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Recent progress on PEDOT:PSS based polymer
blends and composites for flexible electronics
and thermoelectric devices

Yan Yang, Hua Deng * and Qiang Fu

With the development of flexible electronic devices such as organic electrodes, medical sensors and

light-emitting diodes, the conductive polymer, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS), has attracted tremendous research attention due to its unique properties, such as

flexibility, high electrical conductivity, promising thermoelectric properties and good water process-

ability. Over the past few years, PEDOT:PSS has been extensively investigated and many research studies

have been devoted to optimizing these versatile properties via molecular or structural design.

Incorporating various polymers and fillers into PEDOT:PSS through blending and mixing is the most

commonly used method to modify different properties of such conductive polymers, but a related

review paper is still missing, especially on stretchable electronics and thermoelectric applications. Thus,

this paper reviews recent progress on PEDOT:PSS based blends and composites used in the above two

applications fields. Recent studies are divided into studies on miscible polymer blends, immiscible

polymer blends, inorganic filler/polymer composites and carbon filler/polymer composites. The main

focus is on the electrical conductivity, stretchability and thermoelectric properties of these blends and

composites based on PEDOT:PSS. It is demonstrated that careful attention needs to be paid on the

structure of these blends and composites to achieve desired properties. In these PEDOT:PSS based

blends and composites, the distribution of polymers and fillers within PEDOT:PSS, and the composition

and configuration of PEDOT:PSS itself are governed by the interfacial interaction, processing and post-

treatment methods. It is widely demonstrated that various properties, such as electrical, thermoelectric

and mechanical properties, of PEDOT:PSS blends and composites could be systematically adjusted

through careful design of the above aspects in these materials. Nevertheless, there are still a number of

issues that need to be further investigated to expand the application of PEDOT:PSS based materials,

such as constructing hierarchical structures or nano confined PEDOT:PSS in an elastic matrix to form

conductive pathways with a better balance between electrical conductivity and stretchability; filler

distribution, interfacial interaction and orientation of the filler should be taken into account to optimize

the thermoelectric properties of PEDOT:PSS based composites; self-powered flexible wearable

electronics using PEDOT:PSS composites or blends based on the Seebeck effect is still in its infancy and

needs much more attention.

1 Introduction

For unprecedented application of wearable and stretchable

electronics, conducting materials are required to have versatile

properties such as flexibility, stretchability, light weight and

thermal stability. Motivated by this, researchers have devoted

their efforts to developing flexible functional materials to

replace traditional rigid materials in electronic products.

Flexible electronic materials like finely structurally designed

metal wires or films,1 carbon nanotubes2,3/graphene4,5 and its

composites,6–8 and conducting polymers9,10 are investigated to

serve as flexible electrodes, light-emitting diodes, perovskite

solar cells, health monitoring sensors and thermoelectric

devices. Among them, conductive polymers are one of the most

promising candidates because of their prominent advantages

of unique flexibility, high intrinsic electrical conductivity, low

density and ease of processing. Since the discovery of the first

conductive polymer polyacetylene (PA) in 1977,11 the design

and application of conductive polymers have attracted much

attention. In addition to the linear structure of conductive
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polymers, conductive polymers with isopropyl rings such as

polypyrrole (PPy),12,13 polyaniline (PANi),14,15 and polythio-

phene and its derivatives16 have also been developed. Proces-

sability is a major challenge for intrinsically conductive

polymers. Due to the rigidity of the conjugate skeleton and

the stacking force between the molecules, most conductive

polymers are difficult to dissolve and degrade at temperatures

below their melting point.

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

PSS) is a polyelectrolyte consisting of positively charged electrically

conducting conjugated PEDOT and negatively charged insulating

PSS. PSS polymer anions can stabilize conjugated polymer cations in

water and some polar organic solvents.17 Such a method is the most

significant technical breakthrough in improving the processability of

intrinsically conductive polymers. Currently, PEDOT:PSS aqueous

is a commercially available product with different electrical

properties, such as Clevios PH500, PH510, PH1000, Clevios PVP

AI 4083 and Clevios PVP CH8000. Relevant product information of

different PEDOT:PSS aqueous are listed in Table 1. PH1000 is the

commonly used one in lab-scale research. The chemical structure

and morphology of PEDOT:PSS are demonstrated in Fig. 1.

It consists of positively charged conductive conjugated PEDOT

and negatively charged insulating PSS. The insoluble PEDOT

short chain is adherent to the water-soluble PSS long molecular

chain to form a grain by coulomb force, so that it can be steadily

dispersed in water. A grain with a diameter of 30–50 nm is

composed of numerous tangles, and each tangle is made of a

single PSS chain with several PEDOT segments. Ultimately, the

morphology of the dispersion is generally described as being

composed of a PEDOT-enriched core and a polyanion (PSS�)

shell18,19 (Fig. 1a and b). Deposited gel particles of PEDOT:PSS

thus result in a pancake-like morphology20–22 due to the lateral

shrinkage and thickness reduction during drying (Fig. 1c). PEDOT

chains may interact with each other through p-orbital interactions

in the core region.23–25 And hydrogen bonds are formed based on

HSO3 groups between the PSS shells, which provides cohesive

strength to materials (Fig. 1d). Various processing methods,

secondary doping and post treatment have been verified to lead

to improvement in electrical conductivity by removing the excess

doped phase (insulating PSS), leading to phase separation or

inducing morphological re-arrangement. Polar solvents (such as

DMSO, ethylene glycol, co-solvents, etc.),26 some acids (chloro-

platinic acid,27 sulfonic acid,28 mineral acid29) or ionic liquids

can largely increase the conductivity of PEDOT:PSS films.30
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For instance, an extremely high conductivity of 4380 S cm�1 has

been observed through a post treatment with H2SO4, compared

to about 1 S cm�1 without any secondary dopant.31 There have

been some reviews that reported the methods and suggested

mechanisms for enhancement of its conductivity.32–34 In addition

to its excellent electrical conductivity, its superior transparency

(80–95%) in the visible range and satisfactory flexibility make it a

good candidate to replace brittle and high cost indium tin oxide

(ITO) as a transparent electrode in optoelectronic devices. And

several research groups have reviewed its salient properties in

optoelectronic devices from different viewpoints of applications

such as organic and perovskite solar cells,35–37 photoelectron

spectroscopy,38 organic light-emitting diodes39 and electrode

materials for supercapacitors.40–42 Moreover, PEDOT:PSS is a

promising organic thermoelectric material due to its advantages

of good thermoelectric properties (ZT B 0.42), ultra-low thermal

conductivity, processability, non-toxicity and unique flexibility,

compared with traditional inorganic thermoelectric materials.

The methods and mechanisms for the enhancement of thermo-

electric properties of neat PEDOT:PSS and its potential applica-

tions have also been outlined in the literature.43–45

Despite the high electrical conductivity, low sheet resistance,

superior transparency, and thermoelectric properties of PEDOT:

PSS, it is still in the development stage especially for applications

as conductive, flexible or even stretchable, wearable electronic

devices. The as-cast PEDOT:PSS films demonstrate an inherent

tensile strain of around 2%. The next generation of electronic

devices, like skin electronics, requires materials possessing both

electrical conductivity and deformability beyond flexibility,

i.e., stretchability (elongation 410%46–48). In recent years,

there have been vast efforts to establish stretchable materials

based on PEDOT:PSS. Based on many research studies and

review papers,49,50 there are generally two main routes to

prepare stretchable PEDOT:PSS elastic conductors. The first

route is based on geometric engineering, which is similar to the

approaches associated with inorganic stretchable electronic

Fig. 1 (a) The chemical structure of PEDOT:PSS; (b) hypothesis for the morphology of individual PEDOT:PSS grains; model of PEDOT:PSS solid thin film

formation on a substrate. (c) Side views of the model for a pancake-like morphology of PEDOT:PSS; (d) it is assumed that hydrogen bonds are developed

between HSO3 groups of the PSS-rich outer shell of individual gel particles and therefore promote adhesion between individual PEDOT:PSS grains.

