well as the field of doping engineering, should be investigated fur-

ther in the future.

Significant progress has been achieved in the ongoing research.

Researchers are investigating the use of specific doping agents

and dedoping techniques for PEDOT:PSS composites to regulate TE

properties. By refining treatment processes and exploring doping

engineering, breakthroughs in organic TE materials are expected.

It is believed that the ZT value of TE polymers may eventually

match or even surpass that of the best inorganic TE materials.

This prospect opens up exciting possibilities for the development

of flexible TE systems. These versatile TE systems offer valuable

applications in areas such as harnessing low-grade heat and em-

powering wearable electronic devices. The application of PEDOT TE

thin films in the fields of low-grade energy harvesting and wear-

able devices holds great potential and promising prospects. Current

research has started to explore the utilization of PEDOT TE thin

films in these areas and has made some progress. In the future,

with a deeper understanding of the performance characteristics of

PEDOT TE thin films and further technological advancements, their

application in low-grade energy harvesting and wearable devices

shows a broad range of possibilities. These applications contribute

to improving energy utilization efficiency, driving the development

of wearable technologies, and providing new solutions in the fields

of sustainable energy and smart electronic devices.

Future work on PEDOT:PSS-based composites will involve

achieving a balance in their TE properties by improving the crys-

tallinity of PEDOT chains, controlling the PEDOT to PSS ratio dur-

ing synthesis or secondary doping, and optimizing doping levels.

Achieving a uniform filler distribution within PEDOT:PSS requires

continuous efforts to enhance preparation processes, including sur-

face modifications. Besides filler distribution, considering filler in-

terface interactions and orientation will be essential in optimiz-

ing the TE properties in future research on PEDOT-based compos-

ites. Balancing electrical conductivity with stretchability and opti-

mizing TE properties through improved filler distribution and in-

terface interactions will continue to be challenges in the near fu-

ture. These advancements highlight the ongoing efforts to enhance

understanding and manipulation of charge transport and thermal

properties in various materials, vital for developing more efficient

electronic and TE devices.

The field of measuring thermal conductivity, carrier mobility,

and concentration faces several challenges, especially in the con-

text of charge transport in high-mobility polymers and semicon-

ductors. Investigating temperature-dependent charge localization

in high-mobility, solution-crystallized small molecule semiconduc-

tors and understanding the emergence of charge coherence in or-

ganic semiconductors are crucial. This requires mitigating thermal

fluctuations and examining the impacts of molecular vibrations

and strain on these materials. Understanding this is paramount

for comprehending how thermal factors affect charge transport

in these advanced materials. In the case of PEDOT-based com-

posites, recent studies in thermal conductivity and carrier mobil-

ity/concentration have primarily focused on enhancing their TE

performance. Within the realm of nanostructures, emphasis is

placed on exploring how different nanoscale structures and band

structures can influence carrier mobility in materials. This aspect

is pivotal to the development of advanced TE materials and has

the potential to substantially improve electronic devices and en-

ergy conversion technologies.

Regarding future trends in PEDOT-based composites, particu-

larly in understanding their transport mechanisms, the focus is on

optimizing properties such as electrical conductivity, stretchability,

and TE performance through careful molecular or structural design.

Enhancing or promoting charge carrier transport within these com-

posite materials through strategic material design is key to under-

standing their transport mechanisms. Regarding fillers, appropri-

ately sized ones, such as one-dimensional fillers (e.g., Te nanorods),

can induce highly ordered PEDOT:PSS layers. In terms of structural

design, constructing layered structures or encapsulating PEDOT:PSS

at the nanoscale within an elastic matrix to form conductive path-

ways exploits unique thermodynamic properties arising from finite

size and interface effects. In terms of strategies, achieving better

phase morphologies in properties can be accomplished by finely

controlling processing methods and interface interactions. On the

theoretical front, the development of theories and models for or-

ganic TE materials to predict their electrical and thermal transport

properties remains a significant challenge.
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