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Graphical Abstract:

Abstract:

There is a growing demand for flexible and wearable next-generation electronic devices that
must be capable of bending and stretching under mechanical deformation. In this regard,
energy harvesting technologies have immensely invested in organic and polymeric
semiconducting materials due to their large-area synthesis, low cost, low toxicity, high
flexibility, and tunable electronic properties. For example, electrically conductive n-
conjugated polymers have been investigated in various thermoelectric technologies for
producing stretchable, wearable, and light-weight thermoelectric devices that can harvest
energy from a temperature gradient and produce electricity with no pollution or moving
parts. In this review we initially provide a general overview of the thermoelectric principles
and conductive polymer characteristics, followed by the recent progress in their application
in flexible and wearable thermoelectric devices. We also evaluate new advances in

manufacturing hybrids of m-conjugated polymers with other polymers, inorganic materials,



or carbon nanostructures, and their applications in body energy harvesting and smart

cooling.

Highlights

* A review assessing state of the art flexible and wearable heat-to-electricity energy
convertors.

e Categories and characteristics of thermoelectric conductive polymers and their nano-
hybrids.

e A physics, chemistry and technology framework for thermoelectric body heat
harvesting research.

e OQutlook on the organic/polymer field challenges to upscale thermoelectric energy
convertors.

Keywords:

Conductive polymers, Organic thermoelectric materials, Hybrid thermoelectric materials,
Flexible thermoelectric generators, Wearable thermoelectric devices, Body energy

harvesting.



1. Introduction

Since the control of fire by early humans, we have sought to diversify our means of
producing thermal energy. Initially, the main source of thermal energy was biomass
combustion (such as wood and animal waste). It then evolved throughout history with the
use of fossil fuels. Eventually the thermal energy sources were broadened through scientific
discoveries and technological progress, and today heat can be harvested from a number of
sources such as: mechanical energy via friction and shocks [1], nuclear energy via fission [2],
radiant energy via solar collectors [3], and even geothermal energy [4]. Nevertheless, most
of the produced heat is untapped and released directly into the atmosphere [5]. In fact,
around 2/3 of all energy generated is not harnessed for any productive use [6]. This is
exemplified by the fact that internal combustion engines are only about 20-40% efficient,

and even electric engines waste 10-15% of their energy [7, 8].

A portion of unused thermal energy can be harvested for increasing the energy
production of the systems. Among the various potential renewable energy systems,
thermoelectricity is one solution capable of transforming waste heat energy directly into
electricity, improving the overall thermal efficiency of the system. However, considering the
relatively low power vyield of the present thermoelectric devices, this form of sustainable
energy recovery has not yet seen large penetration in the context of the current global
energy challenge and related environmental crisis [9]. In fact, considering the viable power
yields, application of thermoelectric generators (TEGs) can be more promising in low-power
personal devices. Particularly, small and flexible TEGs can provide the pyW-mW power
requirement of smart clothes, health monitoring sensors, and biosensors. For applications
that require larger power supplies such as cellphones, fitness trackers, and smart watches,
TEGs can be coupled with microelectronic booster circuits or storage devices (e.g. capacitors
or batteries) that nowadays are as thin as a paper sheet. Nonetheless, the wearability of
TEGs is still in its infancy, as a diversity of challenges (environmental stability, reliability to
mechanical fatigue, proper integration in devices, optimized power conversion efficiency)
still needs to be addressed in order to achieve practical and sustainable devices. Answering
these challenges undoubtedly require deeper scientific knowledge and additional

experimental studies in molecular and macromolecular chemistry, solid-state/soft-matter



physics, materials science, manufacturing engineering, as well as physiology, i.e. from

chemical formulation to device design and integration.

In this regard, researchers have been constantly trying to achieve a significant
improvement in the efficiency of thermoelectric devices. Currently, TEGs are mainly made
from inorganic semiconducting materials due to their superior thermoelectric properties
[10]. However, some of these inorganic materials consist of elements with low abundance in
earth’s crust [11]. Moreover, their relatively heavy weight is a limiting factor for embedded
applications and their low processability, high toxicity and high cost (e.g. around $800/kg for
bismuth telluride) are problematic for the future device uses [12]. It was in this scenario that
the discovery of efficient charge transport in doped conjugated polymers (p- and n-type) [13-
15] attracted the attention of the thermoelectric scientific community in its search for
innovative and competing materials for TEGs [16, 17] . Indeed, the conducting polymers’
strengths lie in their intrinsic low thermal conductivity, high processability (printable
techniques applicable), and low cost [18-21]. However, the low electrical conductivity, in
particular for n-type polymers, as compared to inorganic thermoelectric materials, is the
main reason behind their inferior efficiency. Thus, their application as thermoelectric
materials is still limited to niche applications that involve low-powered devices. Nonetheless,
strategies to reach relatively high electrical conductivity based on structural modification

and band gap tuning have been introduced and are discussed in the sections that follow.

Electrically conductive m-conjugated polymers are carbon-based materials consisting of
alternated simple and double (or triple) bonds that allow charge transport. Important
aspects, such as the macromolecular architecture, doping level, and crystallinity of these
material strongly influence their electronic states density. For example, extending the
degree of polymerization of m-conjugated polymer chains causes a broadening of the m-
orbitals with a pronounced overlapping, which leads to a modification of the density of
states from isolated states to a band-like structure. Hence, m-conjugated polymers can
electronically range from semiconductors, semimetals to metals. Also, the electrical
properties of such polymers are highly versatile as they are heavily influenced by the

processing methodology.



In the following sections, we will review the thermoelectric principles, the properties that
affect the thermoelectric behavior of a material, the conductive polymers characteristics and
their application in flexible and wearable thermoelectric devices. Finally, we will highlight
recent advances in manufacturing hybrids of conducting polymers with other polymers,

inorganic materials, and carbon nanostructures.

1.1 Thermoelectric principles

Thermoelectricity combines two phenomena in a material; heat transfer (“thermo”) and
charge transfer (“electricity”). Thermoelectric systems can either convert directly heat into
electricity or convert an electrical power into a cooling source. The performance of
thermoelectric materials is characterized by the Figure of Merit ZT = S?0/k, a dimensionless
parameter first introduced by Edmund Altenkirch in 1911 [22]. The Figure of Merit at a given
temperature T, contains the Seebeck coefficient S, the electrical conductivity o, and the
thermal conductivity k. The product in the numerator, S%c, is known as the Power Factor (PF)
and is sometimes used to compare the performance of thermoelectric materials, especially

when it is difficult to measure the thermal conductivity (for instance in thin films).

Seebeck coefficient

Applying a temperature difference (AT) across a conductive or semiconducting material
generates a voltage potential (AV). The proportionality between AV and AT is given by an
intrinsic material property known as the Seebeck coefficient S = - AV/AT. By convention, for
semiconductors, the Seebeck coefficient is negative for n-type and positive for p-type
materials. Thus, the Seebeck effect is of paramount importance in the semiconductor field,
as it allows for the determination of the type of dominating charge carriers in a material as

well as the relative positioning of the Fermi level with respect to the transport levels [23].

Electrical conductivity

Electrical conductivity (o) is also a key parameter in the thermoelectric field. It is a
material-inherent property for conducting current, and is linked to charge carrier transport
phenomena [24]. In semiconductors, the electrical conductivity is calculated by the following
relation: o = q(unn+upp), where pn(pp) is the mobility of electrons (holes), n (p) is the charge

carrier concentration of electrons (holes), and q is the elementary charge.



Thermal conductivity

The last important parameter that is involved in thermoelectricity is the thermal
conductivity [24]. The Thermal conductivity (k) is the ability to transfer heat without matter
displacement that can be defined as a ratio of heat flux density to temperature gradient
based on Fourier’s law. The thermal energy transfer through conduction is a random process
depending on diffusivity and particles collision in a material. Considering metals and heavily
doped inorganic semiconductors, there are two parallel contributions to k: the structural kg
related to lattice/backbone collective vibrations which can be described by quasi-particles
like phonons, locons, propagons, and the electronic contribution kerelated to the material’s
charge carriers that also influence the propagation of phonons and thus contribute to the

heat transport capacity [25, 26].

Improving the thermoelectric performance is fundamentally challenging because S and o
are antagonistically interdependent, and also coupled to k. The ZT relationship suggests that
to improve the performance one might aim to enhance the electrical conductivity, for
example, by increasing the carrier concentration, n (¢ = nqu). However, increasing the
carrier concentration generally leads to a reduction in the material’s Seebeck coefficient and
an increase in the thermal conductivity. Therefore, ZT improvement is difficult to achieve
and usually limited to the optimization of charge carrier levels in doped semiconductors or
semimetals in order to balance the thermal conductivity and the electronic transport
properties [27-31]. An ideal thermoelectric material is often described as a “phonon-glass
electron-crystal”, denoting a low k, high S and high ¢ [31]. Regarding inorganic compounds,
the best thermoelectric materials are traditionally bismuth telluride alloys (Bi-Te) at room
temperature (ZT = 1.86 at 320 K) and lead telluride (Pb-Te) at high temperature (ZT = 2.2 at
915 K) [32]. Regarding organic compounds, the best thermoelectric performance reported so
far at room temperature is ZT = 0.75 with a power factor of 754 uyW.m ~.K™= in poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) thin films with 1-ethyl-3-
methylimidazolium dicyanamide (EMIM-DCA) ionic liquids at the film surface [33]. So far, the
inorganic thermoelectric materials have exhibited a much higher ZT, but their organic
counterparts (and in particular polymers) have other intrinsic advantages like flexibility, low
cost, scalability, and light weight, which are essential for flexible, portable, and wearable

applications.