Produced with permission,22 Copyrightr2016, Springer Nature.21 Copyright r 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 1 Product information of different levels of PEDOT:PSS aqueous

Name Ratio (PEDOT : PSS) Solid content (wt%) Conductivity (S cm�1) Particle size (nm) Applications

Clevios PVP CH8000 1 : 20 2.5–3.0 10�5–10�6 25 Organic electronic material
Cavity injection layer

Clevios PVP AI 4083 1 : 6 1.3–1.7 10�3–10�4 40 Organic electronic material
Optical electronic devices

Clevios P 1 : 2.5 1.2–1.4 0.2–1 80 Electrode materials
Antistatic layer

Clevios PH 500 1 : 2.5 1.0–1.4 0.2–1 30 Electrode materials
Clevios PH 510 1 : 25 1.5–1.9 0.2–1 30 Electrode materials
Clevios PH1000 1 : 2.5 1.0–1.3 0.2–1 30 Electrode materials
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materials.51,52 A thin layer,53 wavy pattern,54–57 buckled58–61 and

wrinkled62–65 conductive polymer network is deposited on the

surface of an elastomer or constructed inside an elastic substrate

to convert the overall tensile strain into local bending strain.

However, the failure of electronic devices with such a multi-

layer structure mostly originates from the debonding between

different layers because of poor interfacial interactions and large

mechanical mismatch. It is urgent to develop a fully organic and

intrinsically stretchable conductor. Besides, the thermoelectric

properties (Seebeck coefficient and electrical conductivity) are

not superior to those of traditional inorganic semiconductors.

It is desired to combine the flexibility and solution processability

of polymers with the thermoelectric properties of inorganic

thermoelectric materials.

The secondmethod ismodification, blending and compounding

of PEDOT:PSS. And the structure and morphology of the

composites are adjusted and controlled to optimize various

properties. Typically, the preparation of composites is an

effective way to incorporate different functions into one system.

Through regulating the proportion, distribution, combination,

interaction and structure of the materials with different

components, excellent comprehensive performance could be

obtained. Among various approaches to prepare polymeric

composites, blending and mixing are the most commonly used

methods in experiment research, plant trial and mass produc-

tion. Bulk processing (more than tens of microns thick) is

needed to fulfill current flexible electronics design require-

ments. However, there are two main obstacles for preparing

bulk materials for PEDOT:PSS. Firstly, both PEDOT and PSS are

semi-crystalline polymers with no observable transmittance

temperature and melting temperature. Therefore, it is difficult

to process or modify PEDOT:PSS by a traditional melting

process. Secondly, PEDOT:PSS can only be dissolved in water

and cannot be re-dispersed once dried. Solution blending or

mixing is the most effective strategy to prepare PEDOT:PSS

based blends and composites. It is found that the solid content

of PEDOT:PSS aqueous is very low (Table 1), which hinders the

processing conditions. However, review papers on such topics

are still scarce, especially on PEDOT:PSS based polymer blends

and composites for stretchable electronics and thermoelectric

applications.

In this review, we summarized the recent progress on

PEDOT:PSS based blends and composites containing different

components. To better assess the relationship between the

structure and properties of these blends, we mainly focused

on the effects of different compatibility and distribution states

on the tensile and conductive properties of these materials. For

PEDOT:PSS composites containing inorganic and carbon

fillers, we focused on discussing their electrical and thermo-

electric properties. Most of the current reviews on PEDOT:PSS

are from the perspective of a specific property or application,

such as its applications in organic solar cells, dye-sensitized

solar cells, supercapacitors, fuel cells, thermoelectric devices

and stretchable devices.65,66 Very few of them illustrated the

effects of composite composition, interactions, and structure

on the properties of PEDOT:PSS based blends and composites.

Therefore, this review should be able to serve as a complemen-

tary paper to the review papers in the literature to provide a

better picture of the overall progress on PEDOT:PSS related

materials and applications.

2 Stretchable conductive PEDOT:PSS
blends and composites

Although PEDOT:PSS films are considered as promising candi-

dates for flexible organic light emitting diodes, transparent

electrodes, and electrostatic coatings, most of the applications

depend not only on their electrical properties, but also on

their mechanical properties. Their mechanical properties and

related influencing factors have been systematically investi-

gated by several research groups. Lang and coworkers did

pioneering research on the microstructure21 and mechanical

properties67 of PEDOT:PSS films. From characterization with a

micro tensile test setup, the authors observed that these films

exhibit Young’s modulus between 1–2.7 GPa, tensile strength

between 25–55 MPa, and strain at fracture between 3–5%. Most

importantly, all these properties depend on the relative humidity

of the environment. In their subsequent research,68 the effect of

humidity on mechanical properties was attributed to the variation

in the strength of hydrogen bonds between PSS shells. At low

relative humidity, these hydrogen bonds are very strong and a

trans-granular fracture occurs under tensile load, that is, a brittle

fracture occurs through a single grain. However, higher relative

humidity leads to hydrophilic PSS shells adsorbing water,

resulting in expansion and weakened hydrogen bonds. In tensile

tests, individual grains may even slide towards each other, leading

to an inter granular plastic fracture. Besides humidity,69 other

factors such as the temperature,70 tensile strain rate,71 and ratio

between PEDOT and PSS72 should also be taken into account

when measuring the mechanical properties of PEDOT:PSS. Never-

theless, the brittleness of PEDOT:PSS limits their application in

flexible electronic equipment. To address this issue, incorporating

stretchable polymers or small molecules into PEDOT:PSS is

thought to be an effective and efficient strategy to enhance the

overall stretchability. Due to the degree of miscibility between

PEDOT:PSS and added extra components, they are divided into

miscible and immiscible polymer blends. Therefore, the following

sections are organized regarding the structure and properties of

miscible and immiscible PEDOT:PSS blends, respectively.

2.1 Molecular level miscible polymer blends

Small molecular plasticizers, such as surfactants (Zonyl,73 xylitol74

Triton X-10075 and so on ref. 76 and 77) and co-solvents could

improve the processability or the work function in specific

applications of PEDOT:PSS, and they may also significantly alter

the mechanical properties. For instance, deposited PEDOT:PSS

films containing increasing concentration of Zonyl fluorosur-

factant exhibit a qualitative increase in the size of PEDOT-rich

domains, visible in the phase-contrast images (Fig. 2a). A sample

containing 10 wt% Zonyl exhibits rather high aspect ratio

fibrils, which is conducive to good compliance and ductility.76
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Mixing with a plasticizer allows PEDOT:PSS films to partially

swell, weakening the hydrogen bonds between PSS molecular

chains, and increase the free volume of twisted PEDOT and PSS

molecular chains, so that the chain segment can be fully relaxed

to withstand mechanical damage and tensile strain. Meanwhile,

small molecular additives can increase the mobility of charge

carriers between colloidal particles thus achieving higher electrical

conductivity. Although the use of additives can increase the tensile

strain up to 20–50%, an unavoidable disadvantage is that they can

easily seep out during subsequent application, which could lead to

degradation of various properties. Other than the above small

molecule plasticizers, ionic liquid doping is another way to obtain

highly stretchable PEDOT:PSS films.78–81 Bao and co-workers57

reported a highly stretchable conducting polymer by incorporating

ionic additives, with conductivity over 3100 S cm�1 under 0%

strain and over 4100 S cm�1 under 100% strain when supported on

styrene ethylene butylene styrene (SEBS) or 600 S cm�1 as free-

standing films. The author proposed that sulfonate or sulfonimide

anion ionic liquids can weaken the electrostatic interaction

between PEDOT and PSS, and trigger PEDOT to partially

aggregate forming ‘‘hard’’ conductive networks inside a soft

PSS matrix as shown in Fig. 2b.

Motivated by advantages including low cost and large-scale

and continuous production, blending PEDOT:PSS with a high

loading of soft polymers is a promising method to achieve

stretchable electronic materials. As PEDOT is an aqueous

solution which is hardly dissolvable in organic solvents, blending

PEDOT:PSS aqueous with water-soluble polymers like PVA,82–85

PEO82,83,86,87 and PEG82 has been extensively studied. For

instance, the electrical conductivity and stretchability are

dependent on the morphology and crystallinity presented by the

insulating soft polymer according to Reynolds and co-workers.83

Compared to blending with an insulating amorphous soft

polymer (PEO), crystalline soft polymer blends show a more

rapid increase in conductivity. This is mainly due to the

crystallization driven exclusion of the conducting polymer into

Fig. 2 (a) AFM images of PEDOT:PSS films with different contents of Zonyl additives. The dimensions of each AFM image are 1.5 mm � 1.5 mm;

(b) schematic diagram representing the morphology of PEDOT:PSS with a STEC enhancer; (c) stress–strain curves of polymer blends containing PVA,

PEO and PEG; (d) stress–strain curves of PVA89k/PEDOT:PSS-66.7 wt%; (e) the elongation of polymer blends with or without DMSO and EG treatment.

