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Abstract: Carbon nanomaterials are at the forefront of the newest technologies of the third millen-
nium, and together with conductive polymers, represent a vast area of indispensable knowledge
for developing the devices of tomorrow. This review focusses on the most recent advances in the
field of conductive nanotechnology, which combines the properties of carbon nanomaterials with
conjugated polymers. Hybrid materials resulting from the embedding of carbon nanotubes, carbon
dots and graphene derivatives are taken into consideration and fully explored, with discussion of the
most recent literature. An introduction into the three most widely used conductive polymers and a
final section about the most recent biological results obtained using carbon nanotube hybrids will
complete this overview of these innovative and beyond belief materials.

Keywords: conjugated polymers; poly(3,4-ethylenedioxythiophene), polypyrrole; polyaniline; carbon
nanotubes; graphene; carbon dots

1. Introduction of Conductive Polymers

What is plastic made of? This simple question could have the same answer as Why was
I born? Or What is the meaning of life? The answers are complicated. Actually, they are
very complicated; not in terms of the real science behind them, but taking into account
our background. When we think of plastic, some clear examples come to mind, such as
water bottles, plastic glass or a shopping bag; it is more uncommon to think of textiles,
adhesives or our eyeglasses. The six examples we have given here are from six different
plastics, or better said, six different polymers. This is the term that chemists use to define
all this family and even more. Etymologically the word polymer comes from Greek origins
and is formed by two parts: poly- meaning many, and -meros meaning parts. Therefore,
from the chemical point of view, everything that is composed of many (almost) identical
molecules that are connected is a polymer, and thus, the initial question can be answered
as: “ . . . it depends which plastic are we talking about”. In recent years many new
polymers have been discovered and used for various applications: biomedical, energy,
environmental, etc. Among them, conductive polymers (CP) represent one of the most
peculiar and revolutionary types of polymer. In fact, their discovery passed un-noticed
and their boom came with the new millennium, when in 2000 a Nobel prize was given to
this discovery which was made in the 1970s. From then on, the literature around these
materials has been growing exponentially up to today. Conjugated polymers buck the trend
as they conduct electricity and heat, two properties that the “conventional plastics” do not
have. Hereafter, the three main conductive polymers, i.e., polyaniline (PANI), polypyrrole
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(PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT), are considered, together with their
synthesis, characterizations and principal properties. These three systems represent the
most used CPs, thanks to their high stability, ease of handling and synthesis, as well as
their low price.

1.1. Polyaniline (PANI)

This polymer started the conductive polymers’ story in the 1862 when H. Letheby, a
chemistry professor at the London Hospital, tried to study two cases of fatal poisoning by
nitrobenzene [1]. The professor electropolymerized aniline sulfate by varying the synthetic
conditions until arriving at a black slurry. The only further observation made by him was
that the reduced colorless state turns into a deep color when it is oxidized. The story of
PANI commenced from 1968, when, in Paris, the group led by Buvet started to relate this
polymeric chain to electronical behavior [2]. All in all, the actual rise of PANI came in the
1980s when many research groups began to shed light upon this topic [3–6].

As shown in Figure 1, the base structure of PANI has a generalized composition,
formed by alternating oxidized and reduced moieties, both equally present; this is called
emeraldine. The oxidation state may vary, as does the names of these molecules: the
most reduced (Figure 1a) is called leucoemeraldine, and the most oxidized pernigraniline.
The protonated Emeraldine form is the most common form, green in color and with
a conductivity around 10 S/cm, the non-protonated form has a blue color and is not
conductive. PANI is used in a large variety of applications, from energy storage and
conversion to biosensing applications, through to being used in sensors and supercapacitors.
PANI’s physical characteristics change depending on the application, i.e., in the form of a
powder, fiber, or colloid dispersion, etc. [7–12].

Polymers 2021, 13, x FOR PEER REVIEW 2 of 54 
 

 

Hereafter, the three main conductive polymers, i.e., polyaniline (PANI), polypyrrole (PPy) 
and poly(3,4-ethylenedioxythiophene) (PEDOT), are considered, together with their syn-
thesis, characterizations and principal properties. These three systems represent the most 
used CPs, thanks to their high stability, ease of handling and synthesis, as well as their 
low price. 

1.1. Polyaniline (PANI) 
This polymer started the conductive polymers’ story in the 1862 when H. Letheby, a 

chemistry professor at the London Hospital, tried to study two cases of fatal poisoning by 
nitrobenzene [1]. The professor electropolymerized aniline sulfate by varying the syn-
thetic conditions until arriving at a black slurry. The only further observation made by 
him was that the reduced colorless state turns into a deep color when it is oxidized. The 
story of PANI commenced from 1968, when, in Paris, the group led by Buvet started to 
relate this polymeric chain to electronical behavior [2]. All in all, the actual rise of PANI 
came in the 1980s when many research groups began to shed light upon this topic [3–6]. 

As shown in Figure 1, the base structure of PANI has a generalized composition, 
formed by alternating oxidized and reduced moieties, both equally present; this is called 
emeraldine. The oxidation state may vary, as does the names of these molecules: the most 
reduced (Figure 1a) is called leucoemeraldine, and the most oxidized pernigraniline. The 
protonated Emeraldine form is the most common form, green in color and with a conduc-
tivity around 10 S/cm, the non-protonated form has a blue color and is not conductive. 
PANI is used in a large variety of applications, from energy storage and conversion to 
biosensing applications, through to being used in sensors and supercapacitors. PANI’s 
physical characteristics change depending on the application, i.e., in the form of a powder, 
fiber, or colloid dispersion, etc. [7–12]. 

 
Figure 1. Skeletal formulas of polyaniline in different oxidation states and their resonance, (a) leu-
coemeraldine, (b) Oxidative chemical polymerization. 

Figure 1. Skeletal formulas of polyaniline in different oxidation states and their resonance, (a) leucoemeraldine, (b) Oxidative
chemical polymerization.



Polymers 2021, 13, 745 3 of 51

1.1.1. Synthesis

PANI is generally prepared via oxidative polymerization or via electropolymeriza-
tion; anyhow, it is worth mentioning, that enzymatic, ultrasound and ionizing radiation
polymerization routes are also possible [13–15].

Oxidative chemical polymerization consists of a solution of aniline hydrochloride with
a persulfate as the oxidant (Figure 1b). The reaction proceeds in water at room temperature
in about 10 min and the product precipitates. The reaction is highly exothermic and the
color changes from the colorless–greenish appearance, of the aniline hydrochloride, to deep
blue, indicating the formation of oligomers. The viscosity increases during the reaction too,
from a watery solution to a viscous dark paste. The mechanism, as shown in Figure 1b,
occurs through the formation of a radical and an excess of oxidant is needed to ensure
the presence of polarons in the PANI backbone. The final conductivity of the material is
affected by many factors, among which, the reaction conditions represent a considerable
part; however, an indicative value of 10 S/cm can be fixed as the average protonated
emeraldine reference.

Electropolymerized PANI materials are prepared in a similar manner as the chemical
ones, using an acid solution of aniline and cyclovoltammetry of chronoamperometry
techniques. In this case, the acid acts as the electrolyte and the resulting product will have
only the anion of the acid as a cationic balance on the chain. The polymerization occurs
between 0.1 and at 0.82 V vs. Ag/AgCl electrode and it can be observed an increase in
the voltammogram can be observed due to the deposition of the conductive layer and the
oxidation of the conductive polymer [16]. The two peaks correspond to the first oxidation
of a dimeric form and then the full oxidation to pernigraniline [17–19].