Afterword on transport properties

In a non-degenerate semiconductor, the Seebeck coefficient is inversely proportional to the




and is related to the charge carrier density (n) through n = [ N(&)f (¢)de, in which f(¢) is

the Fermi-Dirac distribution function [36].

In summary, the Seebeck coefficient and electrical conductivity of conjugated polymers
strongly depend on the electronic band structure, i.e. the charge carrier density and
mobility. Additionally to the macromolecular design of conductive polymers which virtually
affords any combination of chemistry and sequencing, multiple approaches have been
reported to further tune their band gap energy, DOS, charge carrier density and mobility,
e.g. structural engineering, synthetic formulation or tuning of the doping level. These
approaches illustrated by recent reports to control the Seebeck coefficient and electrical
conductivity of conjugated polymers for thermoelectric applications are discussed for

various promising materials in Section 2.

2. Conductive polymer materials for flexible thermoelectric applications

2.1 Motivation

Over recent years, interest in conductive polymers for thermoelectric applications has
escalated thanks to their uniqgue combination of properties [37]. Semiconducting polymers
can exhibit a high electrical conductivity of ~ 1000 S.cm_1 [38] and a relatively low thermal
conductivity of ~ 0.1-1 W.m'l.K'1 as compared to that of conventional inorganic
semiconductors (~ 1-100 W.m_l.K']) [39-43]. Furthermore, polymers have the major
advantages of being printable, flexible, moldable and easily scalable which are non-negligible
advantages [16, 43]. However, as the Seebeck coefficient of these polymers is not
intrinsically high, they have demonstrated lower thermoelectric efficiencies than their

inorganic counterparts. In the next sections, different strategies to enhance the

thermoelectric properties of m-conjugated polymers (p- and n-type) will be discussed.

2.2 P-type conductive polymers

Conductive polymers were not initially anticipated as potential thermoelectric materials.
The first widely studied electrically-conductive polymer is trans-polyacetylene characterized

by the intrinsic planarity of its backbone [44-47]. When doped by arsenic pentafluoride

-1 2 —1' s—l

(AsFsg), relatively high conductivities of 560 S.cm ~ and carrier mobilities of ~ 1 cm®V



were measured, but low Seebeck values ~ 10 uV.K' were measured for high carrier
concentrations [48]. Nevertheless, 30 vyears later, the potential of polymers as
thermoelectric materials was demonstrated by Hiroshige et al. by doping poly(p-phenylene

vinylene) (PPV) with iodine (ZT = 0.1) [49].

Today, the representative p-type thermoelectric polymers include PEDOT, polythiophene
derivatives (more particularly poly(3-hexylthiophene, P3HT), polyaniline (PANI), polypyrrole
(PPy), polyphenylenevinylene (PPV), polycarbazole (like poly[N- 9'-heptadecanyl-2,7-
carbazole-alt-5,5-(4,7-di-2-thienyl-2',1',3'-benzothiadiazole], PCDTBT) and
poly(benzodithiophene) (like Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-
2,6-diyl][3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno[3,4-b]thiophenediyl]], PTB7) (Figure 1).
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2.2.1 PEDOT-based p-type thermoelectric materials

The PEDOT family is the most studied and developed p-type thermoelectric material.
Among those family members, PEDOT:poly(styrenesulfonate) (PEDOT:PSS) and PEDOT:p-
toluenesulfonate (PEDOT:Tos) have received the greatest attention so far [50-52].
PEDOT:PSS is water dispersible and the suspensions are commercially available. As-prepared
PEDOT:PSS films have low thermoelectric conversion efficiency with electrical conductivities
lower than 1 S.cm_land Seebeck coefficients of ~ 15 uV.K'1 [53-61]. These low properties
are related to an excess of non-conductive PSS chains, necessary to stabilize PEDOT in water
[54]. The thermoelectric properties, particularly the electrical conductivity, can be enhanced
by removing the excess PSS (i.e. dedoping) by various methods developed recently [61-70].
Furthermore, the Seebeck coefficient can be improved with the addition of structural agents
leading to an enhanced crystallinity [53]. Similar to PEDOT:PSS, in-situ polymerized
PEDOT:Tos has also received great attention thanks to its good electrical performance, easy
fabrication, and property tunability improved by chemical dedoping and structural

engineering [71-75].

2.2.1.1 Structural engineering and morphology tuning

In semi-crystalline conductive polymers, the electronic band structure can be tuned
through macromolecular engineering and refined further via adequate structuration into
highly ordered crystalline regions. Therefore, structural engineering is as also called
“secondary doping”, since it allows an improvement of the electronic properties [76]. In
principle, a higher degree of crystallinity leads to an improved electrical conductivity in a
material as the charge transport is facilitated [77, 78]. When a conductive polymer film is
treated with a solvent (in either liquid or vapor form), its morphology is modified without
altering the effective doping level. For instance, the PEDOT:PSS thermoelectric performance
can be enhanced by adding poly(ethylene oxide) (PEO), ethylene glycol (EG), or dimethyl
sulfoxide (DMSO), because the resulting morphological modifications improve the electrical

conductivity with a concomitant minor reduction of the Seebeck coefficient [63, 64, 79-81].

Although PEDOT:PSS has the potential for very high electrical conductivity, it suffers from
a small ionization fraction induced by the PSS dopant in its pristine form. Consequently, a

large excess of PSS is required to create a high carrier concentration. Such high carrier
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concentration samples yield low values of S, highlighting the need to control the PSS amount
in PEDOT:PSS dispersions. Moreover, the presence of many non-ionized dopants can
considerably decrease the carrier mobility and consequently the Seebeck coefficient [82].
Accordingly, Kim et al. demonstrated how high boiling point solvents, such as ethylene glycol
(EG) and dimethyl sulfoxide (DMSO), favorably influence the PEDOT:PSS thermoelectric
properties [83]. PEDOT:PSS films were treated in EG and DMSO baths to wash out the excess
PSS, and led to the improvement of the power factor from 50 to 469 uW.m'l.K'Z. It is
because the superfluous PSS chains in PEDOT:PSS films result in an extended phase
separation, which is detrimental to charge transport taking place by tunneling between
conductive nanoscale PEDOT-rich islands surrounded by PSS-rich shells. By removing the
excess PSS, the tunnelling distance decreases and allows an improved charge carrier
mobility, which in turn induces an increase of the Seebeck coefficient and consequentially
the power factor. Later, Palumbiny et al. [84] showed that the related increase of
crystallinity was induced by a reduced crystallization kinetics due to the plasticizers effect of
high boiling point solvents. Hence, an improved rearrangement of the polymer chains was
possible in the film configuration, leading to an increase in the degree of crystallinity which

facilitated the charge carrier transport (Figure 2) [58, 68, 84].
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Figure 2. Plasticizing agents effect on the PEDOT:PSS structure. When EG is added to PEDOT:PSS material (b),
the crystallization process is slowed down resulting in a better stacking of the polymer chains, compared to the
pure PEDOT:PSS material (a). When the thin films are further treated in an EG bath, the system recrystallizes
and shifts from a face-one to an edge-on configuration (c) [84].

Then, Bubnova et al. proposed that PEDOT derivatives with a tailored crystallinity could
show semimetallic behavior, i.e. possessing a relatively high electrical conductivity along
with a relatively high Seebeck coefficient [85]. Their PEDOT:Tos films made by vapor-phase

12 1n highly crystalline

polymerization exhibited a power factor as high as 454 pW.m~
PEDOT systems, the PEDOT units m-orbitals overlap and recombine, inducing the formation
of a bipolaron network, increasing the density of states toward the Fermi level (gf), and
enhancing the electrical conductivity and the Seebeck coefficient. Other recent studies also
support the benefit of increased crystallinity on the PEDOT derivatives thermoelectric
properties in thin film[85-88]. Petsagkourakis et al. correlated the charge carrier mobility in
PEDOT:Tos thin films to their crystallinity and investigated their influence on the

thermoelectric properties [77]. To increase the films crystallinity, the polymer solution was

12



mixed with two additives: an organic base (pyridine) and a high boiling point solvent
(DMSOQ). X-ray photoelectron spectroscopy (XPS) investigations demonstrated how such
treatment did not affect the oxidation level of the polymers; therefore, attributing the
enhanced electrical conductivity to an improved charge carrier mobility. Similarly, a Seebeck
coefficient enhancement with charge carrier mobility was observed and a proportional

relationship between these factors was extracted as: S o(uaz.

2.2.1.2 Tuning of the doping level

One of the main concerns about thermoelectric development is the modest electrical
conductivity of intrinsically conducting polymer materials, for instance pristine PEDOT:PSS
has an electrical conductivity of 0.1-0.5 S.cm_1 [89]. However, it has been shown that the
thermoelectric properties of PEDOT films can be increased by removing the unionized portion of
the counter-anion molecules, which reduces the charge carrier mobility [90]. This process is called
“dedoping”, although it does not change the effective doping level. This is an additional key to
tune the electronic properties of polymeric thermoelectric materials, compared to inorganic
materials. As a reference study, Bubnova et al. optimized the PEDOT:Tos thermoelectric
properties by exposing their films to reductive vapors, such as tetrakis(dimethylamino)
ethylene—TDAE [52]. By dedoping the films, the electrical conductivity was decreased as
opposed to the Seebeck coefficient (Figure 3 (a)). The resulting power factor was improved
from 38 to 324 uW.m-l.K'z, and a ZT of 0.25 was obtained at room temperature, based on

the calculated thermal conductivity.