Produced with permission,76 Copyrightr 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.57 Copyrightr 2017, The Authors.82 Copyrightr 2015

American Chemical Society.
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the inter-spherulitic region, resulting in the formation of more

conductive pathways. But the crystallization of soft polymers is

unfavorable for the elongation at break. In the research by

Ouyang and co-workers,82 the mechanical and electrical proper-

ties of the blends of these three polymers with PEDOT:PSS were

systematically investigated and similar results were reported.

Three kinds of polymer with a range of molecular weights

(PEG20k (Mn = 20k), PEO100k (Mv = 100k), PEO1000k

(Mv = 1000k) and PVA89k (Mw = 89k–98k)) were blended with

PEDOT:PSS, respectively. Although all the soft polymers have

flexible polymer chains, it was observed that the elongation at

break of PEG20k, PEO100k and PEO1000k is lower than that of

PVA89k due to the high crystallinity of PEG20k and PEO100k.

Meanwhile, the tensile strength decreases and the elongation at

break increases obviously compared with neat PEDOT:PSS. The

plastic deformation could be attributed to the plastic properties

of soft materials, and PVA89k could improve both tensile

strength and elongation at break due to the hydrogen bonds

among the PVA chains (Fig. 2(c)). Unfortunately, the elasticity

of these composites is rather poor since most of the tensile

strain are non-recoverable (Fig. 2d). Subsequently, DMSO

and EG were added into polymer blend solutions to further

increase the conductivity. It was found that conductivity can be

enhanced from 0.2 S cm�1 up to 75 S cm�1 for a PVA98k/

PEDOT:PSS 66 wt% film after secondary treatment, while the

elongation at break was slightly decreased as demonstrated

in Fig. 2e. Besides these polymers, a triblock copolymer,

poly(ethylene glycol)-block-poly(propylene glycol)-block-poly-

(ethylene glycol) (PEO20–PPO70–PEO20, Pluronics P123),88

waterborne polyurethane (WPU),89 polyethylene-block-poly-

(ethylene glycol) (PBP)90,91 were also introduced into PEDOT:

PSS aqueous to prepare stretchable conducting materials.

Because PEDOT is a crystalline polymer, the aggregate structure

(crystallinity, orientation) of PEDOT:SS will also affect the con-

ductivity and mechanical properties of the overall materials.24,92

For pure PEDOT:PSS fibers via wet-spinning followed by hot-

drawing and EG treatment, a record electrical conductivity of

2804 S cm�1 and superior mechanical properties with a

Young’s modulus of up to 8.3 GPa, a tensile strength of

409 MPa and a large elongation of 21%93 were achieved. The

formation of highly ordered self-assembled domains of PEDOT

chains was observed along with PEDOT:PSS fibers after hot-

drawing. Fibers based on polymer blends such as PEDOT:PSS/

PVA94,95 have also been developed by wet spinning, followed by

suitable coagulation treatment and hot-drawing. Zhou et al.

prepared curled PEDOT/PBP fibers in thermoplastic elastomer

tubes using the ‘‘solution stretch-dry-flexion’’ process to obtain

highly stretchable coaxial fiber conductors.90 The unique axial

layered flexion conducting core makes the resistance of the fiber

very stable, with conductivity changes of less than 4% under up

to 680% strain. They illustrated that it is important to control

both the composition and morphology of PEDOT:PSS based

blends through processing to achieve good electrical and

mechanical properties.

Table 2 Brief summary of current PEDOT:PSS stretchable blends

No. Preparation
PEDOT:PSS
content

Conductivity or
sheet resistance Elongation

Resistance change
(R/R0-strain)

a Applications

173 PEDOT:PSS/xylitol 50 wt% 407 S cm�1 30% —
274 PEDOT:PSS/xyl 50 wt% 114 S cm�1 33% —
376 PEDOT:PSS/Zonyl 90 wt% 153 O sq�1 35% 1.1–40% Organic solar cells

Wearable sensors
477 PEDOT:PSS/Triton X-100 99.3 wt% 72 S cm�1 57% 1.5–50% Deformable electronics
596 PEDOT:PSS/D-sorbitol 97.7% 41000 S cm�1 63% 2.2–60%
678 PEDOT:PSS/ionic

liquid (EMIM TCB)
99 wt% 1000 S cm�1 28% 2–180% (supported

on pre-strained PDMS)
Transparent electrodes

679 PEDOT:PSS/ILs (EMIM DCI
and EMIM DCA)

538 S cm�1 23% — Efficient organic
thermoelectrics
Wearable thermoelectrics

780 PEDOT:PSS/ILs BF4 38 wt% 135 S cm�1 —
881 (PEDOT:PSS-PVP) fiber/IL

(EMIMAc)
98.04 wt% 1.8 � 10�4 S cm�1 35% 0.6–35%

Electrospun
982 PEDOT:PSS/PEO 33.3 wt%

(with PVA)
2 � 10�4 S cm�1 55% —

PEG and PVA
33.3 wt%
(with PEO)

36 S cm�1 36% —

1085 PEDOT:PSS/PVA 50 wt% 3 S cm�1 56.2% —
Blending

1186 PEDOT:PSS/PEO or
PVA blending

60 wt% 8.6 � 10�6 S cm�1 —

1288 PEDOT:PSS/PEO20–
PPO70–PEO20 (P123)

80 wt% 1700 S cm�1 40% 1.3–40% High transparency (89%)

Blending
1397 PEDOT:PSS/WPU 92.5 wt% — 200% 4103–200% High transparency (85.5%)

dielectric elastomer actuators
1389 PEDOT:PSS/WPU 20 wt% 77 S cm�1 32.5% — High EMI shielding

Blending

a R/R0-strain: the resistance change under a certain strain.
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The electrical conductivity and stretchability of various PEDOT:

PSS polymer blends are briefly summarized in Table 2. PEDOT:

PSS blends containing small molecular plasticizers or ionic

liquids exhibited an average elongation of 30% and maintained

a high value of electrical conductivity. But due to the instability

of these materials during subsequent application, the number

of research studies based on such a strategy has gradually

decreased. On the other hand, PEDOT:PSS blends containing

soft matter exhibits good stretchability. However, due to the

plasticity of these insulating soft materials and rather poor

mechanical properties of PEDOT:PSS, reversible tensile proper-

ties cannot be achieved for these materials. Meanwhile, since

these insulating polymers are miscible with PEDOT:PSS, they

could prevent the phase continuity of the conductive polymer,

and even wrap the PEDOT colloidal particles, thus preventing

the formation of the PEDOT conductive network. From this

perspective, it might be a paradox to maintain high conductivity

while improving tensile properties only relying on a blending

approach with miscible polymers.

2.2 Phase separated polymer blends

The second major route to fabricate stretchable electronic

devices based on PEDOT:PSS is constructing a continuous

conducting pathway embedded in an elastomeric matrix based

on immiscible polymer blends. Nevertheless, blending PEDOT:

PSS with hydrophobic elastomers is more difficult compared

with the rest due to the poor compatibility between them.

For example, PDMS is the most commonly used elastomer

substrate in electronic skin and flexible wearable devices.

PDMS and PEDOT blends are usually prepared by some specific

means in most cases. With the support of an amphiphilic

PDMS-b-PEO block copolymer, Jin-Seo Noh blended PEDOT:

PSS with PDMS.98 Such a block copolymer greatly improved the

miscibility between PEDOT:PSS and PDMS, and has an impor-

tant influence on the phase morphology of these blends as

shown in Fig. 3a. PEDOT:PSS and PDMS are completely phase

separated without the addition of PDMSO-b-PEO. With increas-

ing PDMSO-b-PEO content, the two phases gradually began

to mix and the phase area size of isolated PDMS gradually

decreased. Ultimately, PDMS granules were connected with

each other to form a continuous network at a PDMS-b-PEO

content of 30%, whereas the PEDOT:PSS phase also formed a

network structure. Although macroscopic phase separation was

observed in both liquid and solid states, optimal PEDOT:PSS/

30%PDMS films could be stretched up to 75% while main-

taining a conductivity of 0.3 S cm�1. Meanwhile, a non-ionic

surfactant, p-t-octylphenol (Triton X-100), was used to improve

the miscibility of the two.99 The hydrophilic and hydrophobic

ends of Triton X-100 are respectively connected with PEDOT:

PSS aqueous solution and PDMS, so that PEDOT:PSS is uni-

formly dispersed in PDMS without obvious phase separation.