1.1.2. Characterization

The most common form of analysis, used for almost all the conductive polymeric
materials, is the ultraviolet–visible–near infra-red spectroscopy (UV–Vis–NIR) method.
PANI presents the typical signals of a conjugated backbone around 300 nm due to the π–π*
transitions, and at around 600 nm, a signal is attributed to the benzenoid-quinoid ring
transition absorption (HOMO of the benzenoid ring to LUMO of the quinoid ring) [20–22].
Upon doping, via an acidic media, the intensity of the absorption of the polaron relative
signal around 600 nm decreases and partially shifts to 450 nm, at the same time, a broad
band of dipolarons become visible up to 950 nm [23].

FT-IR is another non-destructive useful technique to characterize CPs, including PANI.
Even if not exhaustive, it can provide an indication of success in the synthesis. The spectrum
is typically not explicit below 2000 cm−1, as all the spectra at higher wavenumbers are
saturated in terms of absorption of the aliphatic/aromatic backbone. At around 1550 cm−1,
quinone and phenyl bending is visible, while carbon–nitrogen stretching is detected at
1370 cm−1. The conductive framework is visible at around 1250 and 1150 cm−1, with the
bands being relative to the protonated state [6,24].

Size exclusion chromatography (SEC) analysis is possible for PANI, in contrast to the
expected difficulties relative to the highly charged polymeric chain. N-methylpyrrolidone
(NMP) represents the most common solvent employed in this technique, coupled with
soluble salts, such as lithium bromide (LiBr) or lithium tetrafluoro borate (LiBF4) [25,26].
Although the molecular chain variation depends on the different synthetic conditions used,
the average in the literature is about 55 kDa polymer mass for around 600 aniline units.
Although the polydispersity indexes are narrow in the electrochemical synthesis, PANI
normally presents a broad range of mass with a dispersity (Ð or DPI) of 2–7 [25].

1.2. Polypyrrole (PPy)

The birth of polypyrrole (PPy) occurred around the end of the 1960s, although the
first reference to PPy dates further back to 1919 [27]. The first scientific paper talking
about a black slurry from the electropolymerization of pyrrole dates back to 1968, with
the first paper that focused specifically on pyrrole dating back to 1973 [28,29]. Anyhow,
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the electropolymerization of PPy, together with the possibility of having a conductive
material, had to wait until 1979 [30]. Since then, many studies have regarded this polymer,
enunciating its stability in air, high conductivity and the ease of obtaining it [31–35].
Nowadays PPy is used in many fields, including in solar cells, biomedical applications, and
energy storage, but its two main applications are in electronic devices and sensors [36–40].
The physical aspects of PPy are variable depending on the synthetic route used to obtain
it and the final application; films, nanospheres, and nanowires are some examples of the
possible final structures of PPy [32].

1.2.1. Synthesis

PPy is generally prepared via oxidative polymerization or via electropolymerization;
although the mechanism is not fully understood, a radically oxidative coupling pathway
seems the most probable explanation. The neutral structure, shown in Figure 2, is not
conductive, has poor mechanical properties and presents a light yellowish color, while
the polaronic or bipolaronic structure—the oxidized form—can reach conductivities of
(101–102) S/cm and appears darker, tending display green or blue colors [41]. The stability
under air is high: a doped film can last days without any changes and the polymer is stable
up to 150–300 ◦C, while the reduced form is relatively stable under an inert atmosphere
but is not stable under air, thus, it degrades and loses the redox properties [42].
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Chemical oxidative polymerization runs smoothly at room temperature and is fea-
sible even for a non-chemist user; for PANI, this is completed, on average, in 10 min.
As common oxidant salts, iron (III) and copper (II) can be used in water, in addition
to a large variety of organic solvents such as benzene, alcohols, halogenated solvents,
dimethylformamide etc. [43–45]. The oxidant must be used in stoichiometric excess; 2.5 equiv-
alents is the average amount reported in the literature: each unit of pyrrole needs two
electrons to be polymerized, plus another excess to form the polarons. The final conductiv-
ity is also affected, in this case, by many factors: if, on average, we report a conductivity
of 101–102 S/cm and 25% of positive nitrogen atoms, this can be pushed way higher, to
around 2000 S/cm [46].

Electropolymerization of PPy has the added value of directly creating a film up to
the electrode or the desired object. The thickness of the film can be adjusted depending
on the cyclic voltammetry cycles and the nature of the electrolyte and solvent. PPy can
be electropolymerized in water, acetonitrile, dimethylformamide, dichloromethane, and
by using a large palette of electrolytes such as tetrafluoroborate, perchlorate, tosylate,
hexafluorophosphate of alkaline or alkaline earth metals [33,47,48]. PPy starts to polymerize
at 0.35 V in a water solution, or at around 0.65 V in organic media (vs. Ag/AgCl), forming
a colored film: either dark green in the oxidized state or yellowish in the reduced state. The
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thickness of the film is controllable by the time of application of the anodic potential. The
film formed at the cathodic potential becomes reduced and is insulating, with the possibility
to swipe up to the solvent window. Instead, potentials up to 0.65–1 V could result in an
irreversible over-oxidation and degradation of the films, with losses in conductivity and
mechanical properties [49].

1.2.2. Characterization

UV–Vis–NIR spectroscopy is a golden standard in PPy characterization. Similar to
the rest of the conductive polymers, PPy presents an absorption peak around 400 nm
due to the π–π* transitions, and a bipolaronic absorption at around 850 nm and across
all the NIR, up to 1500 nm. In this case, the signal of the bipolaron is closer to the visible
than in the case of PANI or PEDOT and, as in the other cases, the high absorption is
directly related to the high conductivity of the material. The intensity of this band is
proportional to the doping level of the material [50,51]. A band at around 500 nm, instead,
is characteristic of undoped/reduced material, due to transition from the valence band to
the polaron/bipolaron level. In the case of PPy, the difference between the polaron and
bipolaron is not as defined as in PEDOT, and the literature is limiting in terms of reports
on the differences between doped and undoped materials.

The FT-IR spectra of PPy results are more understandable compared to those for
PANI or PEDOT, showing the stretching vibration of C=C at 1550 cm−1 and that of C–N at
1350 cm−1. The bending signals of C–N are clearly visible at 1150 and 1050 cm−1 for the
in-plane deformation and at around 900 cm−1 for the out-plane [50–55].

Raman spectroscopy presents a consistent part of the PPy characterization literature as
this method provides extremely precise results by comparing the doped dicationic form and
the neutral undoped form. Excitations of 514, 633 and 780 nm are most commonly present
in the literature, with this having both pros and cons: the short wavelength penetrates
through the material, so could be affected by underlayers; it is close to the minimum
absorption level of PPy, which could be detrimental to the resolution, however, as this is
far from the energy of polarons and bipolarons, the neutral form can be better observed. In
addition, the most common signals include: 1550 cm−1 C=C stretching, 1320 cm−1 C–C
stretching, 1210 cm−1 N–H bending, 1030 and 880 cm−1 C–H bending [56].

Size exclusion chromatography (SEC) studies of PPy are not present in the literature
as the solubility of the polymer in common laboratory solvents is low. However, the chain
length can be calculated as it is correlated to the absorbance maximum, and this has been
demonstrated to be around 40 units, or rather, a molecular mass of about 2500 Da [57–59].
MALDI-TOF analysis in positive mode confirmed this calculation, and, even if not numer-
ous, an average of 20–30 units has been determined as the chain length [60–62].