In a sample, the dedoping degree is strongly influenced by the reducing agent
electrochemical potential and chemical nature. For instance, Massonnet et al. [91] showed
that by dipping PEDOT:PSS films in TDAE or hydrazine, Seebeck coefficients of 43 and 93
uV.K'lwere obtained, respectively. This difference is related to the chemical nature of these
reducing agents. TDAE, a non-polar organic reducing agent, shows limited interactions with
the hydrophilic PEDOT:PSS layer, as compared to the more polar hydrazine. Alternatively,
Khan et al. [92] investigated the influence of the pH of treating solution, i.e. hydrochloric
acid and sodium hydroxide, on PEDOT thermoelectric properties (Figure 3(b)). Treating thin
film samples with acidic or basic solutions did modify the electronic transport with the

highest power factor of 26 LLW.K'Z.m'1

for pH >7. The authors explained that treating the
material with a basic pH solution affects the oxidation levels leading to modification from

13



bipolaronic states to polaronic states, as confirmed by UV-visible and IRAS spectra analysis.
Later, Fan et al. [93] used sulfuric acid with sodium hydroxide (a reducing agent) on pristine
PEDOT:PSS films. The sulfuric acid oxidized and modified the film morphology, increasing the
electrical conductivity. The power factor of the PEDOT:PSS film was enhanced by 5 orders of

3 -1 -2

magnitude, from 4.5x10" uW.m_l.K-zto 334 pW.m K

Figure 3. (a) Electrical conductivity o, Seebeck coefficient S, and the power factor 0S?, versus the oxidation
levels of the PEDOT:Tos films. [52] (b) UV-Vis spectra of acid and base treated PEDOT:Tos with respect to the
treating solution pH [92].

All the aforementioned works were based on conventional chemical oxidation-reduction
(redox) reactions. An alternative approach to optimize the doping level in conductive
polymers is based on electrochemical methods. A typical electrochemical setup is composed
of three electrodes: a working, a reference and a counter electrode. This technique consists
of depositing a polymer film by oxidation (anodic polymerization) on electrically conductive
surfaces, e.g. gold, platinum, In203 (ITO), etc. [94]. Electrochemical polymerization is a very
attractive method because polymerization, doping and processing take place
simultaneously. Moreover, a large choice of counter-ions is available, whose only
requirement is solubility in the electrolytic solution. The main influencing factors to change
the transport properties and film morphology are temperature, current density and current
frequency, electrolyte nature and counter-ions for PEDOT [95]. Park et al. [96] synthesized
PEDOT:Tos by this process and obtained a record power factor of 1270 uW.m_l.K_z. Another
demonstration by Bubnova et al. [97] was accomplished with an organic electrochemical

transistor (OECT) architecture used to further increase the oxidation level (i.e. not only on a
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sample surface, but also throughout the bulk) leading to a Seebeck coefficient of ~ 400 puVv.K
in PEDOT:PSS samples.

2.2.2 Non PEDOT-based p-type thermoelectric materials

Historically, the first conductive polymer was trans-polyacetylene [44, 45, 48], a “non-
PEDOT-based” p-type polymer. Although PEDOT:PSS and derivatives are widely represented
in the thermoelectric field, considerable research on other p-type polymers has been
performed as well. These studies aimed at improving the thermoelectric properties of p-type

polymers through an optimization of their morphology and doping level.

2.2.2.1 Polyacetylene (PA)

PA is an archetypal conjugated polymer that is made of a long chain of carbon atoms with
alternating single and double bonds. When polyacetylene is doped with halogens such as
chlorine (Cl), bromine (Br) or iodine (I) vapors or with arsenic pentafluoride (AsFs), an
increase in the electrical conductivity to 2x10* S.cm™ can be achieved [44, 98-100]. There
are also reports demonstrating that stretching can enhance its conductivity because of the
increased crystallinity due to the shear alignment of the polymer backbone. For instance, the
electrical conductivity of an iodine-doped PA film was doubled from 3x10° to 6x10° S.cm™
upon stretching [101]. Zuzok et al. reported the PA thermoelectric properties doped with
metal halides such as FeCls, ZrCl; and NbCls [101, 102]. They demonstrated that the huge
intrinsic conductivity of metallic regions in PA is related to an unusually small electron-
phonon interaction for carriers involved in charge transport. Despite being the first polymer
showing a good electrical conductivity of 44 S.cm™ and the highest power factor of 9.9x10™
uW.m'l.K'2 after doping [103], PA has not been very popular in organic thermoelectric
devices, because of its poor solubility and high oxidation tendency in air. Nevertheless, the
promising thermoelectric properties of PA acted as the driving force for research on other

more stable p-type materials in air conditions.

2.2.2.2 Polyaniline (PANI)

PANI’s popularity as a conducting polymer is due to its facile synthesis and interesting
properties such as chemical stability, flexibility and solution processability. Another inherent
property of PANI is its ability to be p- or n-doped, i.e. the main charge carrier type in PANI

can be controlled through the pH tuning of dopants or by the grafting of organic/inorganic
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moieties on the polymer chains [104-106]. Furthermore, the synthesis of PANI can be
performed chemically or electrochemically, resulting in materials with different
morphologies and electrical conductivities [107]. This is because the electrical conductivity of
PANI depends on its oxidation state; and as PANI has three distinct oxidation states and
acid/base doping response, its electrical conductivity can be tuned from 107 to 3x10% S.cm™

[108, 109].

The dependence of HCl-doping concentration on the thermoelectric properties of PANI
was studied by Li et al. and a maximum ZT value of 2.7x10™ at 423 K was achieved [80]. Nath
et al. used camphor sulphonic acid (CSA) to dope nanocrystalline PANI and obtained a high
ZT value of 0.77 and 2.17 at 45 K and 17 K, respectively [110]. An alternative strategy to
increase the thermoelectric properties of PANI is the cross-linking of polymer chains. It has
been shown that due to a better crystallinity and charge transport in the aforementioned
case, the mobility and conductivity increased by almost 25% as compared to the linear

polymer [111].

2.2.23 Polypyrrole (PPy)

PPy is another popular conducting polymer for thermoelectric purposes due to its
reasonable electrical conductivity and mechanical stability in the form of flexible films. There
are various ways to fabricate flexible conducting PPy films, e.g. electrochemically or
oxidatively with iron(lll) trichloride (FeCls) [112-114]. One of the advantages of the
electrochemical route is the possibility to dope the polymer chains during the process, for
example by (Fe(CN)e)* [115]. Another attractive method is the freezing interfacial
polymerization, which allows to obtain high electrical conductivity of 2x10% S.cm™ due to an
increased ordering of the polymeric structure [113]. However, the main drawback of this
type of polymers is their low Seebeck coefficient at room temperature [116]. The highest

reported value of power factor for PPy is 3.9 uyW.m™.K? [117].

2.2.2.4 Poly(3-hexylthiophene) (P3HT)

Regioregular P3HT is an alkylated derivative of polythiophene, and one of the widely
investigated m-conjugated electrically conductive polymers. It shows a good solubility in a
variety of organic solvents enhancing its film processing properties, and it is commercially

available [118]. As P3HT was used with success in all-organic solar cells and all-organic field

16



effect transistors, research groups investigated this particular polymer as thermoelectric
material. Crispin et al. evaluated P3HT films thermoelectric properties doped with
nitrosonium hexafluorophosphate (NOPFg) [47]. The maximum performance was observed in
sample with 20 to 31% doping levels, giving a power factor of 14 uW.m1.K?2 It was
demonstrated that the bulky PFg anions inhibit the formation of crystallites at low doping
levels, but with increasing the doping levels the structure order increases in line with the
electrical conductivity, whilst the Seebeck coefficient diminishes. Similarly, Zhang et al.

doped P3HT with ferric salt of TFSI" and measured a power factor of 20 pW.m™>.K?[119].

Another recent approach in doping P3HT films is by using organic molecular dopants, such
as the electron acceptor 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F;TCNQ)
[120-122]. Molecular dopants induce ground-state charge carrier transfer in the
semiconductor polymer host, creating polarons or bipolarons [122-124]. These dopant
anions remain in the film and often result in a drastically reduced solubility. Therefore,
aggregation is a major issue in polymer:dopant liquid mixtures. To avoid such phenomena,
solutions shall be diluted and kept at high temperature [125]. With a conventional solution
processing, an electrical conductivity of 4x10™ S.cm™ and a power factor of 6x107° pW.m™.K
2 were demonstrated [126]. Another problem with such bulk doping methods is that large
amounts of F4,TCNQ negatively affect the morphology of the P3HT film and lead to F4,TCNQ

aggregation, which prevents achieving higher conductivity levels [127].

In a study comparing the electronic properties and surface morphologies of P3HT:F,TCNQ
films doped directly in solution or by sequential doping processes (Figure 4) [121], Jacobs et
al. observed that the sequential doping technique not only facilitates their processing, but
also increases considerably the electrical conductivity at equivalent doping ratio. A 3 to 15-
fold higher conductivity was assigned to the optimization of the morphology with numerous
tie molecules in-between crystallites as shown in Figure 4. In a film processed by the
sequential doping technique , a conductivity of 5.5 S.cm™ and a PF of 8 uW.m'l.K'2 were
measured [127-129]. This procedure was further adapted to obtain thick films (> 1um) with
almost the same properties as thin films, i.e. 0 of 3 S.cm™* and PF of 5 uW.m'l.K'z. Thick films

were obtained by stacking of alternated polymer and dopant layers [129].
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Alternatively, Hynynen et al. used the sequential doping method, by exposing P3HT films
to F4TCNQ vapor, and demonstrated that the crystalline structure of the films could be
controlled by the doping level [123]. They additionally showed that the molecular weight of
P3HT did not strongly affect the electrical conductivity and reported a power factor of 2.7

1

HW.m~ .K_2 at room temperature with a maximum Seebeck coefficient of 63 uV.K-1 and

electrical conductivity of 12.7 S.cm_1 [125].