Moreover, Triton X-100 can further improve the electrical

conductivity of PEDOT:PSS on the basis of a secondary doping

mechanism. As a result, the blend film exhibits an excellent

piezoresistive effect and stability. The sheet resistance is

20 O sq�1 and the elongation is 82% for the composite film

with 60% PDMS and 10% Triton X-100. Apart from introducing

a mediator to the mixing process, embedding PDMS oligomers

and curing agents into a 3D PEDOT:PSS aerogel is also an

effective strategy (Fig. 3b and c). The SEM images revealed that

the blend film has an interpenetrating polymer network that

comprise two types of 3D networks: a PEDOT:PSS aerogel

network and a flexible PDMS network, which greatly improves

the mechanical properties of PEDOT:PSS composites. The

as-prepared PEDOT:PSS (aerogel)/PDMS conductors100 remain

elastic under strain stress (43%) and compressive stress (60%),

and it retains its electrical conductivity under deformation. The

sheet resistance remained nearly constant (2.5 O sq�1) after

15 cycles of strain from 0% to 10% and 5000 cycles of folding.

As another type of polymer could be incorporated into

PEDOT:PSS, cellulose nanofibers attract much attention on

account of their dissolving system and abundant functional

groups on the surface. They are mixed into PEDOT:PSS to

facilitate the formation of a special polymer network with

both good electrical and mechanical properties. For instance,

flexible PEDOT:PSS/cellulose conductive electrodes101 could

be constructed by sequential vacuum-assisted filtration of a

solution containing these materials. From FE-SEM and AFM

images, the composite film shows an inter-connected nanofiber

morphology with PEDOT:PSS filled between the gaps. The elec-

trical conductivity and the specific capacitance are 2.58 S cm�1

and 6.21 F g�1, respectively. CNF–PEDOT:PSS conducting nano-

papers,102 PEDOT:PSS/bacterial-cellulose composite films,103

CNC–PEDOT:PSS blends,104 PEDOT:PSS/tempo-CNF films and

aerogels105 have also been studied. For instance, Youngsan and

co-workers78 prepared a CNF–PEDOT:PSS electrode using a

vacuum assisted filtration method. As displayed in Fig. 4(a),

the mixture suspension of PEDOT:PSS and CNF solution was

filtrated on a PTFE filter, followed by drying. From the SEM

images of the CNF–PEDOT:PSS film, it was observed that

PEDOT:PSS is filled between CNF fibers to form conductive

pathways (Fig. 4b) and the sheet resistance of the as-received

film is 370 Ohm sq�1. Meanwhile, according to Zhou and

co-workers,105 the electrical conductivity of the PEDOT:PSS/

CNF aerogel (0.12 S m�1 with 50% CNF loading) is higher than

the neat PEDOT:PSS aerogel (0.05 S m�1) because the hydrogen

bond between –OH of cellulose and –SO3 of PSS promotes the

conformational transformation of PEDOT. They further infused

a PEDOT:PSS/CNF aerogel with elastomer PDMS to form a

strain sensor on the basis of the disconnection of conductive

networks in the PEDOT:PSS/CNF aerogel under strain. The

PDMS-infused conductive PEDOT:PSS/CNF aerogel (70 wt%

CNF) is a stretchable, sensitive, and linearly responsive strain

sensor, and the gauge factor reaches 14.8 at 95% strain. Never-

theless, flexible PEDOT:PSS/cellulose films commonly suffer

from limited conductivity. Rubber latex is also a candidate

to blend with PEDOT:PSS, as both exist in water dispersion

systems. Tai et al. firstly blended a PEDOT:PSS conductive dis-

persion with hydrophobic and rubbery poly(n-butyl acrylate-

styrene) (P(BA-r-St)) latex-like elastomers.106 The as-prepared film

illustrates an elongation of 97% and conductivity of 63 S cm�1

and transmittance of 93%. But the mechanism for such high
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electrical conductivity and stretchability is unclear. On the other

hand, Wang et al.107 used a carboxylated styrene–butadiene (XSB)

latex blend with PEDOT:PSS for multi-functional touchless sen-

sing. The blends were found to be composed of 3D XSB elastic

networks and the PEDOT:PSS phase filled in between the

networks (Fig. 4c–e). The composite with such a structure con-

taining 1.6 wt% PEDOT:PSS exhibits a high stretchability of up to

340% but ultralow conductivity (o10�4 S cm�1). It is worth

noting that these composites show exceptional sensitivity toward

different touchless stimuli such as humidity, temperature, and

even NIR light. Taroni et al.108 blended commercial elastomeric

polyurethane (Lycra) with freeze dried PEDOT:PSS in DMSO. The

phase structure morphology of PEDOT:PSS and Lycra blends with

different proportions was carefully characterized, where Lycra

was dispersed as fibres with a diameter of around 100 microns in

the PEDOT:PSS matrix. For a 10 wt% PEDOT:PSS–Lycra film,

an unprecedented strain at break of 700% has been achieved.

Meanwhile, a high electrical conductivity of 79 S cm�1 and a

Seebeck coefficient of 16 mV K�1 after EG post treatment were

achieved (Fig. 4f–h). By stretching the film, the resistance

increases, and then decreases during relaxation. Hence the

blend is used to fabricate a soft strain sensor for detecting

target motion. Furthermore, self-powered sensing is realized

by utilizing the thermoelectric effect of PEDOT:PSS, where the

composite films are able to detect tensile stress without any

power supply.

Table 3 summarizes the properties of phase separated

polymer blends discussed above. The average elongation at

break can exceed 100% while maintaining a relatively high

conductivity of 70 S cm�1. Besides, these phase separated

polymer blends have versatile properties and functional char-

acteristics, and they could be utilized in various components of

flexible or stretchable electronics. Particularly for PEDOT:

PSS and elastomer blends, they tend to exhibit good tensile

Fig. 3 (a) (a–e) Macroscopic images of PEDOT:PSS/PDMS mixtures with different concentrations of PDMS-b-PEO (0 to 30%). The ratio of PEDOT:PSS to

PDMS was 2 : 1 by weight for all samples. (f–j) Microscopic optical images of the selected areas of the corresponding macroscopic images ((a–e)). Scale

bars are 5 mm for (a–e) and 30 mm for (f–j); (b) schematic showing the fabrication of PEDOT:PSS@PDMS conducting polymers; (c) SEM images of the

PEDOT:PSS aerogel and PEDOT:PSS–PDMS film at different magnifications. Produced with permission.98,100 Copyright r 2013, Royal Society of

Chemistry.
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properties and partial tensile recovery. Therefore, such materials

are often used as elastic conductors or strain sensitive sensors.

3 PEDOT:PSS based polymer
composites for thermoelectric
application

In order to meet the requirements under different application

conditions, PEDOT:PSS could also be modified with various

functional fillers. For example, although the conductivity of

PEDOT:PSS can reach more than 1000 S cm�1 after secondary

doping, there is still a large gap in the electrical conductivity

compared with carbon nanotubes, graphene and other flexible

materials. Besides, as an organic thermoelectric material (TE),

PEDOT:PSS outperforms traditional inorganic counterparts

because of its flexibility, light weight and ultralow thermal

conductivity (usually in the range of 0.1–0.5 W m�1 K�1).111–113

But the thermoelectric properties of neat PEDOT:PSS are not

comparable to those of inorganic semiconductor materials. The

figure of merit (ZT) of PEDOT:PSS is 2–3 orders of magnitude

lower than that of an inorganic semiconductor. Herein, the ZT

value is used to evaluate the efficiency of thermoelectric materi-

als. It is a dimensionless quantity, which is defined as ZT =

S2sT/k, where S is the Seebeck coefficient, s is the electrical

conductivity, T is the absolute temperature, k is the thermal

conductivity and S2s represents the power factor (PF). In order to

obtain a high ZT value, materials require high conductivity, high

thermoelectric coefficient and low thermal conductivity simulta-

neously. Indeed, there have been a number of literature reviews

on strategies to improve the thermoelectric properties of

PEDOT:PSS;114,115 for instance, de-doping, secondary doping,

Fig. 4 (a) Schematic illustrations of the fabrication of PEDOT:PSS/CNF films; (b) SEM images of PEDOT:PSS/CNF composites; (c) cross sectional SEM

images of the 1.6 wt% PEDOT:PSS/XSB composite film; (d) AFM image and corresponding height profile of the composite, (e) electrical conductivity as a

function of the PEDOT:PSS content in the polymer composites (inset shows the double logarithmic plot). (f) AFM images (4 � 4 mm) of the PEDOT:PSS/

Lycra film surfaces obtained in nanomechanical analysis mode; (g) stress vs. strain behavior of PEDOT:PSS blends with various proportions of Lycra;

(h) electrical conductivity, Seebeck coefficient, and power factor of films of PEDOT:PSS blends with various proportions of Lycra. Produced with

permission.101 Copyright r 2017 Elsevier Ltd.107 Copyright r 2019 American Chemical Society.108 Copyright r 2017 Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.
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incorporating other TE additives and so on. However, the con-

flicting combination of these three parameters has some limita-

tions on the optimization of ZT.