1.3. Poly(3,4-ethylenedioxythiophene) PEDOT

Chronologically, PEDOT emerged last in the timeline of conductive polymers. Even
though polythiophenes were studied in the 1960s, and the conductivity of oligothiophene
rings was known about in 1982 [63,64], PEDOT was still discovered afterwards. Many
researchers have fought to modify the thiophene structure with side groups in order to
achieve a semblance of stability, for example, as in the case of PANI or PPy [65–67]. It
was clear that bare thiophene was not yielding results, and that substitutions at position
three and four were a must [68–73]. One of the discoveries of the century was made by
researchers from the company Bayer® in Germany. A dioxolane ring was the key, and
since this discovery in 1988, the scientific environment has all been using the same, air
stable, water solution of PEDOT [74]. However, PEDOT itself was not processable and
to obtain the nowadays commercially available water solution it had to be coupled with
an anionic polymeric chain poly(styrenesulfonate) (PSS). This was the second achieve-
ment that represents a milestone in the word of conductive polymers: from then on, the
era of PEDOT:PSS commenced. Commercialized with the name Baytron® or Clevios®,
PEDOT:PSS seems one of the most ubiquitous polymer ever. It is present in solar cells,
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capacitors, organic transistors, OLEDs, bioelectronic devices, sensors and more [75–77].
Among the other characteristics, shared with others conductive polymers, such as stability
in air, resistance to high temperatures and good mechanical properties; PEDOT:PSS is
the most processable, user friendly, and economical. Macroscopically, PEDOT is a dark
blue color when in suspension in water, and in order for it to be stable and processable,
it must be coupled with a water-soluble anionic chain, such as PSS. In its solid state, via
methods such as electropolymerization, in situ chemical polymerization or vapor phase
polymerization, PEDOT can be obtained without the polymeric PSS, yielding a blue/green,
either dark or light film. Other forms of PEDOT or PEDOT:PSS can also be achieved, such
as nanospheres, nanotubes, fibers, coatings, etc., demonstrating its great versatility [78–80].

1.3.1. Synthesis

Contrary to other CPs, PEDOT is not widely synthesized. The commercial solution
sold by H.C. Starck—taken over by Heraeus and other major chemical sellers—is extremely
stable and improved (over indium tin oxide, ITO, polyethylene terephthalate (PET), and
others) solutions of PEDOT:PSS or films can be purchased cheaply. This represents a stum-
bling block: not only it is not encouraging for the development of research, but also because,
after years of industrial improvements, these suspensions result in far more stable, more
conductive and more performant solutions—in term of physicochemical properties—than
homemade versions. All in all, PEDOT can be synthesized, as we reported, through many
pathways and, among them, the two most common are: chemical oxidative polymerization,
either in a water suspension or in an organic solvent (in situ), and electrochemical polymer-
ization. The final conductivity will significantly vary from 10−2 to 103 S/cm depending on
the method, the solvents, the additives and the level of oxidation of the final material. It
is worth mentioning, that commercial suspensions of PEDOT:PSS can vary from 10−2 to
1 S/cm for a bare spin coated non-post-threated film [81].

As shown in Figure 3, PEDOT can be obtained via chemical oxidation polymerization.
Commonly, a persulfate oxidant in three molar equivalents is added to a water suspension
of about 1% total solid content of EDOT and poly(styrene sulfonate) sodium salt (PSSNa),
in a mass ratio of 1:2.5 EDOT:PSS. Iron (III), usually as FeCl3 or Fe(SO4)3, is added in a
catalytic molar amount (0.05 eq). The kinetics of this reaction are slower than for other CPs,
being completed at room temperature in about 8 h while stirring [82]. This suspension can
be stored cold and is weakly stable. To avoid side reactions, a proper workup of the excess
of oxidants via ultrafiltration or ion exchange resins is required [83–85].
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In situ chemical and oxidative polymerizations are present in the literature and are
more suitable for obtaining a highly homogeneous material, highly conductive (due to the
lack of an insulating chain of PSS), but these materials are not processable afterwards. These
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syntheses normally consist of a highly concentrated solution of EDOT in an organic solvent
(5–10% in mass), coupled with a polymerization retardant such as pyridine or imidazole
that acts as a proton sink. The oxidant in this case is an over-stoichiometric amount of FeCl3
or Fe (III) p-toluene sulfonate. The mixture is heated and the polymerization is completed
in several minutes [86–88].

The electropolymerization of PEDOT is one of the easiest methods, as the reaction
conditions, in terms of solvents and electrolytes, are extremely flexible. Water, alcohols,
acetonitrile, dimethylformamide (DMF), dichloromethane (DCM) are the principal solvents
and KPF6, H2SO4, LiCl, NBu4PF6 and NaCl are the principal electrolytes present in the
literature. The onset is at about 1.2 V vs. Ag/AgCl and the thickness is proportional to the
time of the oxidative current applied. During cyclic voltammetry, it is possible to observe
how the reduced/undoped film appears to be much less colored than the oxidized/doped
one [89].

1.3.2. Characterization

UV–Vis–NIR of PEDOT is, without a doubt, the most common form of characterization.
The literature is rich in studies and interpretations of the obtained spectra. Older studies
agreed that PEDOT has three major absorption bands: the neutral chain, which is the most
reduced form, at around 600 nm; the radical cation of the polaron around 900 nm; and
the dications or dipolarons after 1250 nm. Many studies have used this to prove the real
doping of the material, as increased doping results in the polaron and dipolaron bands
being higher [90]. Recently, a better interpretation has been achieved, stating that the
absorptions do not belong to the two different species but the bands at 900 nm and 1250 nm
belong to different orbital transitions that both, polarons and dipolarons, own.

FT-IR of PEDOT can be done either in solid form, as an electropolymerized film, in
situ chemically polymerized or in solution as a PEDOT:PSS suspension. The spectra are
not explicative, the region from 1700 cm−1 to higher wavenumbers is practically flat and
does not provide much information either with or without PSS. The interesting region is at
lower wavenumbers from 1700 to 800 cm−1. At 1650 and 1500 cm−1, two peaks are visible
belonging to the C=C stretching of the benzene rings of PSS and of the thiophene ring,
respectively. Carbon–oxygen stretching is visible at 1150 and 1100 cm−1. At 1350 cm−1,
single bond carbon stretching appears, at 1200 and 1050 cm−1 the sulfur–oxygen double
bond appears, and at 1150 cm−1 the single sulfur–oxygen bond appears, i.e., either of the
sulfonate groups or the possible sulfate residues of the oxidant. The signals at 980, 930, 840,
and 691 cm−1 belong to carbon–sulfur stretching [91–93].

Gel permeation chromatography (GPC) or SEC, in this case, is not possible due to the
negligible solubility in most common laboratory GPC compatible solvents and the high
charge of the polymeric chain; nonetheless, only a few examples of mass spectrometry
using MALDI techniques are available in the literature [94,95]. It is worthy to mention, that
since the radical nuclear magnetic resonance is not possible on bare PEDOT, its molecular
weight remains unclear. Indicatively, more soluble EDOT derivates have been polymerized
and analyzed via GPC, giving a degree of polymerization of about 10–60 units [96–98].