Figure 4. Schematic of (a) mixed solution doping and (b) sequential doping methods to dope P3HT with FATCNQ.
The resulting morphological structures are illustrated for both methods [121].
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2.2.2.5 Donor-acceptor p-type polymer

The co-polymerization of donor and acceptor units allows a precise tuning of the
electronic properties in semiconducting polymers. There have been some studies to evaluate
the thermoelectric properties of these donor-acceptor copolymers. However, doping

methods and processability have not yet been fully explored in this class of polymers.

2.2.2.5.1. Poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene)
(PBTTT)

PBTTT is a semiconducting m-conjugated polymer used as a hole transporting material.
When it has a high degree of crystallinity, it can show a high charge carrier mobility. One of
the first attempt to improve the thermoelectric properties of PBTTT was performed by
doping as-cast and annealed PBTTT films using a chemical oxidant NOPFg:acetronitrile
solution [130]. Based on spectroscopic measurements, it was found that the doping
efficiency was similar for both types of films. However, the thermoelectric properties of the
annealed PBTTT films (S = 13.5 pV.K™* and o = 55 S.cm™) were higher than those of the as-
cast films (S = 11 pV.K* and o = 33 S.cm™). The power factor of annealed films was three
times higher, which was attributed to the increase of structural ordering [130]. Later, acid
dopants like (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FTS) and 4-ethyl-
benzenesulfonic acid (EBSA) were used on PBTTT films [131], and yielded to an improvement
of the conductivity, from 5 S.cm™ to 1x10° S.cm™* and 1.3x10° S.cm™, respectively. However,
as the two aforementioned doping agents led to different Seebeck coefficients (33 uVv.K* for
FTS and 25 uV.K™ for EBSA), the resulting power factors were significantly different; 110
uW.m™.K? for FTS and 25 pW.m™.K for EBSA. To investigate the influence of the dopant
nature on the crystallographic structure, grazing-incidence wide-angle X-ray scattering
(GIWAXS) analysis was performed and it was demonstrated that both doping agents
preserved an edge-on structure of PBTTT crystallites with similar local ordering. Accordingly,
the Seebeck coefficient difference observed when using those dopants was not related to
structural changes. The authors linked the enhancement of the Seebeck coefficient in FTS to
a more extensive doping of the disordered domains, leading to an increase of the number of

percolation pathways[131].

F,TCNQ is another dopant utilized for PBTTT and depending on the doping process,
various properties can be obtained. For example, F,TCNQ solution-doped PBTTT films
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demonstrated a power factor of 1.3 uW.m™.K? [132], while vapor-processed PBTTT films
with F,TCNQ vyielded a higher power factor of 32 pW.m™.K? [133]. This increase resulted
from a significant difference in the electrical conductivity of the films. Indeed, vapor-doped
PBTTT films showed more than hundred times enhancement in electrical conductivity with
comparable charge carrier concentrations [132, 133]. This increase in conductivity was
attributed to a higher molar ratio of F,TCNQ in the vapor-doped film. PBTTT was also doped
with 2,5-difluoro-7,7,8,8-tetracyanoquinodimethane (F,TCNQ), which has a smaller electron
affinity than F4,TCNQ. Due to the lower doping efficiency, the vapor-doped film with F,TCNQ
had a lower conductivity of 36 S.cm™ and a higher Seebeck coefficient of 140 pV.K™. Despite
the lower doping efficiency, F,TCNQ vapor-doped films had a higher power factor of 70
uW.m™.K? as compared to the equivalent F,TCNQ-doped films [133]. The Seebeck
coefficient was not strongly morphology-dependent at comparable carrier concentrations.
These studies have highlighted the relations between the dopant nature, morphology, and
thermoelectric properties in PBTTT and suggest that further improvement can be realized by

increasing the charge carrier mobility and controlling the dopant concentration [132-135].

2.2.2.5.2. Poly [N- 9'-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-
2',1',3'-benzothiadiazole] (PCDTBT)

PCDTBT was first investigated by the organic photovoltaic (OPV) community to improve
the efficiency and stability of OPVs. Recently, the thermoelectric properties of such
carbazole-containing copolymers have been investigated as well. For instance, PCDTBT films
doped with FeCl; showed a power factor of 19 pW.m*.K [136]. Moreover, the influence of
the type of carbazole units was investigated by comparing poly((9,9-dioctylfluorene)-2,7-
diyl-alt-(4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole)-2’,2”-diyl) (F8TBT) with poly(N-9’-
heptadecanyl-2,7-carbazole-alt-(4,7-bis(3-hexyl-thien-5-yl)-2,1,3-benzothiadiazole -2',2"-
diyl) (C8TBT). F8TBT has a fluorene unit as donor, while C8TBT has a carbazole unit. At 373K,
the doped C8TBT films had higher electrical conductivity and Seebeck coefficient (0.5 S.cm™
and 350 pV.K™') than the doped F8TBT (0.20 S.cm™ and 125 uV.K™), and consequently a

higher power factor of ~ 12 uW.m™.K? as compared to ~ 0.5 yW.m™.K? [137].
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2.2.2.5.3. Poly[2,2'-[(2,5-bis(2-hexyldecyl)-3,6-diox0-2,3,5,6-
tetrahydropyrrolo [3,4-c] pyrrole-1,4-diyl)dithiophene]- 5,5'-diyl-alt-
thiophen-2,5-diyl] (PDPP3T)

PDPP3T is another high-mobility low-band gap semiconductor that is traditionally
considered as an excellent m-conjugated conducting polymer by the organic thin-film
transistor community. Recently, PDPP3T films have been evaluated for thermoelectric
applications and demonstrated a high PF compared to other thiophene-containing polymers
such as P3HT and PBTTT. A comparison of the power factors of Fe(TFSl)s-doped PDPP3T,
P3HT, and PBTTT showed that PDPP3T has a higher power factor (25 uyW.m™.K*®) than PBTTT
(14 pwW.mt.K?), and comparable to that of P3HT (30 uW.m'.K?) [131]. It is worth
mentioning that PDPP3T films had a lower ¢ and higher S than other films even at low
doping levels [95, 131]. The optimized power factor obtained for PDPP3T films is 276 pW.m"
! K2. This great performance was attributed to accurate tuning of the doping level with a low
volume of dopants that enhanced both the electrical conductivity and the Seebeck

coefficient in this high-mobility small-gap semiconducting polymer [138].

2.3 N-type conductive polymers

N-type m-conjugated conductive polymers have been less investigated for thermoelectric
devices compared to p-type polymers and the theoretical understanding of the electronic
structure and optical transitions towards n-type conducting polymers is still controversial
[139]. Moreover, instability in ambient air and low n-doping yield have restricted the
thermoelectric conversion efficiency of these electron-carrying materials. In general, n-type
dopants have low ionization energies to induce an electron transfer to the host polymer
which at the same time make them prone to redox reactions with ambient oxygen and
moisture, and hence unstable [139]. To avoid this issue, the energy level of their lowest
unoccupied molecular orbital (LUMO) must be reduced, for instance, by grafting or inserting

electron-withdrawing units in the polymer structure.

There are two common n-doping approaches: (1) using materials that provide direct
electron transfer, and (2) using precursor-type dopants. Direct electron transfer occurs via a
radical anion to an electron-accepting small molecule; thus, the material shows poor stability
when exposed to oxygen and moisture [140]. Whereas precursor-type dopants need an

external energy source, e.g. heat or light, to activate the doping agent (cation or anion)
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[141]. The major advantages of precursor-type dopants are easy processability and better
stability in ambient conditions. But, miscibility issues may arise and create dopant-rich
domains in the material. For the former approach, several electron-carrying small molecules
have been investigated, e.g. fullerenes, naphthodithiophenediimide, perylene bisimide,
benzotriazole, and naphthalenetetracarboxylic dianhydride [142-146]. For the latter
approach, other molecules known for their donor properties like 4-(1,3-dimethyl-2,3-
dihydrolH-benzoimidazol-2-yl)phenyl)dimethylamine ~ (N-DMBI)  [147], tetra-n-butyl
ammonium fluoride (TBAF) [148], and cobaltocene (CoCp,) [149] have been tested as
precursor-type dopants. The development of novel stable dopants exhibiting higher
miscibility with n-type polymers is currently extensively investigated [150]. Representative
examples of n-type materials and dopants are displayed in Figure 5 and several case studies

are highlighted in the next sections.
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Figure 5. Chemical structures of common n-type semiconducting polymers and molecules used in
thermoelectric applications.

Moses et al. were the first to report n-type thermoelectric behavior of polymers in TBAF-
doped polyacetylene (S = -43.5 uV.K") [151]. Following that, m-conjugated polymers with
transition metal atoms in the backbone were shown to behave as n-type materials and
remain stable in ambient air conditions [152-156]. Currently the best performance reported
for an n-type polymer is an organometallic polymer based on metal-ethenetetrathiolate

(ETT), poly(Ni-1,1,2,2-ethentetrathiolate) (poly(Ni-ETT)). Indeed, poly((Ni-ETT)-based
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materials processed as a pellet or electrochemically polymerized as a thin film have
demonstrated power factors of 66 pW.m™.K? [157] and 344 uW.m™.K? [158], respectively.
Other organometals constituted of Ni-S bonds, like copper benzenehexathiol complex (Cu-
BHT), have been investigated and metallic-like properties have been reported with a high o
>1500 S.cm™* along with a small S~ -4 to -10 ;,LV.K'1 [159]. Despite these promising results,
these materials are known to be hardly processable mainly because of their weak solubility
in common solvents. This further hinders their scaling up and industrial applications while

limiting their thermoelectric optimization.

