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S1 Background of Functional Polymer Composites 

S1.1 Electrically Conductive Polymer Composites (ECPCs) 

ECPCs or conductive polymer composites (CPCs), comprising insulating polymer matrices 

and conductive filler, have found their versatile applications from public transportation, 

infrastructure to more specialized fields as radiation protection, antistatic etc. [S1] Due to its 

good processability, tunable properties and widespread applications, ECPCs is nowadays one 

of the most interesting and researched areas in polymer composites.  

According to the final application requirements of ECPCs, the selection and choice of filler 

type must be carefully considered. To date, conductive nanofillers such as CNTs, carbon 

black (CB), graphene, metal nanowires (NWs), etc have been widely incorporated into 

matrices for preparing ECPCs, enabling them to be used as multifunctional materials [S2]. 

Nevertheless, their processability and mechanical properties are often compromised with 

increasing filler content [S3].  

Generally, the preparation methods and protocols, which determines the network structure 

constructed by conductive filler, have strong impact on the final properties. Therefore, 

controlling the morphology of conductive network in polymer matrix have been widely 

studied. As shown in literatures [S4], higher filler content and better dispersion of conductive 

fillers do not always result in higher conductivity. A homogeneous filler dispersion is not 

always the best idea to achieve excellent performance of ECPC. For instance, data available 

in the literatures show that the percolation threshold (Pc) of ECPCs increases with optimizing 

filler dispersion status, while aggregates formed by conductive filler in the matrix can reduce 

Pc [S5]. Nevertheless, a good dispersion of fillers is favorable for improving the mechanical 

properties of ECPC owing to the interfacial interaction between polymer matrix and filler is 

greatly improved. Based on the above issues, it can be reasonably expected that the electrical 

properties of ECPCs would change greatly due to processing related issues. 

S1.2 Strain Sensing Polymer Composites  

Flexible and stretchable strain sensors can convert physical deformations into measurable 

electrical signals, which could have widespread applications such as damage detection, 

human motion tracking, personal healthcare monitoring, human-machine interfaces and so on 

[S6]. Traditional metallic or semi-conductive sensors show limited deformations i.e. less than 

5% strain. Thus, they are not suitable for large-strain sensing applications. In contrast, flexible 
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and stretchable strain sensors are able to perceive both low and high strain levels. For 

majority of ECPCs with elastomers coated with conductive thin-film layers or incorporated 

conductive nanofillers into polymer matrices or encapsulation materials, 

elastomers/polymer/encapsulation materials are the stretchable component. Due to their light-

weight, easy processing, flexible and stretchable, ECPCs based sensors have been developed 

in the last decades and turned out to be promising candidates for smart flexible strain sensors.  

From previous section, it is observed that the electrical conductivity of ECPCs is determined 

by filler concentration, which involves percolation threshold. When an external stimulus is 

applied, the change of resistance signal in these conductive networks are recorded during 

stretching or releasing. In order to construct desirable percolating networks for strain sensing, 

suitable large fillers aspect ratio or synergistic effect between fillers [S7], and special phase 

morphology (such as segregated structure, double percolation structure, and porous structure) 

[S8] double percolation structure [S9], and porous structure [S10] are often required to 

achieve high performance strain sensitivity. In addition, a large number of processing 

methods are put into practice for the preparation of strain sensors, including melt-blending, 

solution blending, in situ polymerization, and combined with various coating (dip-coating, 

spray-coating, spin-coating, etc.) and others technologies [S11]. 

Generally, the morphology of these conductive network and interfacial interaction are the 

most critical issues that influence the destruction and reconstruction of conductive paths 

during stretching-releasing cycles, thus, producing significant influences on the sensing 

performance of these sensors. As a result, some complex hierarchical structures have been 

developed to tune the strain sensitivity of ECPCs [S12, S13]. In addition, stretchability can be 

further optimized by geometric engineering of conductive networks to minimize the effect of 

mechanical strain, such as special structures like wrinkle, double helical, buckled, wavy, 

coiled, serpentine pattern and spring-like [S11]. Further more, the mechanism related to the 

changes in tunneling distance between conductive nanofillers as well as the physical contact 

of these conductive network under strain helps us better explain and understand the sensitive 

behaviors of different types of ECPCs-based strain sensors: tunneling effect; disconnection 

mechanism; crack propagation mechanism [S14-S16]. 