In existing studies, most of the PEDOT:PSS composites

containing fillers are intended to be applied to flexible electro-

nic devices with improved conductivity or thermoelectric

performance (including improved conductivity and higher

thermoelectric coefficients). There are two types of typical

functional fillers: inorganic semiconductors with a high Seebeck

coefficient and carbon fillers with high conductivity. The following

part will take representative research works as examples to discuss

the composition, structure, processing methods and corres-

ponding properties of these two kinds of composites.

3.1 Inorganic fillers

To improve the thermoelectric properties, inorganic fillers

with a high Seebeck coefficient including Bi2Te3-based alloys,

tellurium (Te), oxides and silicon compounds are added to the

PEDOT:PSS system. In general, to prepare bulk PEDOT:PSS

composites, solution blending is used, and the mixture is then

deposited on a flexible substrate or rigid surface by spraying,

drop casting and rotary coating. Currently, the best commer-

cially available inorganic TE materials are Bi2Te3 alloys, which

exhibits an appealing electrical conductivity of B1000 S cm�1,

Seebeck coefficient of 100–200 mV K�1 and a figure of merit ZT

close to 1.116 Zhang et al.117 prepared Bi2Te3/PEDOT:PSS com-

posites; ball milled Bi2Te3 powders were dispersed in alcohol

and drop-cast on a glass substrate. Then, PEDOT:PSS aqueous

was drop-cast on the Bi2Te3 thin film. The two-step drop casting

method results in composites consisting of two layers: an upper

layer of PEDOT:PSS and a lower layer of Bi2Te3 (Fig. 5a), leading

to a power factor of around 47 mW m�1 K�2. Song et al.118

prepared Bi2Te3/PEDOT:PSS composites by mixing Bi2Te3
powders with PEDOT:PSS aqueous directly. The effect of Bi2Te3
loading on the thermoelectric properties of composites was

systematically investigated. There is an optimal value for Bi2Te3
loading in terms of the conductivity of composite materials.

The conductivity first increases with increasing Bi2Te3 loading

and reaches the maximum (421 S cm�1) at a weight fraction of

10 wt% and then decreases with further increase in the loading

of Bi2Te3 powders. The addition of Bi2Te3 might provide a

carrier to attach PEDOT:PSS, and the conformation of PEDOT

chains is changed from coiled to linear, which possesses a

higher electrical conductivity. Unfortunately, the mechanism is

not clearly identified in this work. Excessive filler would lead to

aggregation, making charge carrier transport more difficult.

Table 3 Brief properties of current PEDOT:PSS blends and composites

No. Preparation
PEDOT:PSS
content

Conductivity or
sheet resistance Elongation

Resistance
change
(R/R0-strain)

a Applications Other properties

198 Blending (with PDMS-g-
PEO)

30% 0.3 S cm�1 75% 2–75% Stretchable organic
interconnects

299 Blending (with EG/Triton
X-100)

60% 80 O sq�1 82% 1.5–75% Stretchable LED circuits Piezoresistive effects
Long-term stability

3100 PEDOT:PSS
aerogel/PDMS

7.1% 2.5 O sq�1 43% 1.04–10% Flexible stretchable
displays

Water stable electrical
properties (2.1 O sq�1)(0–10% cycle)

4102 CNF–PEDOT:PSS 38% 10.55 S cm�1 1.6% — Energy storage devices
5101 Simple vacuum-assisted

filtration
50% 22.6 S cm�1

(bilayer)
— 1-Bending

100 times
Conductive films Flexibility

Stability
PEDOT:PSS–CNFs bilayer

6103 Blending PEDOT:PSS/
bacterial cellulose

31.24% 12.17 S cm�1 — — Biosensors
OLED
Solar cells

7104 CNCs–PEDOT:PSS 50% 38 S m�1 — — Organic light emitting
diodes
Organic solar cells

8105 (CNF–PEDOT:PSS)
aerogel/PDMS

50% 105 S m�1 GF = 14.8 Strain sensor

9106 PEDOT:PSS/P(BA-St):
blending

17% 63 S cm�1 97% 1.15-Bending
100 times

— Superior transmit-
tance (93%)

PEDOT:PSS–PBA:
polymerization

87% 300 S cm�1 — 3–80% — Transmittance
(480%)

10107 PEDOT:PSS/(XSB) Latex 1.6 wt% o10�4 S cm�1 340% — Multifunctional touch
sensing

Humidity

Capacitors Temperature light
sensitivity

11108 Blending (PEDOT:PSS/
Lycra)

10 wt% 60 S cm�1 260% 1.6–50% Self-powered strain
sensing

Thermoelectric
property

12109 Synthesis PSS-b-
PPEGMEA by RAFT
polymerization

— 1.1 S cm�1 128% — Stretchable and bio-
compatible; conductive
material

Water-enabled healing

13110 Fiber wet-spinning tech-
niques (PU/PEOT:PSS)

13 wt% 9 S cm�1 350% 5–50% Strain sensing Elastic recovery
Body movement
Monitoring

a R/R0-strain: the resistance change under a certain strain.
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The Bi2Te3 loading had little effect on the Seebeck coefficient.

Because PEDOT:PSS is still a continuous phase in the composite,

the Seebeck coefficient of the composite is comparable to that of

pure PEDOT:PSS (B15 mV K�1). Subsequently, PEDOT:PSS

composites with other inorganic particles such as Bi0.5Sb1.5Te3
particles,119 Ca3Co4O9 nanoparticles,120 ZnO2 flowers,121 and

Fe3O4 nanoparticles122 have also been explored. Dispersing

these fillers in the PEDOT:PSS matrix is a challenge because

physicochemical properties of such organic/inorganic components

are quite different. The agglomeration of fillers would reduce the

amount of inorganic conductive network. In addition, the contact

resistance on the surface of organic and inorganic materials will

greatly limit further improvement in the conductivity of the overall

composites. To address such issues, Shin and co-workers123

introduced a surfactant, Triton X-100 (TX100), to disperse

Bi0.5Sb1.5Te3 in PEDOT:PSS homogeneously in an auxiliary

manner. Triton X-100 improves the charge carrier transport

through a more homogeneous dispersion and leads to efficient

interfacial charge transport between Bi0.5Sb1.5Te3 and PEDOT.

Simultaneously increased Seebeck coefficient and electrical

conductivity are obtained, resulting in a maximum power factor

of 40 mW m�1 K�2. This study indicates the importance of

interfacial engineering on physical mixed inorganic filler/

PEDOT:PSS composites for thermoelectric applications. Never-

theless, the effect of filler surface modification on the thermo-

electric properties for PEDOT:PSS based composites is still

unclear, and needs to be further studied.

In addition to 0D particles, 1D nanorods/nanowire/fillers

have also been incorporated into PEDOT:PSS to achieve com-

posites with high thermoelectric properties. Te exhibits a high

Seebeck coefficient of 408 mV K�1 at room temperature, and it

can be easily synthesized by thermal reduction. Segalman and

co-workers124 synthesized Te nanorods in the presence of

PEDOT:PSS. The composite films demonstrate an electrical

conductivity of 19.3 S cm�1 and a Seebeck coefficient of

163 mV K�1 while retaining a polymeric thermal conductivity.

The resulting power factor could be as high as 70 mW m�1 K�2.