Later, Pei et al. investigated p-phenylene vinylene (PPV) substituted with halogen
elements like chlorine or fluorine [160]. Accordingly, fluorine functionalized
benzodifurandione-based poly(p-phenylene vinylene (FBDPPV) doped with N-DMBI has
shown a PF of 28 uW.m™.K? [161]. The thermoelectric properties of conductive polymer
films are highly dependent of the morphology, as particularly investigated in p-type
polymers. In FBDPPV, Ma and coworkers studied the influence of the dopant concentration
on the thin film crystallinity by GIWAXS and optimized formulation yielded to 6 = 6.2 S.cm™,
S = -210 pV.K* and PF = 25.5 pW.m*.K [162]. Chlorine functionalized benzodifurandione-
based poly(p-phenylene vinylene) (CIBDPPV) doped with TBAF also demonstrated good
stability in air for a solution-processed n-type polymer where doped films showed ¢ = 0.62

S.cm™ and PF=0.63 uW.m'l.K'2[163].

Recently, Lu et al. developed a polymer based on an extended and planar thiophene-
fused benzodifurandione-based oligo(p-phenylenevinylene) (TBDOPV) and doped it with 4-
(1,3-dimethyl-2,3-dihydrolH-benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI-H). This
material showed a high degree of planarity with a homogeneous surface morphology,
leading to a high electrical conductivity (90 S.cm™) for an n-type material and a power factor
of 106 uW.m’l.K'z. GIWAXS measurements demonstrated that pristine and doped polymers
showed a similar ni-it stacking distance while the lamellar spacing distance increased for the
doped polymer confirming the miscibility of the dopant. The authors suggested that such
high degree of interchain ordering combined with disordered bulk microstructures would be

beneficial for the improvement of the carrier mobility [164].
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Another group of high-performance solution-processable n-type polymers are the
naphthalenediimide (NDI) copolymers. Poly[N,N’-bis(2-octyldodecyl)-1,4,5,8-
napthalenedicarboximide-2,6-diyl]-alt-5,5-(2,2bithiophene)] P(NDIOD-T2) with the electron-
deficient imidazole groups is one of the most famous n-type polymers for thermoelectric
applications. The doped-PNDIOD-T2 is more stable in ambient air conditions than PPV
derivatives. Moreover, they are easier to process as they are soluble in common solvents
such as ODCB. Schlitz and coworkers studied PNDIOD-T2 doped with 4-(1,3-dimethyl-2,3-
dihydro-1H-benzimidazol-2-yl)-N,N-diphenylaniline  (N-DPBI) or N-DMBI [165]. The
optimization of the doping procedure led to films with a power factor of 0.6 uW.m'l.K'z.
Atomic force microscopy (AFM) images showed that N-DMBI molecules strongly aggregated
on the films surface, and only 1% of the dopant molecules contributed to free charge
carriers in the films [165]. These results highlight the importance of dopant-polymer
miscibility in order to improve the thermoelectric performance of solution-processable n-
type polymers. More recent studies have demonstrated improvement of N-DMBI miscibility
in PNDIOD-T2 by replacing the NDI alkyl chains with PEG chains [166] or by adding polar side
chains to both the NDI and thiophene units [167]. Based on the investigations on PVDIOD-T2,
copolymers comprising naphtho[2,3-b:6,7-b]dithiophenediimide (NDTI) and
benzobisthiadiazole (BBT) units such as PNDTIBBT-DT or PNDTI-BBT-DP were synthesized
and exhibited a o of 5 S.cm™ with a power factor of 14 pW.m™*.K [168].

More recently, Koster et al. compared poly(2,2’-bithiazolothienyl-4,4',10,10'-
tetracarboxydiimide) (PDTzTI) n-type polymer with the PNDIOD-T2 benchmark using TDAE as
a dopant [169]. PDTzTl is a thiazole imide-based acceptor-acceptor (A-A) polymer that has
recently shown good n-type transport properties. The PF of this n-type polymer at room
temperature was measured at 7.6 uW.m'l.K'2 with a figure of merit ZT of 0.01. The reported
power factor is ~ 120 times higher than that of PNDIOD-T2. This improvement was attributed
to reduced Coulomb interactions thanks to the large size of the crystallites which increases
the distance between the counterions and polymer charges. The A-A character also helps the

charge delocalization, which in turn lowers the Coulomb interaction.

Conductive m-conjugated polymers with a ladder structure are in general soluble in
common organic solvents and have been used as n-type thermoelectric polymers. An

example of such ladder-type thermoelectric polymers is

25



polybenzimidazobenzophenanthroline (BBL) doped with TDAE [170]. Although its power
factor is relatively low, ~ 0.43 uW.m-l.K'z, its excellent solubility permits an easy and scalable

process similar to p-type PEDOT:PSS.

These studies on doped n-type polymers demonstrated that it is crucial to better understand
the doping mechanisms involved in these materials. Additionally, a high miscibility of the
dopant in the polymer matrix is primordial in order to enhance their thermoelectric
properties. Moreover, their stability in air has to be improved by designing new building

blocks which also should provide a good solubility in common solvents.

2.4 Afterword on p-and n-type polymers

The room temperature thermoelectric performance of polymeric/organic p- and n-type
materials are summarized in Figure 6. The best p-type materials are formulated
PEDOT:dopant thin films with 0.2 @ ZT @ 0.4, where the dopants are Tosylate [52] or PSS
[83], while the best thermoelectric performance for n-type materials was attested for
poly(Ni 1,1,2,2-ethenetetrathiolate) thin film with ZT @ 0.2 [158]. The improvement of the
thermoelectric properties was mainly performed by the tuning of the doping level. As the
electronic properties, i.e. electrical conductivity and Seebeck coefficient are interdependent,
Glaudell and co-workers [132] suggested an empirical relation for p-type materials: S 0_]/4
(S*o 01/2)_ This empirical relation was then observed by Zuo and co-workers for n-type
materials [127]. While such generic behavior could not be deciphered using common
transport theories, a relatively good approximation has been achieved based on Mott’s
variable range hopping theory (VRH) with a modified Gaussian density of states by Coulomb-
trapped ionized dopants. However, this approximation is restricted because of the
hypothesis of localized charge carriers [171]. Recently, Lépinoy et al. have demonstrated
that this thermopower scaling is a characteristic of 3D Dirac fermions, i.e. massless pseudo
relativistic quasiparticles with parabolic density of states, scattered by unscreened ionized
impurities, lifting the restriction and opening the door of Dirac formalism in m-conjugated
polymer materials [172]. The light grey lines in Figure 6 represent a constant ZT estimated
assuming a phonon contribution to the thermal conductivity of kph = 0.2 W.m'l.K_1 [173].
However, the correlation between the electronic contribution to the thermal conductivity kd
and the electrical conductivity, inherent to the Wiedemann—Franz law, increases the total

thermal conductivity (k = kph+ Kkd), inhibiting further improvement of the figure of merit ZT.
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One possible strategy to bypass this limitation is the decoupling of the electronic and
thermal conductivity by the formation of heterogeneous materials, i.e. composites of

conductive polymers with inorganic materials in order to enhance phonon scattering.

Figure 6. Thermoelectric power factor as function of electrical conductivity for p-type (blue: polythiophene
derivates, purple: PEDOT, green: po]I)/aceterne) and n-type materials extracted from literature. The dashed

lines represent the relation SE o 7. The gray lines represent lines of a constant figure of merit ZT [173].

3. Polymer composite thermoelectric materials

To date, most of the investigations on polymer thermoelectric compounds have targeted
the enhancement of their electrical conductivity. Conversely, in the case of inorganic
materials, efforts have been directed towards the reduction of the thermal conductivity of
optimally doped systems. The key difficulty in optimizing these properties is the strong
antagonistic correlation of S, o, and k in most systems. It is in this scenario that polymer
thermoelectric materials hybridized with inorganic nanomaterials have gained momentum,
aiming at the synergistic combination of low thermal conductivity of polymers and the high
Seebeck coefficient of the inorganic semiconductors. The interactions between the
nanofillers and the polymer matrix can indeed yield the decoupling of the thermoelectric
parameters leading to an increase of the power factor with respect to the sole constituents.
Thermoelectric composite fillers can be either inorganic or organic while a range of matrices

with different electrical conductivities can be employed [155, 174].
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3.1 Polymer-polymer composites

A known strategy aiming to minimize the thermal conductivity of thermoelectric
composites is the use of a nanostructured second phase embedded in a conductive polymer
matrix. Alternatively, blending of two different conductive polymers with different HOMO
levels has been shown to create new states close to the Fermi level [18]. Such band structure
engineering is highly relevant since the resulting modification of the density of states and its
slope at €f can induce an increase of the electrical conductivity and the Seebeck coefficient

values, respectively.

One of the most popular nanostructured thermoelectric composites is made from PEDOT
nanowires embedded in a PEDOT:PSS matrix. By adding a small amount of PEDOT nanowires
(0.2 wt%), these composites have demonstrated a high power factor of 446.6 uW.m_l.K'2
with a Seebeck coefficient of 59.3 uV.K'land an electrical conductivity of 1270 S.cm_l(i.e. y4)

0.44 at room temperature) [175]. This high PF was attributed to an interfacial energy
filtering effect. The interfaces between the two components induce an energy-dependent
charge carrier scattering by setting potential barriers or traps that filter low energy charge
carriers. This results in the enhancement of the Seebeck coefficient without detrimental
effects on the electrical conductivity. A similar strategy has been reported for blends of P3HT

with PTB7 or TQ1 for which a record value of the Seebeck coefficient ~ 1 mV.K_1 at room

temperature was reported [176].