S1.3 Thermally Conductive Polymer Composites (TCPCs)  

Thermal conductivity is a fundamental property for solid materials [S17]. In solids, heat can 

be transported by phonons, electrons or photons. In most polymers, phonons are the primary 

mechanism for heat conduction originated from vibration in a rigid crystal lattice. Thermal 

conductivity is dominated by phonons in insulators and semiconductors. As well known, due 

to inherent defects such as voids, impurities, polymer chain ends, and entanglements, bulk 

polymers have relatively low thermal conductivity within the range of 0.1-0.5W (mK)-1, 

which is far below the level required by many industrial applications [S18]. Typically, in 

order to obtain high TC polymer-based materials, highly thermal conductive fillers are added 

into the polymer matrix to enhance its thermal conductivity [S19]. Thermal conductive fillers 

are classified into several types as follows: metallic fillers, such as Cu, Al, Ni, Ag; carbon 

based fillers [S20-S22], including graphite, CNT, CF, graphene, etc.; ceramic fillers [S23-

S25], including metal oxide fillers such as Al2O3 and SiO2, as well as non-oxide fillers such as 

BN, SiC, Si3N4 and AlN. The selection of these fillers is based on the requirement from 

different applications, such as whether electrical insulation is required, cost, processing 

methods, other physical properties. 
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In general, the key to achieve high thermally conductive composites is constructing 

continuous filler networks in polymer matrix. Thermal conductivity of polymer-based 

composites is a function of the thermal conductivities of polymer matrix and fillers, the 

morphology of polymer composites and the interfacial interaction between polymer matrix 

and fillers. Thermal conductivity of polymer matrix plays a crucial role in determining the 

overall thermal conductivity of polymer-based composites. The chain structure, crystallinity, 

crystal form and chain orientation of polymer matrix have significant influence on the thermal 

conductivity. Besides, it was found that a high thermal conductivity was achieved through 

fabricating polymer blends by engineering inter-chain interaction [S26]. As for fillers, apart 

from their intrinsic thermal conductivity, the main factors affecting the thermal conductivity 

of polymer-based composites including filler loading level, filler shape, filler size, hybrid 

fillers and surface treatment of fillers. Thereinto, thermal conductivity of composites 

nonlinearly increases with increasing volume fraction of thermal conductive filler. Generally, 

when the filler loading exceeds 35 vol%, a more drastic improvement in thermal conductivity 

could be obtained [S27].  

S1.4 Thermoelectric Polymer Composites 

With the depletion of fossil fuels, renewable energy sources are essential to solve the global 

energy crisis. Thermoelectric (TE) materials are crucial in renewable energy conversion 

technologies, which enable the direct conversion between heat and electricity with a set of 

advantageous characteristics, such as no moving parts, no noise generation, long operating 

lifetimes, excellent reliability and easy maintenance [S28]. Thermoelectric materials have 

been widely applied in aerospace, cogeneration, refrigeration and sensors, etc. Inorganic TE 

materials are classic TE materials, such as Bi3Te2, Sb2Te, PbTe [S29], which have attracted 

most of the ongoing research due to their high Seeebeck coefficient and moderate electrical 

conductivity. However, their applications are hindered by a number of weaknesses, including 

high-cost, toxicity of the elements, complicated and difficult processing methods, heavy and 

rigid, etc. [S30] Furthermore, flexible, durable, ecofriendly, long-lifetime and low-cost 

thermoelectric devices are in high demand with the emergence of fast-developing fields of 

wearable devices. Thereby, organic polymer thermoelectric materials have received extensive 

attention due to their intrinsic advantages such as flexibility, low thermal conductivity, low 

cost, ease of processing, low or no toxicity and light weight [S31]. These issues are beneficial 

for the development of flexible and portable thermoelectric modules. Conventional organic 

thermoelectric materials are conducting polymers like PEDOT, PANI, polythiophene (PTh), 

PPy, and their derivatives [S32, S33]. Due to the low thermal conductivity of thermoelectric 

polymeric materials (usually in the range of 0.1~0.5 W m-1 K-1), power factor is often 

employed to replace ZT for the evaluation of thermoelectric performance [S28].  