2. The Allotropic Nanoforms of Carbon

Nature has provided us with many different allotropic forms of carbon. This element,
apart from being the most essential and common element found in nature, is the one that
provides the highest number of different structures. The main reason for this is its capacity
to form lattices through bonds using sp2 and sp3 hybrid orbitals. The most widely known
allotropes of carbon are diamond—where all carbon atoms are found in a sp3 hybridization
and disposed in a tetrahedral structure—and graphite, with all carbon atoms in a sp2

hybridization forming a planar structure.
All allotropic forms of carbon that have a lateral size in the range of nanometers

(1–100 nm) are referred to as carbon nanomaterials, and their discovery and evolution
runs hand-in-hand with the evolution of the field of nanotechnology. The third allotrope
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of carbon and the first carbon nanomaterial was discovered in 1985, when Harold W.
Kroto, Robert F. Curl and Richard E. Smalley purified a molecule containing 60 atoms of C
arranged in a “soccer-ball” fashion, which was named Buckminsterfullerene [99]. Fullerenes
are a family of spherical molecules, in which carbon atoms are bonded together through
pyramidalyzed orbitals between sp2-sp3 hybridization. This milestone paved the way
for further discoveries and in 1990, a tubular shaped elongated form of a fullerene was
envisioned. Experimental evidence of this new carbon allotrope was produced in japan by
Iijima in 1991, and after two years, the same group managed to synthetize and isolate the
first single-wall carbon nanotubes (SWCNT) [100,101].

Later in 2004, mechanical exfoliation of graphite led to the discovery of graphene. This
new material is formed by an atom thick single layer of graphite, where the sp2 hybridized
carbon atoms are arranged in a honeycomb structure [102]. The impact of this discovery
on the scientific community and eventually on everyday life, led to a Nobel price being
awarded to its discoverers, just six years after its discovery. Carbon dots (CDs) are the
youngest members of the carbon family, serendipitously discovered in 2004 by Scrivens
and co-workers during the purification and separation of SWCNT [103]. It was not until
2006 that they received their first name as “carbon quantum dots” and appeared in the
scientific community as new fluorescent carbon nanoparticles [104]. Typically, CDs are
quasispherical nanoparticles with sizes below 10 nm and contain various functional groups,
such as carboxylic acids and amines. Furthermore, CDs synthesis procedures are easy,
fast and cheap [105,106]. Given all their amazing properties, it is not surprising that these
new fluorescent carbon nanoparticles are considered highly promising nanomaterials for
several applications [105–108].

Herein, we summarize the most recent advances in the field of conductive nanotech-
nology, which combines the properties of carbon nanomaterials with conjugated polymers.
We focus on the hybrid materials resulting from the embedding of CNT, graphene deriva-
tives and CDs with CPs. We also discuss how the combination of carbon nanomaterials
(CNM) with CP improves the thermal, electrical and mechanical properties of the result-
ing hybrid materials. It is worth mentioning, that the fabrication and characterization
approaches for these hybrid systems are quite similar. Therefore, against the usual timeline
flow, we are going to take the reverse path and focus on the current progress in each
field. In this way, we start with the most recent hybrid materials, i.e., CD/CP composites,
which are in their infancy, to examine the basic production and evaluation approaches,
followed by G/CP composites, which are at a slightly more advanced stage, to review the
most common fabrication approaches and characterization techniques, and finish with
the big brother, CNT/CP, which has been vastly explored and is in an advanced stage of
research. We provide a special focus on the fabrication of the 3D architectures achieved
and their applications.

3. Carbon Dots and CP

Carbon-based dots (CDs) are recognized as a class of carbon materials with unique
optical properties, similar to traditional semiconductor quantum dots (QDs) [107,108].
Furthermore, CDs present high biocompatibility and lower toxicity than inorganic dots,
making them a promising green alternative material for bioapplications, among other
applications [106,108]. CDs have been widely studied since their discovery and [103],
meanwhile, polymers have increasingly become an essential tool for modifying CDs to
provide a polymeric matrix to tune and enhance their properties. CDs can be synthesized
using simple, fast, and low-cost approaches [105,106]. Herein, in the following sections,
the main three types of fluorescent CDs will be considered and these are represented
in Figure 4: carbon quantum dots (CQDs), graphene quantum dots (GQDs) and carbon
nanodots (CNDs) [109]. We summarize the use of CPs in the modification of CDs, including
their fabrication, characterization, properties, and the applications of these composites in
various fields.
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3.1. Fabrication and Processing

CDs embedded with CPs can be prepared via polymerization, polymer matrix incor-
poration, electrochemical polymerization and deposition or co-deposition. A summary is
shown in Figure 5 and a detailed discussion of each process is presented below.
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3.1.1. Polymerization and Polymer Matrix Incorporation

The most common and cost-effective methods to incorporate CDs within a polymer
matrix are based on in situ polymerization and/or polymerization in a solution of the
conductive monomer in the presence of an oxidant and the carbon-related dots. Never-
theless, the main drawback when using these methods, is that they do not achieve the
same level of homogeneity and integrity on the final nanocomposite as the produced by
electrochemical polymerization.

Polymerization of CPs, such as aniline and pyrrole, have been known to industries
for about a century. Despite this, reports of CDs tailored with CP are scarcely found in the
literature. For instance, the development of magnetic CD nanocomposites with PANI was
achieved by in situ polymerization of a solution containing the monomer and ammonium
persulfate (APS) as an initiator, in H2O, which served as a matrix [110]. Thus, aniline
can be chemically oxidized into the polymer form, i.e., PANI, in an aqueous solution by
various oxidants, as long as the oxidant is capable of withdrawing a proton from an aniline
molecule without forming a strong co-ordination bond [111]. The matrix incorporation
method was used to create, in situ, the nanocomposite, while the polymerization of PANI
occurred. The CDs were attached to the CP through electrostatic interactions, forming
the so-called CDs@Mat-PANI nanocomposite (Figure 6a) [110]. Similarly, CDs embed-
ded in PPy nanocomposites (CDs-PPy) were prepared using CDs and Py in an acidic
medium [112]. The nanocomposite was synthesized by combining an acidic Py solution to
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a new aqueous solution of CDs, with H2O2 as the initiator and matrix, which finally led to
the polymerization of Py. In detail, the color of the reaction mixture gradually changed
from brownish to black as polymerization of Py started to occur in the presence of the
dots [112]. Xia et al. reported a similar procedure of nanocomposite fabrication. In that
study, PPy and GQDs were successfully obtained through in situ polymerization of Py
in the presence of a GQD suspension, where oxidative chemical polymerization of PY
occurred thanks to the dots that served as a soft template [7].

Interestingly, CDs could be used as initiators of the polymerization of PANI and PPy
from the monomers under UV light [113]. Recently, Gedanken and co-workers reported a
one-pot synthesis of PANI and PPy using CDs and UV light that act as catalysts without
any additional initiator [113].

3.1.2. Electrochemical Polymerization and Deposition

The electrochemical polymerization and deposition methods for the fabrication of
conductive nanocomposites present several advantages compared to the processes men-
tioned above. Such advantages include direct, homogeneous, and controllable synthesis.
One of the first attempts to electrochemically deposit CPs on CDs was made in 2013 by
Li and co-workers [114]. The authors prepared a counter electrode that was based on
the electrodeposition of GQDs doped with PPy onto F-doped tin oxide (FTO) glass. The
GQDs used were synthesized via a chemical oxidation approach and then mixed with Py in
different weight ratios. The polymer film synthesis was carried out via the electrochemical
deposition method, using a deposition voltage of 0.8 V. Afterwards, the GQD-doped PPy
films were washed using deionized water and finally dried at 80 ◦C under vacuum con-
ditions [114]. According to the authors, the CP electrodeposition with a constant voltage
could enable the connection of the polymerized film to the FTO substrate. In addition,
GQDs have abundant oxygen groups that lead to a negative charge and, in contrast, PPy
units have positive charges on their N. Therefore, GQDs and Py should interact well due
to their opposite charges, and the dots can electrostatically absorb Py at nucleation sites to
promote the PPy growth.