Nevertheless, the mechanism responsible for the above thermo-

electric properties is still unclear. To further explore the

mechanism, Song et al.125 coated a thin layer of PEDOT/PSS

(about 3 nm) on the surface of Te nanorods, and the PEDOT:

PSS layer was in a highly ordered state and was templated by Te

nanorods (Fig. 5(b–d)). The highly oriented PEDOT chains may

promote carrier transport in the composite. In order to further

optimize the thermoelectric properties of Te nanowire/

PEDOT:PSS composites, Segalman’s group124 studied three

influencing factors, namely, the morphology of Te nanowires,

EG or DMSO post treatment of PEDOT:PSS matrix and the

amount of polymer in composites. They found that EG

or DMSO treatment can improve the electrical conductivity

markedly without decreasing the Seebeck coefficient. A 16 wt%

PEDOT:PSS hybrid with long Te nanowires demonstrated a

large power factor of 100 mW m�1 K�2 (Fig. 5(e)). Besides the

above issues, preparation methods would also influence the

Fig. 5 (a) SEM images of cross section of Bi2Te3/PEDOT:PSS composites; AFM images of (b) Te nanorods and (c) Te nanorod hybrid with PEDOT:PSS;

(d) a schematic illustration of the preparation procedure of PEDOT:PSS/Te composite films; (e) nanowire length dependent properties of Te nanowire/

PEDOT:PSS composites. Produced with permission.117 Copyright r 2010 American Chemical Society.125 Copyright r 2016, Springer Nature.124

Copyright r 2013, Royal Society of Chemistry.
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microstructure of the composite film, thus achieving different

properties. For instance, Xiong and co-workers126 prepared

Bi2Te3 nanowires–PEDOT:PSS composites with three structures:

layer-by-layer (drop casting Bi2Te3 nanowires and PEDOT:PSS

layer), hybrid (suspending Bi2Te3 nanowires in PEDOT:PSS

aqueous) and pellet structures (tableting a Bi2Te3 pellet and

drop casting PEDOT:PSS in it). The hybrid method achieved the

highest electrical conductivity because it can obtain a compact

film, where PEDOT:PSS and fillers are closely combined, and

PEDOT:PSS can accommodate more filler loading under uniform

dispersion conditions. The Seebeck coefficient of the layer-by-

layer method (14.9 mV K�1) and hybrid method (16.3 mV K�1) is

close to that of neat PEDOT:PSS (12.6 mV K�1), indicating that the

transport contributing to the Seebeck coefficient mostly depends

on PEDOT:PSS, while the pellet method exhibits a higher Seebeck

coefficient of 56.8 mV K�1. It is confirmed that PEDOT:PSS can

enhance the carrier concentration and Bi2Te3 can increase the

carrier mobility of the Bi2Te3 nanowires–PEDOT:PSS composites.

The hybrid method achieved the highest power factor of

10.6 mW m�1 K�2 because this method leads to a homogeneous

structure for the composite film.

Moreover, 2D inorganic fillers are also promising candidates

for PEDOT:PSS thermoelectric materials. Typical 2D materials

like MoS2,
127,128 BN,129 SnSe,130 MoSe2,

131 Bi2Te3 nanosheets
132

and black phosphorus133 have been introduced into the PEDOT:

PSS matrix due to their high Seebeck coefficient and in-plane

carrier mobilities at room temperature. MoS2/PEDOT:PSS,
134

MoSe2 nanosheets/PEDOT:PSS composites131 thin films were

prepared through mixing organic liquid-phase exfoliated MoS2
nanosheets with PEDOT:PSS solutions directly, then assisted by

vacuum filtration (Fig. 6a). The organic solvent (DMSO, DMF)

can partially remove PSS during the film-formation process and

significantly enhance the electrical conductivity of PEDOT:PSS

despite the negative effect of MoS2 and MoSe2 on conductivity.

The Seebeck coefficient was largely enhanced due to the energy

filtering effect between organic and inorganic materials.135–137

As a result, the maximum power factor was calculated to be

48.6 mW m�1 K�2 (s B 1300 S cm�1, S B 21 mV K�1) for 5 wt%

MoSe2/PEDOT:PSS and 45.6 mW m�1 K�2 (s B 1250 S cm�1,

S B 19.5 mV K�1) for 4 wt% MoS2/PEDOT:PSS composites.

On account of their simple process and excellent properties,

MoS2/PEDOT:PSS composites are widely used in solar cells

as efficient counter electrodes,138 humidity sensors,139 and

supercapacitors.140 Meanwhile, Du et al.141 used spin coating

and drop casting techniques to prepare Bi2Te3 nanosheets/

PEDOT:PSS composite films, respectively. The preparation

technique and surface roughness of these films have much

influence on the thermoelectric properties. Nanometer sized

structures and tough surfaces of spin coated films make their

electrical conductivity much lower than those of drop cast

films. Drop cast composite films possess a high electrical

conductivity of 1295 S cm�1 and a maximum power factor of

32.3 mWm�1K�2. To widen their application, Ou and co-workers142

developed an aerosol jet printing method by printing bespoke inks

consisting of PEDOT:PSS (Fig. 6(b)), Bi2Te3, and Sb2Te3 onto flexible

polyimide substrates. With 85% Sb2Te3 nanoflakes, the power

Fig. 6 (a) Schematic illustration of the preparation of the MoSe2/PEDOT:PSS composite; (b) schematic of the in situ mixing and aerosol jet printing

method; (c and d) flexing test of printed Bi2Te3, and Sb2Te3/PEDOT:PSS nanocomposites. Produced with permission.100Copyrightr 2017 IOP Publishing

Ltd.156 Copyright r 2018 American Chemical Society.
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factor of the composite films reaches 28.3 mW m�1 K�2 (s B

247 S cm�1, S B 33.8 mV K�1). Besides, variations in conductivity

and Seebeck coefficient have been studied with varying degrees of

bending and the composites demonstrated excellent mechanical

properties as shown in Fig. 6(c and d), which gives these printed

organic–inorganic nanocomposites a wider range of applications,

particularly in wearable electronics. Besides, researchers also intro-

duced a third-phase polymer to the composites to increase the

flexibility. Zhang et al.143 incorporated PVA to a PEDOT:PSS/

Bi0.5Sb1.5Te3 hybrid to improve the tensile strain. It was observed

that the Seebeck coefficient drops to 24.1% for a strain of 25%,

which can be explained by a decrease in the number or quality of

interfacial junctions between Bi0.5Sb1.5Te3 and PEDOT:PSS chains

under strain.

The electrical conductivity of metal materials is as high as

105 S cm�1, much higher than that of PEDOT:PSS. Thus,

incorporating metal particles into the composites is an effective

method to improve the conductivity of PEDOT:PSS. Au nano-

particles (spherical and rod shaped)144,145 and Ag nano-

wires146,147 were mixed with PEDOT:PSS to obtain highly

conductive composites. Toshima et al.148 prepared different

shapes of Au particles and incorporated in a PEDOT:PSS system

to obtain thermoelectric materials. The results show that the

conductivity of nanorod-Au/PEDOT:PSS composites has been

greatly improved (B2000 S cm�1), which indicates that 1D

particles with a larger aspect ratio are conducive to the pre-

paration of conductive composites thanks to the percolation

effect. Meanwhile, Liu et al.149 prepared high-performance Ag

NWs/PEDOT:PSS thermoelectric composites through a spark

plasma sintering process. Loading of Ag NWs increases

the electrical conductivity (B84 S cm�1 for 20 wt% Ag NWs)

without a noticeable decrease in the Seebeck coefficient. The ZT

value is 0.024 at room temperature. In addition to serving as a

thermoelectric, Ag NWs/PEDOT:PSS composites as functional

layers, coatings or components are widely applied in flexible

organic solar cells,150 supercapacitors,151 electrodes,152–154

and flexible sensors.152,155 For instance, Yue et al.147 prepared

transparent and conductive PEDOT:PSS/Ag NW/PEDOT:PSS

three layer hybrid films by spin-coating. They exhibit a low

sheet resistance of 21.9 O sq�1 and a high transmittance of

83.95% at 550 nm wavelength. Due to the excellent electrical

conductivity of PEDOT and its wide application, Ag NWs/

PEDOT:PSS solution has become a commercially available

product (Clevios).

