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Different types of heating systems have been developed lately, representing a growing interest in both the academic and
industrial sectors. Based on the Joule effect, fibrous structures can produce heat once an electrical current is passed,
whereby different approaches have been followed. For that purpose, materials with electrical and thermal conductivity
have been explored, such as carbon-based nanomaterials, metallic nanostructures, intrinsically conducting polymers,
fibers or hybrids.
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| 1. Introduction

Heating technologies have been highly studied lately for distinct applications that go from smart textiles/wearables and
thermotherapy to defreezing/defogging applications. Heating is considered passive when it depends on light irradiation of
solar energy. As previously reviewed [, photothermal heating uses inorganic nanomaterials, semiconducting polymers or
ceramics to emit absorbed energy as heat. In contrast, active heaters can be developed by using conductive materials,
relying on the Joule heating upon the application of low voltages. They can be produced in different configurations that go
from thin film heaters to heating textiles, and from nano- to macroscale (Figure 1).
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Figure 1. Schematic diagram of the multiscale approaches to heating technologies.

All the technologies end up using the same kind of conductive materials. Apart from metals and metal oxides, metallic
nanostructures, carbon-based materials and inherently conductive polymers are highly promising and have been used in
several research studies. Different techniques have been explored throughout the years to improve the thermal and/or
electrical conductivity of materials, including the addition of fillers to a polymeric matrix. These fillers can be in the form of
fibers, particles or flakes, homogeneously distributed within the polymer matrix .

| 2. Intrinsically Conductive Materials
2.1. Carbon-Based Nanomaterials

Despite being relatively recent, there are numerous studies on the use of carbon-based nanomaterials for practical
applications due to their electrical, optical and thermal properties. In particular, graphene and carbon nanotubes have
been used for thermal engineering thanks to their high thermal conductivity (see Table 1) Bl. These are two carbon
allotropes with sp2-hybridized carbon atoms but different structures. Du et al. published a detailed review that explains the
fundamentals of graphene and carbon nanotubes (CNTs) [4, in addition to their application on transparent conductive films
for optoelectronic devices.

Table 1. Thermal conductivities of generally used materials.



Thermal Conductivity

Materials Category (W m- K1Y Ref.
Carbon fiber Carbon-based 400-650 Bl
Carbon nanotubes Carbon-based 3000 &l
Graphite Carbon-based 100-400 €l
Graphene nanoplatelets Carbon-based 2000-6000 @
Graphene sheets Carbon-based ~5000 &l
Single-walled carbon nanotubes Carbon-based 2000 &
Multi-walled carbon nanotubes Carbon-based 3000 &l
Aluminum Metal 247 @
Copper Metal 398 Ell
Gold Metal 315 @
Silver Metal 427 Bl
Silver nanowires Metal nanostructure 191.5 o
Polyacetylene Conductive polymer 0.4-13 [
Polypyrrole (PPy) Conductive polymer 0.11-0.25 e
Polyaniline (PANi) Conductive polymer 0.04-0.14 e
Polythiophene Conductive polymer 0.2-4.4 B
Poly(3,4-ethylenedioxythiophene):Polystyrenesulfonate (PEDOT:PSS) Conductive polymer 0.16-0.39 [
Diamond Ceramics 1000 1z
Aluminum nitride Ceramics 100-300 @
Beryllium oxide Ceramics 230-330 [1s]
Cubic boron nitride Ceramics 1000 [24]
Hexagonal boron nitride Ceramics 300 a4
Silicon carbide Ceramics 120 {s]
Aluminum oxide (a-Alumina) Ceramics 30 (2

The newly discovered graphene is a 2-dimensional sheet of carbon atoms arranged in a honeycomb lattice. Between the
carbon allotropes, graphene presents the highest thermal conductivity (around 5000 W m™ K2 for single-layer graphene
at room temperature). Due to its unique chemical structure, with a densely packed carbon atom arrangement, graphene
thermal conduction is thought to occur through phonon waves 28, This explains why its thermal conductivity is one of the
highest of all materials (Table 1), in addition to the fact that it also presents an ultrahigh specific surface area. Graphene