CDs and titanium were used for the deposition of PANI onto films [115], with a higher
current density and more effective polymerization being found compared with PANI de-
posited on Pt electrodes. For instance, doped S-, N-GQDs and titanium electrodes were
utilized for the formation of PANI composite films by in situ electrochemical polymeriza-
tion [115]. In their work, the authors claimed that the deposition of CP on metals, such as
titanium, always required a cleaning treatment of the substrate to remove natural oxides.
Thus, before the electrochemical polymerization of aniline, the titanium electrodes were
first mechanically polished, rinsed in distilled water, and finally chemically etched. Later,
the electrochemical polymerization of aniline was conducted through cyclic voltammetry
in an acidic solution containing aniline and GQDs. The PANI-GQD film formation and
growth on the electrode surface was confirmed, as seen from its cyclic voltammogram.

Apart from film formation, CPs and CDs have been used for the processing of nan-
otubes. In particular, a CQDs–PPy/TiO2 nanotube hybrid was fabricated by a controlled
electrochemical polymerization method [116]. This consisted of using a three-electrode
system where the TiO2 plays the role of the working electrode, Pt as the counter electrode,
and Hg/Hg2Cl2 as the reference electrode. Then, a normal pulse voltammetry deposition
method was optimized to synthesize the hybrid. Figure 6b displays the response current
curves of the CQDs–PPy/TiO2 and PPy/TiO2 nanotube hybrid during the fabrication
process. It can be observed that the electrochemical polymerization reaction of the Py
monomer occurs predominately at an anodic potential above 0.8 V, as a quick enhancement
of the response current was achieved when the electrode potential was further increased
from 0.8 to 1.1 V (vs. Hg/Hg2Cl2). This behavior indicates that the presence of GQDs could
effectively promote the electrochemical polymerization reaction, and thus, the continuous
electrodeposition of PPy on the TiO2 nanotube array.
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The processing methodologies employed so far can be considered as easy and feasi-
ble, using—in most cases—a single compartment cell with a three-electrode system. In
another study, electrochemical polymerization using PANI was also achieved by Chaila-
pakul and co-workers using a novel approach [117]. PANI/GQDs were used to modify a
screen-printed carbon electrode (SPCE) in a flow-based system. This was the first study
that involved a fully computer-controlled methodology, with accurate synchronization
between the system, named Auto-Pret, and the potentiostat (Figure 6b). First, an electrode-
modifying solution was prepared, which contained an aniline monomer in an acidic
medium and an aqueous solution of GQDs, previously designed by a bottom-up pyrolysis
approach using citric acid [118]. The electrode-modifying solution was set up for online
modification in the Auto-Pret system, where the SPCE surface was covered with the solu-
tion and followed by the electro-polymerization of aniline using cyclic voltammetry [117].
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3.2. Characterization and Properties

The CD–CP composites combine the large pseudocapacitance of the CP with the
unique optical properties of the CDs. Thus, analysis of the composition, morphology,
electronic and fluorescent properties, and others, are essential to understand and guarantee
their successful interaction.

3.2.1. Composition, Morphological and Physical Characterization and Properties

FT-IR is the most commonly used technique to determine the composition of the
CD–CP composite through the vibrations of the bonds on the functional groups [119,120],
while X-ray photoelectron spectroscopy (XPS) deals with the atomic composition of the
nanocomposites [37,110]. RAMAN is mostly used for graphene-related dots (i.e., GQDs)
modified with CPs, and gives the vibration of sp2 bonded carbon atoms in the 2D hexago-
nal lattice (1573 cm−1, G-peak) and the vibrations of carbon atoms with dangling bonds,
related to the defects and disorders in structures in carbon materials (1342 cm−1, D-peak).
The intensity ratio for the D-band and G-band (ID/IG ratio) is widely used to evaluate
the defect quantity in graphitic materials and the chemical elements present in the materi-
als [121]. Additionally, X-ray diffraction (XRD) is commonly employed to confirm the π–π
interactions between the CPs and CDs in the matrix [7,122].

Thermogravimetric analysis (TGA) investigates the thermal stability of the CDs–
CPs [113], while it can also quantify the percentage of each specimen that conforms to
the resulting nanocomposite [119]. The incorporation of CDs into the polymeric matrix
can extraordinarily increase the thermal stability [123], which can be explained due to the
presence of a large number of aromatic structures acting as a thermal barrier, and hence,
preventing degradation.

Regarding the morphology and size of the CD–CP films, CPs such as PPy usually
present chainlike structures, while PEDOT shows a grain-like architecture. Their elec-
trodeposition, via a constant voltage, can enable the connection of the polymerized film to
the substrate [114]. Several studies have shown that the introduction of CDs can electro-
statically absorb the CPs as nucleation points to promote their growth, resulting in many
“nano-islands” and a highly porous structure, as can be observed by scanning electron mi-
croscopy (SEM) [114,115,124]. In other cases, the addition of CDs promotes smoothing and
flattening of the surface of CD–CP composites when compared to that of pristine polymers
(Figure 7a,b) [119]. However, it is challenging to distinguish CD polymer matrixes by SEM
because of their small size (less than 10 nm). Therefore, transmission electron microscopy
(TEM) is more practical as it can show the small quasispherical carbon nanoparticles em-
bedded in the polymer matrix [112]. Moreover, high-resolution TEM (HRTEM) can analyze
the semicrystalline nature of the nanocomposite. The crystalline nature of the material can
be established by selected area electron diffraction (SAED) measurement. Thus, HRTEM
reveals the presence of fringes with lattice spacings from 0.35 to 0.28 nm, which correspond
to interplanar distances and the face-to-face stacking of CPs with aromatic structures,
such as PPy [112]. Additionally, a crystal lattice spacing around 0.20 nm can be observed
by HRTEM, which could be related to the crystalline CDs [105]. Overall, atomic force
microscopy (AFM) is in good agreement with SEM, and some reports suggest that the
diameter of CD–CP structures varies in the range from 106 to 172 nm with an average
diameter of 134 nm [121,125]. Nevertheless, it seems that the size is more dependent on
the CP and crosslinking level [126,127].

3.2.2. Optical Characterization and Properties

Conductive materials combined with carbon-related dots may bring many advan-
tages, such as enhanced fluorescence intensity and sensitivity. The optical properties of
these composites are characterized by fluorescence, UV–Vis absorption and UV–Vis diffuse
reflectance spectroscopies, i.e., solid samples, which are extremely important for appli-
cations that include sensing, such as fluorescent biosensors. It is well known that CDs
present unique optical properties, such as tunable fluorescence emission and excitation
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wavelength-dependency [105–108]. On the one hand, it is reasonable to expect the re-
maining excitation wavelength-dependance after CP coating, and most reports did indeed
observe this behavior (Figure 7c) [37,112]. On the other hand, it has been observed that
incorporating CPs into the hybrid nanocomposite leads to an increase in the fluorescence
intensity, as was claimed by Shen and co-workers [37]. The authors presumed that such an
increase might come from the surface passivation of the GQDs through an acid–base type
interaction between the carboxylic groups of GQDs and the nitrogen atoms of PPy [37].
However, discrepancies regarding the quenching fluorescence effect when incorporating
a CP have also been described. For example, Chattopadhyay et al. observed a reduction
in the intensity after incorporating CPs [112], concluding that the main factor governing
this phenomenon was the electron transfer through a non-radiative pathway between CDs
and PPy. Consequently, a decrease in the fluorescence quantum yield (QY) of CD–PPy
composites was found [112].