For ideal thermoelectric materials, ZT should be >1 to obtain a conversion efficiency of 

>10% [S34]. Unfortunately, the ZT values of most organic thermoelectric materials are below 

1 at room temperature. Thus, it is still a significant challenge to achieve high ZT for organic 

thermoelectric materials. For neat conductive polymers, their major drawback is poor 

electrical transport properties, which can be enhanced by doping [S35], secondary doping 

[S36] and altering the chain structure [S37]. Apart from that, another vital approach is to 

fabricate organic/inorganic hybrids wherein combining the outstanding flexibility and low 

thermal conductivity of organic conductive polymers and high Seebeck coefficient and 

electrical conductivity of inorganic counterparts [S38]. Meanwhile, the interaction between 

filler and polymer matrix can often yield decoupled thermoelectric parameters, and thus 

achieving promising thermoelectric performance compares with individual components [S39]. 
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S1.5 Dielectric Polymer Composites 

Dielectric materials have received great attention in capacitors field with the fast development 

of the miniaturized and integrated electronic devices. Dielectric capacitor is a type of high-

efficiency energy storage device which have ultra-high power density comparing with other 

energy storage devices (lithium-ion batteries, batteries and super capacitors). Recent years, 

considerable interests have been aroused and great efforts have been done to explore the 

potential of capacitors, which is urgently needed in various electronic devices [S40, S41]. 

Traditional dielectric materials are high temperature resistant, high strength, and high 

dielectric constant ceramic materials, but the disadvantages are difficult processing ability, 

high density, rigidity, and low energy density. Comparing with ceramic materials, polymer 

materials have the advantages of ease of processing, flexibility, high breakdown strength, low 

density, and light weight. However, because polymers are composed of long molecular 

chains, the ultra-long molecular chain structure reduces the polarity of the materials, resulting 

in rather low dielectric constant (𝜀𝑟＜10) [S42]. For example, the BOPP has a breakdown 

strength of up to 700 kV mm-1, with a low permittivity values (2-3) [S43]. Combining the 

energy density formula with the characteristics of both filler and polymer, it is imperative to 

prepare dielectric polymer composites containing high dielecric constant fillers. Polymer 

matrix provides high breakdown and excellent processing property. Meanwhile, high 

dielectric constant ceramic fillers impart high dielectric constants to the overall composites. 

Due to the synergistic effect between above two materials, the energy density of the 

composites could be significantly improved. However, it has been found that the rise and fall 

of dielectric constant and breakdown strength are often opposite, which leads to limited 

increase in energy density. In particular, when high dielectric constant fillers are added to a 

high breakdown strength polymer, the breakdown strength of the composites decreases 

greatly, resulting in a decrease in energy density. Therefore, the preparation, modification, 

intermixing and mixing of polymers and fillers are particularly important [S44]. 

S1.6 Electromagnetic Shielding and Microwave Absorbing Polymer Composites  

With the rapid development of communication technology, electromagnetic interference 

(EMI) shielding materials can effectively solve the problems of electromagnetic radiation by 

reflecting or absorbing electromagnetic waves, and convert the electromagnetic energy into 

thermal energy to dissipate, becoming a hot topic in recent years [S45, S46]. Traditional EMI 

shielding materials are mainly based on metal and magnetic materials, which have many 

disadvantages of high density, easy oxidation, and mainly arouse from the reflection of 

electromagnetic waves, limiting its application. Due to the advantages of inherent flexibility, 

easy processability, ultimate scalability, chemical resistance and light weight, polymer-based 

EMI materials arouse great research enthusiasm. Generally, by adding fillers into polymer 

matrix is currently the main strategy to improve shielding performance. This filler including 

metals and magnetics, carbon-based materials [S47-S49]. In addition to the selection of fillers 

and polymer matrix, filler network morphology has important influence on the preparation of 

EMI shielding materials. The key factor to achieve high shielding efficiency is the formation 

of filler conductive network and its structural design, which would lead to different 

dissipation paths.  

Microwave absorbing (MA) material has the ability to attenuate incident electromagnetic 

waves without reflection and convert the incident electromagnetic energy into heat energy or 

other energy dissipation within the material. The mechanism cab be divided into: dielectric 

loss, magnetic loss and electromagnetic impedance matching [S50]. In MA polymer 
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composites, filler and a portion polymer matrix can produce magnetic loss and dielectric loss. 

Impedance matching plays the key role in affecting the properties of MA materials. It is a 

synergy between dielectric loss and magnetic loss. In other words, only when there is a good 

impedance match between the dielectric loss and the magnetic loss can MA materials achieve 

excellent electromagnetic wave absorption performance. Impedance matching is affected by 

hybridization of filler components and morphological structure, interference, dispersion, and 

even filler loading. In MA polymer composites field, the processing method used is relatively 

simple, such as pour casting, foaming, electrospinning or hot-pressing. Using single or 

combined processing methods to achieve high performance MA polymer composites through 

morphology control is still a challenge.  
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