3.2 Polymer-inorganic composites

Producing polymer-inorganic composites for thermoelectric applications is one of the
main strategies to improve the performance of already well-known inorganic materials by
lowering their thermal conductivity without significantly affecting other properties. Polymer
matrices may also provide some degree of flexibility and lower volumetric cost. On the other
hand, producing polymer-inorganic composites for thermoelectric applications is another
strategy to improve the performance of already well-known inorganic materials by lowering
their thermal conductivity without significantly affecting other properties. Polymer matrices
may also provide some degree of flexibility and lower volumetric cost. Nevertheless, the
maximum operational temperature is subsequently limited to values typically lower than

500 K.
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The first attempt to produce polymer-inorganic composites for thermoelectric
applications was performed by filling an array of vertical silicon nanowires by an insulating
polymer in order to both decrease the total k and benefit from an increase in S due to the
reduced dimensionality of the nanowires [177]. However, a strong decrease of o was noticed
following this strategy. In order to prevent such effect, Zhang et al. used a conductive
PEDOT:PSS as matrix hybridized with ball-milled bismuth telluride (Bi,Tes). Power factors of
131 and 80 uW.m'l.K'2 for p-type and n-type composites, respectively, were reported at
room temperature, highlighting the potential of this approach. However, the PF values
remained low as compared to the bulk Bi,Te; performance due to the relatively high contact

resistance between the constituents.

In order to better apprehend the thermoelectric behavior of polymer-inorganic material
composites, He et al. performed a systematic study on P3HT and Bi,Tes nanowires
composites. For such samples, an optimal PF value of 13.6 uW.m'l.K'2 at 300K (three times
larger than pristine P3HT) was recorded due to an energy-dependent carrier scattering
mechanism [178]. Indeed, while energy-filtering at interfaces induces a decrease of the
electrical conductivity due to the localization of low energy charge carriers, the introduction
of additional heterojunction interfaces coupled with optimized charge carrier concentration
and mobility leads to an increase of the Seebeck coefficient. Another study on composites
made from Te nanowires, PEDOT:PSS and reduced graphene further confirmed the benefit
of the energy-filtering effect by achieving a power factor of 143 uW.m'l.K'2 at 300 K, which is
1-2 orders of magnitude higher than those of the single- or binary-component materials

[179].

Conversely, Liang et al. stated that the energy-filtering effect does not necessarily occur in
nanocomposites. By carefully controlling the amount of FeCl; dopant in the polymer phase,
they could tune the energy barrier between P3HT and TE nanowire composite close to 1 eV.
Although the composites’ PF increased beyond those of the pure polymer and nanowires,
the authors concluded that the energy-filtering effect was not necessary to explain the
enhanced Seebeck coefficients and PFs. Instead, simple two materials transport models in
parallel, in series as well as the linear combination of both models could yield similar results

in the composites [180].
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Another research strand in polymer-inorganic composites has focused on the thermal
conductivity. Conventional inorganic thermoelectric materials are characterized by high
thermal conductivities of 1.2 — 2.8 W.m™".K™* [180, 181], almost ten times higher than the
ones reported for polymeric materials [182]. In polymer-inorganic composites, an important
phonon-scattering rate is induced by the large number of interfaces, resulting in composites
with thermal conductivities close to those of the polymer matrices, e.g. k = 0.3 W.m™.K* for
PEDOT:PSS with 0.8 wt% Te nanowires and k = 0.4 W.m™".K* for PEDOT:PSS with 0.5 wt%
SnSe nanosheets [126, 127, 183-185].

The best figure of merit for p-type composites with a ZT of 0.58 at room temperature has
been obtained for a PEDOT-Bi,Tes nanocomposite. The in-situ polymerization of PEDOT in
presence of Bi,Te; nanoparticles allowed an intimate contact between both materials,
enhancing the charge transport across the interfaces [186]. For n-type composites, Zhao et
al. have recently reported a hybrid of PVDF and Ni nanowires which exhibits an electrical
conductivity of 4701 S.cm™ and a Seebeck coefficient of -20 pV.K?, resulting in a power

factor of 200 uW.m*.K?[187].

3.3 Polymer-nanocarbon composites

Nanostructured carbon allotropes, like graphene and carbon nanotube (CNT), have been
considered as filler elements for thermoelectric composite materials in order to benefit from
the intrinsic high electrical conductivity [70, 188-190]. Similar to polymer-inorganic
thermoelectric composites, the nanocarbon-based thermoelectric composites have
demonstrated the possible decoupling between the electronic transport properties, S and o.
Furthermore, the thermal conductivity of these composites is low due to extensive phonon

scattering at the interfaces.

At first sight, graphene may not be considered as a promising candidate for
thermoelectric applications due to its symmetric density of states and high thermal
conductivity. Nevertheless, Du et al. produced composites made from PANI and graphene
nanosheets and reported a relatively good power factor of 5.6 uW.m™.K? due to the high
charge carrier mobility of the composite [183]. Wang and co-workers used a mixture of
graphene, Cgo and PEDOT:PSS to obtain a higher power factor of 32 uyW.m™.K? and a ZT of

0.067 at 300 K [191]. Another approach utilizing graphene is based on a layer-by-layer
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assembly of stabilized CNT and graphene with PANI which has demonstrated a PF of 1825
uW.m™ K% at 300K [192]. Such a high PF was achieved thanks to an enhanced charge carrier
mobility and bridge-like interconnections between the multilayers provided by the CNTs. The
same layer-by-layer assembly was applied to the production of an n-type composite with
polyethyleneimine and graphene, and a PF of 190 uW.m'l.K'2 was measured at room

temperature [193].

CNTs are one of the most popular nanofillers for thermoelectric applications. Polymer-
CNT thermoelectric composites can be categorized based on the following basic principles:
electronic percolation, secondary doping (tuning of the charge carrier concentration and
mobility) and energy-filtering. One of the first reports using CNTs was based on a composite
with PEDOT:PSS embedded in an Arabic gum matrix and demonstrated that the electrical
conductivity could be partially decoupled from the thermal conductivity [194, 195]. The
underlying mechanism is related to the creation of percolative conductive paths for
electrons, while heat flows in parallel between the insulating matrix and small amounts of

the conductive filler.

Moriarty et al. prepared a suspension of PEDOT:PSS particles and single-wall CNTs (Figure
7(a)) and managed to obtain water-processable and flexible thin films with high electrical
conductivities of 4000 S.cm™ and low thermal conductivities of 0.4-0.7 W.m™.K™. The high o
was inherent to the creation of electrical junctions between the percolated CNTs (Figure
7(b,c)). A power factor of 140 uW.m™.K? was achieved at 300 K for thin films composed of
85 wt% CNTs [196].
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Figure 7. (a) SEM image of PEDOT:PSS-SWCNT composite films. (b, c) Schematics of CNTs coated by PEDOT:PSS

particles in suspension and after drying from the exfoliated state [195]. (d) Conceptual illustrations of solvent

treatment and CNT incorporation effects [197]. (e) SEM image of PEDOT-rGO oxide [198]. (f, g) SEM images of

PEDOT-SWCNT composites displaying cable-like and coral-like morphologies, respectively [199]. (h) SEM image

of a SWCNT-PANI composite with 25 wt% SWCNT. (i) XRD patterns of SWCNT-PANI composites with different

SWCNT content (solid and dashed lines denote the peaks of PANI and SWCNT, respectively). (j) Raman spectra
for SWCNT-PANI composites with different SWCNT content [200].

Post-treatments were used to further improve the thermoelectric properties of
composites based on CNTs. For example, formic acid and DMSO were used for treating CNT-
PEDOT:PSS composites in order to enhance the electrical conductivity of the composites

[197]. The solvent treatment induces a better percolation between the PEDOT conductive
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islands by removing excess PSS while the addition of CNTs allows the formation of CNT-
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PPV:I | 313 - 34 183.5 43.5 0.80 34.7 1.36x10° | [49] |
PEDOT:PSS (EG
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PEDOT:PSS + RT - 1270 59.3 1.1 446.6 0.44 [175]
PEDOT nanowires
PEDOT:PSS + RT 23 wt% 300 30 0.47 119 0.06 [181]
BizTe3

PEDOT:PSS + Te
nanowires, and
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Figure 8. (a, b) Schematic representations of Seebeck and Peltier effects used for thermoelectric power
generation and cooling, respectively. (c) Image of a 32-legs planar thermoelectric generator on a flexible PET
substrate [62]. (d) Image of a 48-element 3D thermoelectric generator on a flexible PET substrate [205]. ()
Schematic representation of a TEG with flat bulk square legs [206]. (f) Manufacturing process used to fabricate
an organic flat bulk TEG [52]. (g) Cylindrical TEGs developed by Gentherm [207]. (h) Schematic representation
of a TEG with a radial geometry [208-210]. (i) A schematic of a thin film TEG consisting of deposited p/n legs
and connectors. (j) An organic thin film “rstructure” TEG, applicable when heat propagates in-plane [211]. (k)
Schematic description of the fabrication process of a chevron-structured TEG [212].