In general, incorporating inorganic semiconducting fillers

with high Seebeck coefficient and power factor into a PEDOT:

PSS matrix is an efficient way to optimize the thermoelectric

properties. We selected the most representative work and

summarized the effects of different filler morphologies and

preparation process on the thermoelectric properties of

PEDOT:PSS composites. It could be concluded that the pre-

paration method and the structure of composite films are the

main factors that influence the thermoelectric properties of

PEDOT:PSS based composites. A homogeneous dispersion of

semiconductor fillers is beneficial for the improvement

of Seebeck coefficient due to the energy filtering effect on the

conjunction of the semiconductor and PEDOT:PSS matrix. And

higher electrical conductivity can be acquired upon forming

more conductive pathways. Compared with 0D powder fillers,

1D fillers with a high length–diameter ratio are more likely to

improve conductivity because it can template PEDOT and PSS

conformation from a coiled to a linear structure, thus a highly

conductive PEDOT interlayer is formed at the interface between

the inorganic filler and PEDOT:PSS matrix. Overall, under-

standing and controlling the interfacial interaction between

the filler and matrix are extremely important for optimizing

properties of organic/inorganic hybrid systems. Unfortunately

very few research discussed these influencing factors135 for

such type of composite. Most studies reported the preparation

process and thermoelectric properties of these hybrid films, but

the transport mechanism in organic/inorganic composites is

unclear and research on it is in its infancy.

3.2 Carbon fillers

It is well known that carbon nanomaterials have excellent

electrical properties. So carbon fillers such as carbon nano-

tubes (CNTs),157–161 graphene and carbon black fillers have

been blended with PEDOT:PSS matrixes to optimize their

electrical, thermal, mechanical, thermoelectric and other pro-

perties to meet their application requirements in different

situations or to broaden their application range. CNTs have

a stable 1D nanostructure and excellent electrical properties

(s B 2 � 105 S cm�1 at room temperature162). For PEDOT:PSS

containing CNTs, due to the large specific surface area of CNTs

and strong p–p interactions between CNTs and PEDOT chains,

effective interfacial contacts are formed between CNTs and

PEDOT:PSS. They can be rather easily dispersed in PEDOT:PSS

matrixes.163 As a result, their thermoelectric properties are

affected. Yu et al.164 mixed single-walled carbon nanotubes

(SWCNTs) with PEDOT:PSS and achieved an ultrahigh electrical

conductivity of B103 S cm�1 at room temperature, a stable

Seebeck coefficient (27–41 mV K�1) and an extremely high power

factor of 160 mW m�1 K�2 (Fig. 7(b)). The author suggested that

the excellent thermoelectric properties can be attributed to the

junction formed by SWCNTs and PEDOT:PSS. The junction can

filter low energy electrons, thus maintaining the Seebeck

coefficient. It also allows electrons to pass through the compo-

site, increasing the conductivity. Meanwhile, it suppresses heat

transport due to differences in vibrational spectra between

CNTs and PEDOT:PSS, thus, the thermal conductivity is rela-

tively low (Fig. 7a). Different from a rather homogeneous

distribution, Jiang and co-workers165 prepared a SWCNTs/

PEDOT:PSS thin film through vacuum filtering PEDOT:PSS

aqueous on a SWCNTs layer, obtaining a layered like structure.

The power factor of a 60 wt% SWCNT/PEDOT:PSS hybrid film

was 105 mW m�1 K�2 (s B 600 S cm�1, S B 42 mV K�1).

Subsequently, transparent electrodes160,166 and PEDOT:PSS–

CNT aerogels167 have been developed. It can be concluded that

the transport feature of SWCNTs and PEDOT:PSS may lead to a

power factor close to those of inorganic semiconductors such as

bulk PbTe (0.02 at 300 K)168 or bulk silicon (ZTB 0.01 at 300 K).169

Meanwhile, graphene and reduced graphene oxide (rGO) are also
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among the most attractive fillers to prepare polymer-based con-

ductors due to their appealing electrical conductivity. The prepara-

tion of graphene/PEDOT:PSS composites is often through ink

preparation, and then inject printing, spraying or depositing onto

a certain component such as a counter electrode in solar cells170

and organic photodetectors. Related studies have been well

reviewed by Zhou et al..35 The thermoelectric properties of

rGO/PEDOT:PSS were investigated by Li et al.171 According to them,

the maximum power factor is B32.6 mW m�1 K�2 for a 3 wt%

GO/PEDOT:PSS film after reduction. The electrical conductivity is

as high as 1160 S cm�1 with 5%rGO. When the content of rGO

increases, rGO flakes tend to aggregate, resulting in decreased

electrical conductivity. The carrier transport mechanism was illu-

strated inWang’s work.172 They comparatively studied the electrical

properties of C60/rGO–PEDOT:PSS composites. It is observed that

rGO is beneficial for improving the electrical conductivity while C60

(with ultrahigh SB 2000 mV K�1) enhances the Seebeck coefficient

and hinder the thermal conductivity of PEDOT:PSS. With the

incorporation of a C60–rGO nano-hybrid, the Seebeck coefficient

is enhanced by around 4 times and the electrical conductivity

increases from 10000 S m�1 to 70 000 S m�1 in comparison

with that of neat PEDOT:PSS, resulting a high ZT value of

0.067 mW m�1 K�2. The mechanism of its carrier transport is

demonstrated in Fig. 7(c). The strong electron scattering of C60

particles assembled on graphene surfaces via p–p stacking

would compromise the electron mobility, thus reducing the

electrical conductivity. However, it increases the mean carrier

energy in carrier transport with an enhanced Seebeck coefficient.

In addition, because the C60 nanoparticles are of zero dimensional

structure, there might be quantum constraints in the carrier

transport process, which would further improve the Seebeck

coefficient. Ultimately, a largely enhanced Seebeck coefficient

results in a synergistic effect on the thermoelectric properties.

Moreover, the incorporation of two or more kinds of filler

into PEDOT:PSS can effectively optimize the thermoelectric

properties. For example, Kim and co-workers185 combined the

merits of both inorganic Te nanowires and carbon nano-

structure fillers (rGO). Free-standing rGO/PEDOT:PSS/TeNW

composite paper was prepared via mixing and then by the

vacuum-filtering method and HI treatment. It possesses an

ultrahigh power factor of 143 mWm�1 K�2, which is higher than

that of binary hybrid materials (rGO/TeNW hybrid, PEDOT:PSS/

TeNW hybrid). The hybrid paper demonstrated a porous struc-

ture with a hierarchically layered morphology consisting of

rGO and TeNWs. And rGO layers were coated on the surface

of TeNW. The high electrical conductivity (3496 S m�1) was

attributed to the graphitization of GO to rGO during the HI

treatment process. Meanwhile, an enhanced Seebeck coeffi-

cient was obtained due to the synergetic energy-filtering effects

at the two interfaces of PEDOT:PSS/TeNW and rGO/Te. Similar

studies on composites such as SWCNTs/PEDOT:PSS coated Te

nanorods,187 PEDOT:PSS/graphene/CNT ternary composites,188

and Te/PEDOT:PSS/small bundle SWCNTs composites186 have

also been reported. Table 4 compares the thermoelectric pro-

perties of PEDOT:PSS based composites. It can be concluded

that 1D Te filler and SWCNTs are two of the best candidates for

PEDOT:PSS based thermoelectric materials. The combination

of these two fillers in PEDOT:PSS could achieve the highest

Fig. 7 (a) CNT–PEDOT:PSS–CNT junctions in the composites; (b) electrical conductivities and thermo-power of the composites with increasing CNT

concentration. The inset shows the thermoelectric power factors (S2s); (c) schematic illustration of carrier transport in the neat polymer film, rGO–

polymer and C60/rGO nanohybrid-filled polymer composites. Produced with permission. Produced with permission.164 Copyright r 2011 American

Chemical Society.172 Copyright r 2013 Springer Nature.
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properties because of the double interfacial energy-filtering

effect and tunable carrier concentration.

4 Conclusion and outlook

In summary, PEDOT:PSS is currently the most successful con-

ducting polymer with high electrical conductivity, flexibility,

and processability. And very often, its properties need to be

tailored to suit a specific application. This paper reviews recent

progress on optimizing the properties of PEDOT:PSS based

blends and composites via a blending or mixing method.