nanoplatelets (GNPs) are short stacks of graphene sheets with a platelet shape. Depending on the fabrication method,
GNPs can vary in size and thickness and thus the thermal and electrical conductivities can vary considerably. In turn,
stacked graphene forms the 3D graphite, which is abundantly available in nature. The atoms are bonded by covalent
bonds, the distance between the bonds is approximately 0.412 nm and the distance between the layers of approximately
0.335 nm 7. Its sp? configuration explains its high in-plane thermal conductivity (4. It can be modified into various forms,
namely expanded graphite (EG), graphite nanoplatelets, and graphite flakes (GF), that are easily dispersed in polymers
17, EG is a light and worm-like structure with a thickness of 100 to 400 nm, formed when the graphite-intercalated
compounds are exposed to a sudden temperature increase for a short time. Exfoliation of EGs through ultrasonication will
produce graphite nanoplatelets, which consist of stacks of graphite layers. The thickness of the graphite nanoplatelets is
less than 10 nm and the diameter is in the range of sub-micron to approximately 15 pum 18],

Single-walled carbon nanotubes (SWCNT) have a cylindrical nanostructure formed by rolled-up graphene. They arose as
promising for thermal management applications, with thermal conductivity values depending on many factors. Pop and co-
workers developed a theoretical study on an individual SWCNT, reporting a thermal conductivity of nearly 3500 Wm™1K™1
at room temperature 191,



2.2. Metallic-Based Nanomaterials

Metals such as aluminum, copper, gold, silver and others, appear as the obvious materials for heating due to their high

electrical and thermal conductivities (Table 1). Among all metals, silver presents the highest electrical (6.3 x 107 Sm™)
and thermal conductivity (427 W m™1 K1) at room temperature. Copper follows silver in terms of properties, but it is less
stable in air. In turn, the cost of silver is lower than that of gold and platinum. The engineering of metal nanostructures has
attracted a lot of research lately, as a way to manipulate photons and electrons and to produce transparent electrodes for
optoelectronic devices, as will be explored later in this review. The main metallic-based nanostructures are metallic
meshes, metallic grids and metallic nanowires. Even though the difference between metallic meshes and grids is
sometimes confusing in the literature, we hereby consider that metallic meshes do not present an organized conductive
direction, while metallic grids present a periodic arrangement of lines.

Metal nanoparticles have unique properties, mainly due to their dimensions and subsequent large ratio of atoms in the
particle surface. As opposed to metal nanoparticles, metal nanofibers or metal nanowires present elongated structures
that help the electrical current passage. That is the reason why they have been largely investigated as network electrodes
for optoelectronic devices, with strictly controlled electrical and optical properties. Copper nanofibers provide around 2-3
orders of magnitude higher aspect ratios than other 1D nanomaterials such as carbon nanotubes or silver nanowires.
Silver nanowires have been the most explored nanomaterials, with copper nanowires appearing as an alternative. Some
determinant aspects as their dispersing agents, wire geometry and aspect ratio have been fully studied and reviewed over
the years 29, The junctions between the wires in the network are crucial for the conductivity paths, with a well-sintered
junction causing a lower junction’s electrical resistance. This leads to overall lower electrical resistance and enhanced
electrical and mechanical properties. The thermal conductivity of silver nanowires at room temperature was reduced by
55% from that of bulk silver (see Table 1). Cheng et al. used a unified thermal resistivity method to elucidate the electron
scattering mechanism of bulk and silver nanostructures 9. In bulk silver, the phonon scattering dominates the electron
transport, with rare structural scatterings, while in metallic nanostructures, there are grain boundary and surface
scatterings. These scatterings limit the electron free path, which contributes to the reduction in thermal and electrical
conductivity.

2.3. Intrinsically Conductive Polymers

A broad range of available polymers has been documented to have significant electrical conductivity with the addition of
dopants. This included polyacetylene, polypyrrole, polyaniline and polythiophene, among others. After polyacetylene has
been disregarded commercially due to instability in air, polyaniline and polythiophene have emerged as the most
promising in both research and industry, not only due to their stability but also due to their dissolution ability in common
solvents. Conductive polymers have attracted much attention due to their advantages, such as recyclability, light weight,
low cost, chemical stability and easy processability 1. Their solution processability, in particular, makes intrinsically
conductive polymers highly attractive for flexible electronic devices. The fact that the polymer’s molecular structure can be
tuned to control the electrical and mechanical properties of the resulting material is also highly promising.