The conversion of heat to electricity is useful for various industrial sectors, such as
electronics, petroleum industry, automotive industry, renewable energy, medical sensing,
etc. In fact, TEGs can be used with every technology that deals with heat management.
However, low ZT and feeble conversion efficiency are the main drawbacks of thermoelectric
systems. In recent years TEGs have gained increasing momentum as evidenced by their
market growth from $40 million in 2014 to $90 million in 2016. Highlighting this growth,
IDTechEx has anticipated a $1 billion market for TEGs by 2026 mainly arising from innovative
applications in vehicles’ waste heat recovery systems, wireless sensor networks, and

customizable consumer applications under Internet of Things (loT) [213].

loT, as a great enabler, is foreseen to significantly impact the technology market, various

industries and our society as a whole. It is estimated that wirelessly connected sensors to



devices and objects will provide permanent communication through sophisticated
ubiquitous networks, thus generating continuous data flow (knows as Big Data) and energy
consumption. In 2020, more than 25 billion devices were estimated to be connected
following such concepts [214], each requiring an energy source and generating waste heat
concomitantly. Therefore, TEGs are probably the best technology to solve this problem by
harnessing the residual heat and producing electricity. In this regard, compared to inorganic
materials, organic and polymer-based TEGs have several benefits, like flexibility and size
adaptability, cheap materials and manufacturing processes, environmentally friendly
components, and no maintenance requirements. In fact, loT can propel organic and

polymeric thermoelectrics from niche to market.

One of the major assets of polymeric TEGs is their printability, flexibility, and mouldability
[16, 43]. Printing techniques allow large scale operation and low-cost production of
numerous thermoelectric legs with the aim to generate high thermo-voltage per device area
in a sole manufacturing process on flexible substrates. As a result, printable polymeric TEGs
are excellent candidates for use in self-powered devices. For example, Figure 8(c) shows 2D
printed thermoelectric arrays of silver and tellurium-PEDOT:PSS legs that could generate a
stable thermo-voltage of over 2 mV in response to human body heat [62]. Figure 8(d)
shows a flexible 3D drop cast TEG made of 24 pairs of p and n-legs that reached an output
power of ~ 2.5 uW at AT ~ 35 K [205].

4.1.1 TEGs architecture
Depending on the heat source surface shape, various TEG architectures have been
developed. The main challenge of any TEG architecture is to conserve a good thermal

gradient while minimizing heat loss, thermal contact resistances, and device cost.

4.1.1.1 Flat bulk TEGs

Inorganic TEG modules are commonly built in a flat bulk architecture [206]. The flat bulk
TEGs constitute of cuboid legs in an alternating p-type and n-type arrangement (Figure 8(e)),
through which electrical and thermal currents run simultaneously. An experiment using
inorganic flat bulk TEGs in the automotive industry produced up to 1 kW from exhaust gas
heat [215]. In 2011, the first polymer-based thermoelectric device using flat bulk
architecture was developed by Bubnova et al. in which, PEDOT:Tos (p-type) and TTF-TCNQ
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(n-type) were used as thermoelectric materials and processed by ink-jet printing, as
schematically shown in Figure 8(f). This bulk configuration reached an output power of 0.128

UW with a gradient of 10 K at 300 K [52].

4.1.1.2 Radial bulk TEGs

Another bulk TEG design is the cylindrical shape that constitutes of ring-shaped legs. This
shape is the most appropriate to harvest electricity from cylindrical objects, like pipelines or
automobile exhaust pipes. In 2015, Gentherm company developed cylindrical inorganic TEG
prototypes to boost vehicle power efficiency (Figure 8(g)). A 30 minute driving experiment
produced an average output power of ~ 30 W for an individual TEG module where the
exhaust gas temperature reached up to ~ 600°C [207]. A similar architecture was adopted
by Menon et al. (Figure 8 (h)) to place their TEG around a warm fluid pipe and their devices
operate without addition of heat spreaders [208-210]. This TEG configuration produced a 85

mV open circuit voltage and a power density of 15 nW.cm?2 at AT = 50 K.

4.1.1.3 Thin film TEGs

The development of low cost and straight forward manufacturing techniques, such as
printing technology, has allowed freedom of design for TEGs architecture. It is now possible
to go beyond the bulk geometries and develop TEGs in thin layers. Contrary to inorganic
TEGs made of thick bulk legs, solution-processable organic thermoelectric materials can be
cast in unconventional geometries such as the “m structure”, as schematically shown in
Figure 8(j). Controlled deposition of thermoelectric materials as thin layers enables the
manufacturing of two-dimensional devices for applications where the heat is applied in-
plane and propagates along the layers. An example of an inkjet-printed thin film TEG is

shown in Figure 8(i), where a thermo-voltage of 15 mV was obtained with AT = 25 K [211].

4.1.2 Flexible polymer-based TEGs

The first polymer-based thermoelectric device was made of PEDOT:Tos (p-type) and TTF-
TCNQ (n-type) in a bulk head-to-head configuration. Using this organic TEG, Bubnova et al.
could obtain a 0.128 uW power at room temperature with AT = 10 K [52]. Because of the
poor stability and efficiency of n-type polymer, most reported devices so far have used only
p-type polymers interconnected in series. As expected, such devices show lower

performance than regular p-type/n-type configuration; however, by controlling the leg
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numbers and the device architecture (e.g. connection between legs in series head-to-tail),
comparable results can be obtained. Based on this model, screen printed TEGs on paper
made of PEDOT:PSS and silver connections demonstrated a power output of 4 uyW with AT =
50 K [216]. The same architecture and materials were used in a thermal lamination method
to produce a polymeric TEG which exhibited a power output of 37 pW with AT = 50 K at 300
K [217]. The influence of the device architecture was investigated by comparing the power
output of 3D (drop-cast, thick film) and 2D (spin-coated, thin film) devices [218]. The 3D TEG
demonstrated up to 7 times higher power, 175 nW, with a temperature gradient of 50 K,
than the 2D TEG. Later, Kim et al. developed a flexible organic TEG with PEDOT:PSS in a
chevron-structure (Figure 8(k)) [219]. They managed to integrate 24 PEDOT:PSS legs onto a
flexible substrate and obtain a power output of 1 pW at AT = 17.5 K with a heat flow

perpendicular to the device.

The optimization of the device architecture is also crucial to improve the power output of
TEGs. Particularly in the case of small flexible TEGs, the short leg lengths allow a limited
temperature gradient across the active materials. Therefore, to enhance further the
thermovoltage, a larger number of p- and n-type leg pairs is mandatory. However, Gordiz et
al. suggested that too many thermoelectric legs with relatively large spacings between them
could induce a high interconnect resistance, and could limit the device performance [208].
To overcome this problem and obtain a higher output power, they positioned the legs in a
hexagonal close-packed pattern which leads to higher fill factors and lower interconnect

resistance as compared to circular and square cross-sectioned thermoelectric legs.

Menon et al. tested a thermoelectric device with a radial architecture that produced an
85 mV open circuit voltage and a power density of 15 nW.cm™ at AT = 50 K under natural
heat convection [208, 210]. Later, PEDOT:PSS was coated on commercial polyester fabrics
[220] and on silk yarn [221]. These wearable polymer-based TEGs generated a maximum
power of 388.7 uW at AT = 75 K with two strips and of 12.3 nW at AT = 66 K with 26 legs on a
commercial fabric and silk yarn, respectively. Free standing PEDOT:PSS films were also
evaluated by Li et al. and they demonstrated a high electrical conductivity (2500 S.cm™)
derived from the improved stacking of polymer chains in this configuration. They

demonstrated a 5-leg module with a thermo-voltage of 2 mV at AT = 25 K [222].
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Furthermore, photolithography has been used to manufacture flexible organic TEGs
[223]. Satoh et al. used PEDOT:PSS and TTF-TCNQ as p-type and n-type materials to
manufacture thermoelectric legs for a m-type module structure. An output voltage of 250 mV
was obtained at AT = 80 K, which was enough to power selected devices, even if the addition
of a booster circuit was required. However, high contact resistances, detrimental to the
overall efficiency, were observed, and the authors underlined the needs to design materials
from the viewpoints of device architecture and large-scale manufacturing rather than only

focusing on the optimization of the materials for higher figures of merit (ZT) [223].

4.1.3. Flexible polymer-inorganic composite TEGs

Various TEGs have been made using polymer-inorganic composite materials, aiming to
combine the polymer’s flexibility and inorganic material’s thermoelectric performance. Dong
et al. prepared flexible and transparent TEGs on polyethylene terephthalate (PET)
substrates. Designing a device of 8 leg pairs composed of PEDOT:PSS and a hybrid indium tin
oxide (ITO)-PEDOT:PSS as p- and n-type materials, respectively, they recorded a voltage
output of 6.8 mV and power output of 0.86 nW under a thermal gradient of 20 K. Despite
the composite nature of the n-type material, no improvement of the thermoelectric
properties was observed, revealing the domination of ITO. However, it was proposed that

depositing PEDOT:PSS on top of ITO enhances the mechanical stability to bending [224].

Ferhat et al. made an entirely inkjet-printed flexible TEG on paper (Figure 9(a)). They used
PEDOT:PSS as p-type and (TiS2HA)x) as n-type legs, and obtained a power output of 22.5 nW
at AT = 20 K for a small device surface of 128 mm? [225]. Tian et al. designed a 5 p-n pairs
device constituted of hybrid TiS2-organic superlattice film and PEDOT:PSS film, as n- and p-
type legs, respectively. They recorded a voltage output of 33 mV along with a maximum
power density of 250 uW.cm'2 with AT = 70 K [226]. Fang et al. screen printed a rolled
flexible TEG with PEDOT:PSS and conjugated polyelectrolytes with nickel (CPE)/CNT
nanocomposite as p-type and n-type legs, respectively [204]. From a TEG with 288 legs, a
maximum output power of 46 uUW and open circuit voltage of 260 mV was measured at AT =

65 K (Figure 9(b)).
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Figure 9. (a) Flexible TiS{HA)xnanocomposite TEG printed on paper [225]. (b) Fabrication process for the rolled
TEGs using PEDOT:PSS as p-type and CPE/CNT nanocomposite as n-type legs [204]. (c) Schematic illustration of
assembling a PEDOT-based TEG [227]. (d) Architecture of an all-fabric thermopile [228].