In addition, CD–CP composites present a broad optical absorption on the UV–Vis
range in aqueous dispersion (Figure 7d). CDs showed their maximum absorption on the
UV with a tail extending to the Vis range in aqueous solution [107,108,118]. Several reports
have claimed that the introduction of CPs may produce broader and red-shifted signals
compared to those of pristine polymers [112,123]. For instance, CD–PPy displayed broad
absorption bands at 290 and 468 nm, respectively (Figure 7d). The first absorption peak
around 290 nm was assigned to the π-π* transition band. The authors hypothesized that the
second absorption band, from 350–600 nm, might be related to a bipolaron transition from
the CPs and the n-π* transition band from the CDs, due to interaction between transition
bands into the nanocomposite [112].

3.2.3. Electronic or Electrochemical and Thermoelectric Characterization and Properties

The electrochemical performance of the synthesized polymer-carbon-based dot mate-
rials has been reviewed through cyclic voltammetry (CV), galvanostatic charge–discharge
(GCD) and electrochemical impedance spectra (EIS) in a three-electrode system. In all the
studies performed, whether using CQDs or GQDs, a small number of CDs enhanced the
electrochemical performance significantly [7,116,128]. Moreover, the type and amount of
dopant and/or CP present on the nanocomposite may also have an impact on the electrical
properties of the system. For instance, Wu and co-workers studied the electrochemical be-
havior at different ratios of GQDs used within the matrix by CV [7]. The authors observed
a relevant increase even at lower rates, from 344 F g−1 specific capacitance of pure PPy
to 394 F g−1 PPy-GQDs (5:1). The highest specific capacitance of 485 F g−1 was reached
using the 50:1 PPy to GQD ratio. Afterwards, when the mass ratio of PPy-GQD was higher
than the optimal one, there were not enough templates for PPy growth. Therefore, a
decreasing specific capacitance was detected. Notably, the authors noticed good cycling
stability as well. These findings were associated with a reduction in the oxygen-containing
groups in PPy-GQD composites during the electrochemical process and the defects in the
GQD structure.

Additionally, Xie et al. conducted EIS measurements to investigate the ionic diffusion
and electron transfer in the PANI-based electrodes (CQDs-PANI) [128]. Figure 7e,f show
the Nyquist plots and the equivalent circuit model, which includes the elements: ohm
resistance (Ro); constant phase element (CPE1); charge transfer resistance (Rct); and the
Warburg resistance (Wo). In all cases, an incomplete semicircle at the high-frequency
region and linearity at low-frequency region were observed, where the authors suggest that
there is a charge transfer resistance (Rct) at the electrode/solution interface. In addition,
the curve in the low-frequency region is close to a vertical line, which means that the
supercapacitor exhibited almost ideal capacitive behavior. After adding CQDs, the fitted
Rct and Wo values were 0.8175 and 0.3521 U, respectively, which were much smaller than
those of the pristine and control electrodes. Conclusively, such observations indicated
that the CQD-PANI electrode possessed a high electrochemical performance and fast ionic
diffusion in the electrode structure.
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Du and co-workers demonstrated that the electrical properties could be enhanced
even more if a TiO2 nanotube array is used during electrochemical polymerization as a
working electrode [116]. They investigated the electrochemical capacitance through the
GCD of CQD modified PPy/titania (CQD–PPy/TiO2) nanotubes. The authors calculated
the specific capacitance using the following Equation (1):

Cm =
I × ∆t

∆V × m
(1)

where Cm is the specific capacitance, I is the current of charge–discharge, ∆t is the discharge
time, ∆V is the scanned potential window, and m is the mass of the active material in the
electrode. The GCD curves obtained from the nanocomposites exhibited a straight line and
had a very symmetrical nature, suggesting excellent reversible and fast ion doping.

PEDOT has recently been suggested as a thermoelectric material. Among CP, the
commercially available solutions of PEDOT:PSS possess great potential in thermoelectric
applications due to their high electrical and low thermal conductivity, in addition to their
low-cost production. Nevertheless, their thermoelectric properties are not sufficient com-
pared to their inorganic counterparts. A great deal of effort has been made to enhance
PEDOT:PSS thermoelectric properties by increasing the charge transfer between PEDOT
chains. Cheng et al. demonstrated that using GQDs onto PEDOT:PSS enhanced the ther-
moelectric properties of the final nanocomposite [124]. To help to assess the feasibility of
PEDOT:PSS/GQDs, the electrical conductivity and Seebeck coefficient were analyzed in
this work. The composites reached the highest Seebeck coefficients of more than 15 µV/K. It
is well known that high-performance thermoelectric materials require a high Seebeck coef-
ficient and electrical conductivity. Even though GQDs present a low electrical conductivity,
adding a small amount of them onto the PEDOT:PSS brought a significant improvement in
the electrical conductivity from 5475 to 6489 S/m. The authors ascribed the improvement
to the strong interactions created on the nanocomposite, such as interactions between
GQDs–PEDOT and GQDs–PSS, via π-π bonding chains and hydrophilic groups, which
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finally led to an increase in the PEDOT charge transfer for the decoupling and separation
of its chains [124].

3.3. Applications

Although the CD–CP field is still in its infancy and not many reports have yet been
published, in this section, we present the current state-of-the-art applications of CD–CP
composites and anticipate that these will exponentially increase in the coming years [129].
The unique properties of CDs combined with CPs have demonstrated outstanding potential
for a wide range of applications and may change the landscape of various fields, such as
energy storage, dye-sensitized solar cells, sensing and biomedical applications (Figure 8).
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3.3.1. Supercapacitors for Energy Storage Applications

Most of the published studies have involved the use of CD–CP composites designed as
supercapacitors for energy storage applications [115,119,120,122]. Commonly, supercapaci-
tors work under two energy storage mechanisms: the electrical double-layer capacitance
(EDLC) stored via ion adsorption and the pseudocapacitance stored via fast surface redox
reactions. Nearly all π-conjugated CP systems, such as PPy and PANI, have an adequate
electronic charge flow and are most widely used for the latter-mentioned applications.
Ideally, their excellent properties depend on the electrode materials, which should present
high electrical conductivity, good stability, and exceptional capacity.

For instance, Goudarzirad’s team has developed an electrode based on PANI/GQD
composites [115]. The group evaluated their potential as supercapacitors through CV. The
cyclic voltammograms were recorded in 0.5 M H2SO4 electrolyte at the potential scan rate of
10 mV s−1 and at the potential range of −0.20 to +0.60 V. The shape of the voltammograms
was more extensive than that of pristine PANI film electrodes in the same scan. The results
obtained predict that the higher capacitance of PANI/GQD composites may be attributed to
the larger surface area. Thus, increasing the interfacial surface between the nanostructures
and the electrolytes leads to more fascinating reactions. Similarly, Xie and co-workers
created a flexible solid-state supercapacitor with a promising application in flexible energy-
related devices [128]. Additionally, Imae et al. reported capacitance enhancements by using
CDs in CPs of more than double those shown for pristine polymers [119].