The correlation between electrical and thermal conductivities in conductive polymers largely differs from the ones in
metals, since electrons are not the carriers for electrical nor thermal current £, In contrast to the electrically insulating
polymers, the thermal conductivity in conductive polymers happens through phonons and charge carriers. As for the
insulating polymers, the thermal conductivity in a conductive polymer strongly depends on numerous factors, such as
defects or structural faults, its chemical components, side group molecular weight, molecular density distribution,
temperature, processing conditions, and others (1. The presence of defects in polymers can cause phonon scattering at
the interface between amorphous and crystalline states, leading to low thermal conductivities 28, The low thermal
conductivities (Table 1) of electrically conductive polymers are thus explained by the same reasons pointed to before.
There are a few intrinsically conductive polymers, with a balance between crystallinity and low insulating content, that can
be used as conductive thin films or as conductive fillers in nanocomposites [22. However, engineering of the thermal
conductivity is not an easy task, as for crystalline materials, as it depends on several structural factors such as the type
and size of fillers, conformation of polymer chains and chain structure 14,

Polythiophene materials, namely Poly(3,4-ethylenedioxythiophene (PEDOT) doped with aqueous polystyrenesulfonate
(PSS) (PEDOT:PSS), appeared as one of the most promising intrinsically conductive polymers. It presents the highest
reported conductivity among solution-processed polymers 23, which has been reported to increase from 0.8 Scm™ to 80
Scm™ in the presence of the solvent DMSO [24, |ndeed, some studies have been published on different techniques to
enhance the electrical conductivity of PEDOT:PSS [24125] including organic solvent, surfactant, salt solution treatments,
and others. Romasanta and colleagues have reported a microfluidic method of adding a secondary liquid dopant to alter



PEDOT:PSS films locally, boosting the electrical conductivity in a specific area to take advantage of the localized Joule’s
effect (28],

2.4. Hybrid Nanomaterials

Hybrid nanomaterials synergistically combine materials of different natures, such as organic and inorganic. They can be
highly promising structures that keep the beneficial properties of both inorganic nanoparticles and polymers, e.g., &, In
addition, multifunctional hybrid nanomaterials can be produced, with the ability to tune their properties through the
combination of functional components [28],

| 3. Fibrous Systems

Conductive fibers have been largely exploited to conduct electricity and provide heating via the Joule effect, but also for
sensing and for providing antimicrobial and electromagnetic shielding (EMS) properties.

Carbon fibers have a diameter of 5-10 um and are composed of carbon atoms bonded together to form a long chain.
They have been used in applications in the aerospace and automotive industries, among others, due to their high
stiffness, tensile strength, chemical resistance and temperature tolerance. In fact, they present a high ratio of strength to
weight and a high ratio of modulus to weight. In addition to their large thermal conductivity (Table 1), they also present a

large electrical conductivity (>3300 S/cm) El. Even though they are under the category of carbon-based materials in Table

1, they are micromaterials. In addition to providing strength and stiffness to composites, these carbon fibers also introduce
new functionalities such as thermal and electrical conductivity, based on their intrinsic properties. The most common types
of carbon fibers are polyacrylonitrile (PAN) and pitch carbon fiber 22, The pitch-based CFs exhibit a thermal conductivity
of about 1000 Wm=1K~1 B9 much higher than that of PAN (8-12 W m™1 K1) [21],

Metallic fibers are manufactured fibers composed of metals, either plastic-coated metal, metal-coated plastic or a core
completely covered by metal. Whole metallic filaments are fabricated by a continuous heat treatment applied to the
metallic wires followed by drawing B2, Since 1968, Underwood's technique of producing metallic yarns by spinning a
bundle of metallic fibers has been followed 3. For that, a solid mass of metal is shredded to produce elongated filaments
with rough or serrated surfaces. Stainless steel fibers can be used to produce fine stainless-steel yarns, suitable for
knitting or weaving and largely used in different heating applications.

The morphological properties of fibrous systems can highly influence the thermal and electrical transport performance. It
has been reported that fiber length, diameter and orientation of natural fibers affect mechanical, thermal properties,
among others 241,
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