4.1.4 Polymer-based wearable TEGs

One of the most promising applications for polymer-based TEGs is in self-powered
wearable electronic devices, as TEGs can directly convert human body heat into electricity
required to power these appliances. It is theoretically predicted that a power of 5 mW could
be harvested from human body in an indoor environment [229]. The most important
features for wearable devices in general and wearable TEGs in particular are light weight,
biocompatibility, flexibility, and mechanical robustness. Conductive polymer-based materials
can perfectly match these requirements. A familiar example of wearable TEGs used for
harvesting body heat is self-powered watches. However, the surface area of such wearable
TEGs is very small compared to the total human body surface area [230, 231]. Hence,
research has been directed toward embedding TEGs into textile to harvest the heat from a

much larger surface area.

Such electronic textiles need to be fabricated from durable and electrically conducting
yarns. Ryan et al. developed a scalable fabric-dyeing process by soaking silk in a PEDOT:PSS
bath [221, 232]. Using such a process, a flexible, air-permeable, fabric-TEG was made by
soaking a commercial fabric in a PEDOT:PSS solution. The product demonstrated a stable
thermoelectric performance between 300 K and 390 K, and a high voltage output of 4.3 mV

at AT = 75.2 K [220]. However, textile processing with polymeric yarns is challenging,
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because the applied strain and weak adhesion of polymers to the yarns (poor wettability)
can lead to exfoliation and high electrical resistance [212]. That being said, there have been
new approaches such as vapor phase polymerization (VPP) that can result in uniform

polymer coatings on textile [233, 234].

Jia et al. developed multi-layered PEDOT-coated electronic textiles using such in situ VPP
method (Figure 9(c)) and measured an output voltage of 5 mV at AT = 25 K [227]. Similar
VPP process was used to produce an all-fabric thermopile from PEDOT-based ink on
commercial cotton (Figure 9 (d)) [228]. Alison et al. showed that the reactive vapor coating
process can create mechanically rugged conductive coatings that lead to high efficiency
thermopiles. The reported vapor-coated cotton fabric has the highest thermoelectric
efficiency of any p-type conducting fabric to date, with a Seebeck coefficient of 16 uv.K *and
a power factor of 0.48 pW m 1.K? at AT = 75 K [220]. The thermopile was then integrated

into a wearable band that generated a thermovoltage of 23 mV when worn on the hand.

4.2 Polymer-based thermoelectric coolers (TECs)

The use of conductive polymers for TECs is still in its infancy. Hu et al. developed a proof
of concept cooling fabric made of conductive polymer material by immerging a commercial
textile in an aqueous solution containing pyrrole and ferric chloride [235]. The authors
observed a small temperature difference of 1 K while testing the sample with a Peltier test
rig. However, this temperature difference gradually diminished during the experiment
because of the polymer degradation and the poor thermal insulation. This preliminary result
demonstrated the possibility to design a polymer-based cooling fabric. More recently, Jin et
al. investigated the Peltier effect in a poly(Ni-ett) film and measured a maximum AT of 38 + 3
K while applying a current density of 5 A.mm™ [236]. These results suggest that polymers are
promising candidates also for cooling purposes. However, compared to commercialized
Peltier modules made of BiTe/PbTe (that can create up to 75 K temperature difference),
polymer-based TECs still need further developments and additional fundamental

breakthroughs are needed to improve their efficiency and reliability.
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5. Conclusion and outlook

Since the discovery of the thermoelectric effect at the end of the 18" century, novel
developments towards the integration of thermoelectricity into practical devices for waste
heat management have blossomed. Progress in semiconductors processing in the 1950’s
allowed the commercial exploitation of thermoelectric generators and cooling modules in
niche markets with high-added value. In fact, the simple working principles of thermoelectric
devices combined with the absence of noise and moving parts, which allow the pollution-
free conversion of a temperature gradient to electricity (and vice versa), make them one of
the most robust energy conversion systems, as evidenced by the radioisotope-TEGs onboard

of Voyager | and |l space probes sent to space in 1977.

However, thermoelectric research was reinvigorated in the past two decades by the
development of novel microfabrication techniques to produce smaller, cheaper, and more
efficient thermoelectric devices. Nowadays TEGs can be produced in millimeter size yet
include hundreds of thermocouples to generate considerable amounts of electricity from
temperature differences of only a few degrees. The frontiers of thermoelectric research are
being pushed further on by using inorganic nanomaterials and more recently organic and
polymeric materials. Nanotechnology provides a path to separate a material’s electric and
thermal properties which should leverage a substantial improvement of the thermoelectric
figure of merit. In parallel, flexible thermoelectric devices and thermoelectric fabrics made of
organic and conducting polymers are being widely studied with the aim to use them in body
energy harvesters directly integrated into our clothing. The produced electricity can

subsequently power wearable sensors and actuators embedded in the garment.

Nevertheless, the thermoelectric polymer field is still in its infancy with respect to the
well-established inorganic thermoelectric domain. While semiconducting polymers benefit
from better flexibility and absence of toxic elements, compared to inorganic semiconductors
such as the bismuth telluride alloy family, their overall thermoelectric figure of merit is still
poor. Moreover, most studies so far have focused on the preparation of p-type polymers
and the optimization of their thermoelectric transport properties via doping and structural
engineering. Reliable n-type polymers are still lacking due to their instability in ambient air

conditions. To overcome these bottlenecks, hybrids of inorganic/organic semiconductors
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should be a matter of focus as they provide a path to take advantage of the best of both the

organic and inorganic worlds.

Despite highlighting exquisite demonstrations of conductive polymers and their hybrids
for thermoelectric applications in this review, a better understanding of key influencing
factors governing the thermoelectric behavior of organic materials has to be prioritized. For
instance, future research on doping mechanisms and interfacial effects in polymeric hybrids
can shed light on limitations in current theoretical and experimental thermoelectric systems.
In addition, macromolecular engineering of soluble n-type coordination polymers and
improved decoupling between the thermal and the electrical conductivities via selective-
charge Anderson localization have to be further explored for transitioning toward efficient
organic thermoelectric devices. Distinctly, inherent advantages of sophisticated nano-
manufacturing methods to fully control the polymer microstructures in thermopiles should
lead to a fine tuning of the electronic band structure, density of states, and thus the

thermoelectric performance.

The interest in organic conductive polymers for flexible or even wearable electronics
relies on the conservation of their inherent main features when subjected to mechanical or
chemical stresses. To our knowledge, there are few studies dealing with such issues. First,
regarding the correlation between the mechanical and conductive characteristics, it has
been shown that mechanical drawing to fabricate conductive polymer fibers results in an
increase of the Young modulus as well as an improvement of the interchain charge
transport. This behavior is linked to the enhancement of the chain packing leading to both
strain hardening and extended backbone planarity [237, 238]. However, assessing general
relationships between mechanical and electronic characteristics is rather complex, as
recently reviewed by Gomez et al. [239]. Yet, bulk mechanical tests or rheology
measurements could be efficient tools in order to decipher the interplay between the
mechanical behavior and transport properties. In particular, stretchability for wearable
devices has to be considered as a strong asset; therefore, a trade-off between the transport
properties and the flexibility of the conductive polymer layer is often required. Methods
aiming to improve the stretchability of organic conductive polymers include blending with
elastomeric materials [240], incorporating flexible moieties or blocks in the macromolecular

structure [241, 242], or adding a low fraction of plasticizers [243]. Nevertheless, it should be
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noted that technologies using conjugated polymers often process them as thin films; thus,
mechanical testing in a thin film configuration is required to fully characterize their
mechanical behavior.

Second, in regards to the chemical stability of m-conjugated polymers, the field has been
recently reviewed by Oh et al. [244], where they identify the susceptibility of conductive
polymers to various chemical or physical processes at different stages of their life cycle. They
accordingly report some strategies to overcome degradation factors such as oxygen
sensitivity, humidity, light or heat. The most common approach to counter-interact the
degradation of organic conductive polymers is based on the encapsulation of the active
layers by various laminates either preventing the diffusion of detrimental species [245, 246]
or acting as UV-filters [247]. Alternatively, molecular and macromolecular design can yield
improved stability of m-conjugated polymers. For instance, tailoring the side groups attached
to the m-conjugated backbone is crucial to prevent O, or H,0 susceptibility [248, 249] . The
crosslinking of the polymer layers is also a pathway for the stabilization of organic active
layers. In particular, such treatments can result in a higher stability toward solvents, which is
a strong asset for the fabrication of multi-layered devices [250, 251].

Finally, development of fully operational TEGs from conductive polymers and their
hybrids is necessary. The enhancement of the power output produced is absolutely
necessary to assess the “organic and polymeric thermoelectric technology”. It is however
noteworthy that a direct comparison between the efficiency of the reported devices is not
feasible due to their inherent differences in architecture. Therefore, it is crucial to develop
standard characterization methods in the thermoelectric community to enable an accurate
evaluation of TEGs performance, as is the case in the solar cell community for many years
now. Identical device architectures with the same number of legs under a standard thermal
gradient have to be used in order to evaluate the open circuit voltage, maximum output

power and maximum power density of a TEGs.
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