A CQD–PPy/TiO2 nanotube hybrid was fabricated as a supercapacitor electrode
material by the controlled electrochemical synthesis route [116]. Next, Du and co-workers
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removed the TiO2 from the CQDs–PPy/TiO2 to create a flexible supercapacitor. Figure 8
shows images of a flexible CQD–PPy supercapacitor in both planar and bent states. In
detail, the supercapacitor could be fully folded to 180º and exhibited a similar capacitance
performance by comparing the integral areas of the CV curves. Furthermore, the shape of
the CV curves indicates characteristic supercapacitor behavior, for example, conduction is
attributed to the inner parts in the electrolyte not being able to sustain fast redox transitions
at high scan rates [116].

3.3.2. Dye-Sensitized Solar Cells

Dye-sensitized solar cells (DSSCs) present special features, such as simple design, low
manufacturing costs and a high power conversion efficiency [130]. Therefore, it is not sur-
prising that they are becoming an excellent alternative for substituting traditional solar cells
in energy storage applications. DSSC devices consist of a dye-sensitized nanocrystalline-
TiO2 photoanode, electrolyte-containing triiodide/iodide (I3

−/I−) redox couple, and a
counter electrode. However, the counter electrodes used up to now present some limi-
tations, such as high-costs in the case of Pt, in addition to the volatile liquid used as the
electrolyte often resulting in leakage and low chemical stability [131]. To overcome these
drawbacks, incorporating nanocomposites based on CPs with prominent and tunable elec-
trical features in organic electronics and CDs may enhance its photovoltaic performance.
For instance, Li and co-workers developed a DSSCs device using a GQD-PPy film as the
counter electrode [114]. Using 10% of GQDs doped onto the film resulted in a higher charge
transfer rate toward the I3

−/I− redox couple. Additionally, the nanocomposite enhanced
the power conversion efficiency up to 5.27%. The latest results were comparable to those of
Pt and higher than pristine CPs. The GQD-doped PPy provides a promising candidate to
replace Pt as an inexpensive counter electrode for DSSC devices.

3.3.3. Sensing Applications

The exceptional optical properties of CDs have been utilized to detect a wide range
of relevant molecules based on either turn-on or turn-off fluorescence emission mech-
anisms [106,108]. Despite the high fluorescence emission sensitivity, the high electrical
conductivity of CPs is also attractive for CD nanocomposites to work as sensitive sensors,
leading to improved detection sensitivity and selectivity [112,117].

Fluorescence Biosensors

In the last decade, CDs have attracted a great deal of interest in biomedical research
communities. The dots harbor unique properties, making them a promising material for
biomedical applications both in vitro and in vivo [105,107,108]. Furthermore, adding CPs
as biofriendly polymers may revolutionize their biological potential, with a particular
focus on biocompatibility, biodegradability and bioimaging [123,126,127]. Nevertheless,
the bioapplications developed up to now are based on biomedical devices and, therefore,
used ex vivo [37].

The Shen’s group developed a highly sensitive, simple and economically designed
dopamine sensor based on PPy/GQDs [37]. The detection method of the biosensor relies on
the turn-off system, i.e., quenching on the fluorescence emission, through a photo-induced
electron transfer process, a strong electrostatic interaction between the electronegative
part of PPy/GQDs composite and the electropositive part of a dopamine biomolecule.
Moreover, hydrogen bonds between the amine groups and/or the hydroxyl groups in
dopamine and the nitrogen-oxygen functional groups in PPy/GQDs are another force
for detecting dopamine on the nanocomposite surface. Overall, all of these interactions
led to the quenching of the fluorescence emission, and therefore, its detection. These
sensing experiments were carried out in real samples, such as human serum and urine.
It demonstrates that the sensor proposed by the Shen group is appropriate for practical
applications related to the clinical determination of dopamine.
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Electrical Conductivity Sensors

Reports based on CD–CPs nanocomposites for metal ion detection applications are
scarcely found in the literature. Nevertheless, one report can be found online regarding a
sensor for the determination of Cr (VI) using SPCE in an AutoPret system, coupled with
electrochemical detection [117]. The proposed sensor was used for the detection of Cr (VI)
in mineral drinking water and deteriorated Cr-plating samples. Furthermore, it could be
used several times without any renewal processes and more than 90 samples per hour
could be analyzed, with a detection limit as low as 0.097 mg L−1.

In 2016, the first sensor based on the conductivity of CDs was reported [112]. Pal et al.
manufactured a conducting nanocomposite consisting of PPy-CDs (Figure 8). The conduc-
tive film was highly selective and sensitive toward picric acid, considered as a groundwater
and soil pollutant. The detection of picric acid was based on the changes in the current–
voltage (I−V) characteristic plots. Interestingly, the authors found concentration-dependent
distinct differences on the current, which indicated a higher degree of protonation to the
aromatic ring in the PPy backbone, leading to a higher charge carrier density. More analytes
were assessed, even though the composite showed much higher sensitivity toward picric
acid. It is worth mentioning here, that the detection limit for electron acceptor molecules
was lower than those of electron donor molecules.

4. Graphene Mixed with CP

Graphene, considered as a single layer of graphite, is one of the most recent additions
to the allotrope carbon family. Since its discovery in 2004 by Novoselov and Geim, and the
Nobel Prize for its discovery later awarded in 2010, the number of graphene publications
has increased considerably [132]. Its discovery involved the start of a new generation of
materials with multiple properties and applications: the 2D materials. The properties of this
single layer of atoms arranged in a honeycomb lattice are numerous and diverse, from its
mechanical properties due to its lightness and elasticity [133], to the electrical behavior that
comes from its structure with excellent charge mobility [134]. Additionally, the high optical
transparency [135], and the higher thermal conductivity of this material [136] makes it this
an ideal candidate for a large variety of applications, such as field-effect transistors [137],
sensors [138], supercapacitors [139], and hydrogen storage [140,141].

The term graphene means a hexagonal arrangement of sp2 carbon atoms in a single
atom-thick layer [142]. It has been used to inaccurately describe many different types of
graphene-based materials, such as several layer-thick graphene (FLG), graphene oxide
(GO) reduced graphene oxide (rGO), graphene ribbons and graphene nanosheets. An
accurate model of the graphene nomenclature and classification was defined by Wick et al.,
as well as a description of how the properties of these materials change depending on their
composition, making them suitable for different applications [143].

In the last decade, a great deal of effort has been made to introduce graphene into
several devices to replace, improve, or reinforce its application [144–146]. One of the chal-
lenges is to produce optimum graphene, i.e., with the best electrical properties, and even
though many are trying, only few have succeeded [147]. The incorporation of graphene
within CP, results in the generation of new unique polymers with enhanced properties and
a wide range of applications. For this reason, several graphene-based materials embedded
in conductive polymers are discussed in this section.