Miscible and immiscible polymer blends based on PEDOT:PSS

exhibit striking merits such as adjustable conductivity and

stretchability, and can be potentially applied in the field of

flexible electronics such as in flexible electrodes, stretchable

conductors and deformation sensors. Other than flexible/

stretchable electronics, PEDOT:PSS composites with incorpo-

rated inorganic and carbon fillers exhibit good thermoelectric

properties (including high electrical conductivity, high Seebeck

coefficient, and low thermal conductivity). These materials have

demonstrated promising applications as flexible thermoelectric

materials.

For blends containing small molecules, these small mole-

cules might seep out during subsequent application, thus there

are few studies carried out on this topic. For miscible polymer

blends, relatively high electrical conductivity could be obtained.

However, due to the plasticity of these insulating soft materials

and rather poor mechanical properties of PEDOT:PSS, reversible

tensile properties cannot be achieved for these materials.

Meanwhile, since these insulating polymers are miscible with

PEDOT:PSS, they could wrap the PEDOT colloidal particles, and

thus the formation of a PEDOT conductive network might be

prohibited. For immiscible polymer blends, careful attention

needs to be paid on the interfacial interaction between PEDOT:

PSS and the additional polymer. With the right choice of

compatibilizers, strain at break exceeding 100% while main-

taining a relatively high conductivity of around 70 S cm�1 could

be observed. As for PEDOT:PSS based composites for thermo-

electric applications, SWCNTs are found to be the best filler for

this type of composite (Table 4). Meanwhile, the dimension of

the filler is found to have some degree of influence on the final

properties as certain type of 1D filler (Te nanorods) could

induce a highly ordered PEDOT:PSS layer which may promote

the carrier transport in the composites. Nevertheless, there are

still some challenges that need to be further addressed for

these blends and composites.

First of all, regarding the flexible PEDOT:PSS blends, the

enhanced stretchablility is often associated with sacrificed

electrical conductivity, despite the fact that a secondary doping

method is used. In particular for immiscible polymer/PEDOT:

PSS blends, due to the incompatibility between the elastomer

and PEDOT:PSS, it is often complicated to prepare bulk PEDOT:

PSS conductors. Besides blend fibers, there are very few

research studies on constructing hierarchical structures or

nano confined PEDOT:PSS in elastic matrixes to form conduc-

tive pathways since the finite-size effect and the interfacial

effect are able to result in peculiar thermodynamic and kinetic

Table 4 Comparison of thermoelectric properties of PEDOT:PSS based composites

Materials Filler Method
s

(S cm�1)
S
(mV K�1)

PF
(mW m�1 K�2)

PEDOT:PSS/Bi2Te3
117 Ball milled powder (10 mm layer) Drop-cast PEDOT:PSS

on Bi2Te3 thin film
900 24 47

PEDOT:PSS/Bi2Te3(10%)118 Powder (micrometer size) Physical mixing 421 18.6 9.9
PEDOT:PSS/Ca3Co4O9

120 Powder 1–4 mm Mixing and casting 250 15 6.5
PEDOT:PSS/Cu2SnSe3

173 Nanoparticles Spark plasma sintering 32 53 9.5
PEDOT:PSS/Te174 Nanorod Synthesis of PEDOT:PSS passivated

Te nanorods
19 163 79

PEDOT:PSS/Te124 Nanotube (l = 390 nm) In situ synthesized Te in PEDOT:PSS 10 100 100
PEDOT:PSS/SnS175 Nanobelt (500 nm, l = 4 mm) Hydrothermal synthesized

SnS2 mixing with PEDOT:PSS
760 19 27.8

PEDOT:PSS/ce-MoS2
176 Nanosheets Layer by layer 867 21 41

PEDOT:PS/MoSe2
131 Nanosheet (500 nm) Mixing and vacuum filtration 1000 20 49

PEDOT:PSS/Bi2Te3
141 Nanosheet (300 nm, 3–4 nm thick) Mixing and drop cast 1295 16 32

PEDOT:PSS/MXene177 400 mesh 500 57.3 155
PEDOT:PSS/SWCNTs178 Synthesized by CVD method

(d = 1–2 nm, l = 5–30 mm)
EG dilution-filtration 900 30 85

PEDOT:PSS/SWCNTs179 Purchased Two-step spin casting
(layered nanostructure)

241 38.8 21

PEDOT:PSS/SWCNTs180 Purchased Physical mixing 400 25 24
PEDOT:PSS/SWCNTs181 Purchased Vacuum filtration 600 43 105
PEDOT:PSS/MWCNTs182 TMC220-10, nano solution In situ polymerization of PEDOT

in MWCNTs
612 19 22

PEDOT:PSS/SWCNTs164 Purified-grade HiPco SWCNTs Physical mixing 1000 41 160
PEDOT:PSS/SWCNTs183 TNSAR type d o 2 nm, l = 5–30 mm Physical mixing and DMSO

NaOH treated
1701 55.6 526

PEDOT:PSS/GO184 GO Physical mixing 1160 12 33
PEDOT:PSS/C60/rGO

172 C60/rGO — 700 22 ZT-0.067
PEDOT:PSS/Te/rGO185 — Mixing and filtering 35 204 143
PEDOT:PSS/Te/SSWCNTs186 — Mixing 139 118 206
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properties. It is thought that more careful control on the

processing strategy and interfacial interaction could result in

extensive phase morphologies with better properties.

Secondary, in the cases of thermoelectric materials based on

PEDOT:PSS, there is a large gap in figures of merit between

PEDOT:PSS composites and bulk inorganic thermoelectric

materials due to the conflict between electrical conductivity,

Seebeck coefficient and thermal conductivity. To improve

the thermoelectric properties of PEDOT:PSS based composites,

first of all, it is still a great challenge to establish the theory and

model of inorganic TE materials, which can predict their

electrical and thermal transport properties. More work needs

to be done on PEDOT:PSS as an organic TE material, such as

increasing the crystallinity of PEDOT chains, controlling the

morphology (ratio between PEDOT and PSS) and doping level of

neat PEDOT:PSS in the synthesis or secondary doping stage

that can achieve a balance of its thermoelectric properties.

Secondly, based on the above discussion, the energy filtering

effect and interfacial ordering effect of PEODOT:PSS nano-

composites may lead to both high Seebeck coefficient and high

electrical conductivity. However, incorporating inorganic and

carbon TE fillers into PEDOT:PSS may cause agglomeration

and inhomogeneity, thus hindering further enhancement of

the power factor. In order to achieve a uniform distribution

of fillers in PEDOT:PSS, continuous efforts are required to

improve the fabrication process (such as surface modulation).

In addition to filler distribution, controlling the interfacial

interaction and orientation of the filler should be taken into

account to optimize the thermoelectric properties in future

studies. Moreover, the mechanism responsible for the enhanced

thermoelectric properties should also be further investigated.

Thirdly, regarding the relationship between stretchability

and thermoelectrics, self-powered electronics should be explored

for the application of modified PEDOT:PSS blends and compo-

sites. Once there is a temperature gradient in thermoelectric

materials, thermoelectric power can be generated continuously

without any moving part. There have been several studies on the

preparation of flexible wearable thermoelectric generators using

inorganic semiconductors based on the Seebeck effect.189–191

However, toxicity, brittleness, difficulty in processing and high

cost of inorganic semiconductors limited their applications.

PEDOT:PSS, with its unique flexibility, lightness and non-

toxicity, has potential for self-powered devices, especially for

applications in wearable and implantable electronics. At present,

there are very few studies on the preparation of self-powered

flexible wearable electronics using PEDOT:PSS composites based

on the Seebeck effect. For instance, flexible self-powered mid-

infrared detectors,192 self-powered pressure sensors,193,194 self-

powered touch sensors,195 and self-powered strain sensor108 have

been developed based on PEDOT:PSS composites. However, since

PEDOT:PSS lacks stretchability, elastomers are often used to

enhance the stretchability. Nevertheless, the thermoelectric pro-

perties of PEDOT:PSS based polymer blends are often damaged

by the addition of elastomers. A balance needs to be achieved

between strechability and thermoelectric properties to fabricate

self-powered strain sensors. Moreover, an unavoidable problem in

this application is how to ensure the stability of thermoelectric

voltage under deformation (strain, bending, press and twist).

Theoretically speaking, during the deformation process, the con-

ductivity and thermoelectric properties of the composite would be

changed to some extent. Up to now, the influence of deformation

on the thermoelectric properties of materials has been barely

studied in the literature. Therefore, utilizing thermoelectric

voltage for self-powered flexible electronics is still in its infancy.
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