4.1. Fabrication and Processing

The integration of graphene with polymeric conductive chains is a crucial step for
improving the thermal, electrical or mechanical properties of the composites. The fab-
rication involves the interfacial bonding and distribution of the matrix with graphene.
In many cases, small amounts of graphene are enough to improve the properties of the
new composites [148]. There are different methods for the fabrication and processing of
CP/graphene composites, as we will discuss below.
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4.1.1. In Situ Production

The most widely used technique for the fabrication of new compounds based on
graphene and CP is the in situ polymerization of the monomer or the pre-polymer in the
presence of the 2D material. The polymerization process should integrate the graphene
flakes homogenously within its matrix. An essential step in the fabrication of graphene
embedded on CP is the mixing procedure, where good dispersions and uniformity between
them are crucial for the fabrication of reliable composites [149–151]. This connection can
be performed through a covalent anchor or supramolecular interaction. In the covalent
modification, the surface of the material should be perturbed, disrupting the aromatic char-
acter of the graphene, although the new moieties introduced onto the surface act as anchor
points and enrich the assembly of the CP [152]. On the other hand, in the supramolec-
ular fabrication, the formation of the composites does not alter the main properties of
the graphene or CPs, and they are easier to manufacture [153]. For instance, Zhu and
co-workers introduced an in situ polymerization of a PPy/GO film [154]. The authors
showed how the nanocomposite has a noticeable improvement in corrosion protection.

The preparation of graphene and a conductive polymer through two-step functional-
ization, mixing, and heating of the polymer, without the use of any additive as a catalyst
acid or oxidant, was developed by Rizwan and co-workers [155]. The functional group
introduced in the GO surface acts as a strong linker. Moreover, the new composite showed
an excellent electrochemical performance, making this new graphene-polymer suitable as
a supercapacitor electrode material with good cycling stability. The synergistic interaction
between the polymer and GO allows for fast electron transfer. This methodology showed
how the covalent bond crosslinker enhances the interaction in the graphene–polymer com-
posites. Bose et al. identified a new composite made from the in situ polymerization of PPy
with GO and chemical reduction with hydrazine. The composites with a higher number of
sp2 domains showed an elevated value of conductivity; this behavior was attributed to the
high aspect ratio and surface area of the graphene nanosheet embedded on the PPy matrix.
The difference before and after the reduction was confirmed by XPS—with a decrease in
the C/O ratio being observed, XRD Raman and FTIR spectroscopic analyses [156].

Electrochemical polymerization is an essential in situ method in the preparation of
CP films [157]. The control over the thickness and roughness, combined with the room
temperature reaction conditions, rapid polymerization and catalyst-free nature of the
reaction are some advantages of this technique. Due to their electrical properties, the
introduction of graphene-based materials in the electrochemical polymerization is a good
strategy for the formation of novel CP/G hybrid materials [11,158,159]. For instance,
Hu et al. took advantage of the fast redox and acid-base doping/dedoping properties
of PANI to produce nanorod-PANI-graphene films with controllable sizes (Figure 9) [11].
Graphene increased the nucleation rate of PANI, making it more accessible to the electrolyte.
The charge–discharge rate of the new composite showed good capacitance and cycle
stability due to the appropriate pore size distribution. The use of graphene derivatives,
such as graphene oxide (GO), with many carboxyl, epoxide and hydroxyl groups on the
surface is an excellent dopant method for electropolymerization, which is due to the fact
that the GO surface is negatively charged, making it hydrophilic and well dispersed in
aqueous solutions [160]. Wang et al. prepared—through the in situ electropolymerization
of polyaniline and GO—a composite paper with flexibility and electrochemical activity. The
presence of PANI showed an increase in tensile strength of up to 43% and an enhancement
of the electrochemical capacitance up to 58%. The building blocks formed were suitable for
use as flexible supercapacitors [161].
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4.1.2. Melt Processing

An alternative method, preferably used to scale up manufacturing processes, is the
melting of the polymer without the presence of a solvent. Once the molten state is reached,
graphene is incorporated using different methods, such as via a twin-screw extruder [162].
The graphene flakes can withstand high temperatures without their characteristics be-
ing altered and intercalate with the polymer chains during the process [163,164]. This
technique is commonly used in industrial processes with thermoplastic polymers, since
only simple parameters such as the screw speed, temperature and time need to be ad-
justed [163]. However, during the mixing of the dispersion, the quality and homogeneity
of the resultant CP/graphene composite usually has lower standards than that obtained
via in situ polymerization. Zhang and co-workers developed conductive polyethylene
terephthalate/graphene nanocomposites, prepared via this technique [164] The incorpora-
tion of graphene improves the conductivity, with a low loading of the material (3% vol).
The resulting composite showed a high aspect ratio and large specific surface area; in this
case, the dispersion achieved during the fabrication was adequate to elicit a considerable
improvement of the nanocomposite.

4.1.3. Solvent Mixing

The solvent mixing method is a common technique, where the matrix—after its
polymerization—is mixed in solution with a dispersion of graphene-based material (Figure 10).
This methodology is easier for scale-up processes and has fewer complications as it does
not involve time-consuming chemical reactions. However, compatibility between the
solvent chosen to dissolve the matrix and the graphene dispersion is imperative. In
many cases, before solvent evaporation, the mixture needs to be exposed to a powerful
homogenization technique, such as ultrasonication. For instance, Qiu and co-workers
developed a concentrated graphene aqueous solution using ultrasonic vibration and PPy
as intercalators [165]. The π−π interaction of PPy with graphene allows for exfoliation of
the material to a thickness of less than five layers without increasing the graphene defects.
The new composite has enhanced corrosion protection qualities in an environment-friendly
aqueous media. The evaporation process—after mixing—can be varied; an example is
described by Subtil et al. [166]. The authors developed a new polyethersulfone (PES)
membrane by mixing PANI and rGO using a phase inversion process. The new membrane
showed higher conductivity and changes in roughness; these modifications increased the
permeability, porosity and hydrophilicity of the membranes, due to the fabrication method.
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4.1.4. Electrospinning

The versatility of electrospinning (ES) comes from the facility to produce ultrathin
fibers from many precursor materials [167]. The formation of fibers is favored by the
application of electrostatic forces to a jetting polymer solution [168]. More specifically, the
dynamics of electrospinning resemble those of electrospraying, in which an electrostatic
charge is used to obtain an aerosol of liquid charged drops from a capillary tip. In a typical
process, a solution of the polymer is loaded into a syringe and pushed to the tip where
it forms a droplet. A jet of solution is formed when a high voltage is applied to the tip,
modifying the shape of the drop and forming an initial structure called a Taylor cone and
electrostatic repulsion building at the drop withdraws a jet of the material, which is de-
posited on a collector resulting in the formation of a continuous homogeneous fiber. Fibers
with diameters of a few hundred nanometers can be obtained in a random orientation.

The introduction of carbon forms with polymers in ES offers structural advantages
in the fabrication procedure and enhances the mechanical properties, resulting in a high
surface area composite being obtained. The suspension of graphene can be mixed easily
with the electrospinning solutions [169–171]. For example, Moayeri et al. showed how
the introduction of rGO in a PANI solution improves the fibers’ properties, increasing the
thermal degradation and electrical conductivity without alterations to the electrospinning
process [12]. In the last decade, the number of applications of these mixing solutions/inks
has increased, making them suitable for the fabrication of 3D scaffolds for tissue engineer-
ing, sensor substrates, and membranes for ultrafast photonics [172,173].

4.2. Characterization and Properties

To understand the properties and the formation of graphene embedded in CP, common
characterization techniques can provide data such as the amount of graphene loaded on
the sample, the confirmation of covalent bonding between the polymer and the graphene,
whether the aromatic character of the mixture has been disturbed, or the precise chemical
composition, as well as its optical, morphological and electrical properties. Morpholog-
ical characterization of the composites gives us information about the roughness of the
mixture, number of layers, thickness, length and particle size. For instance, for electro-
spinning fabrication, SEM is a reliable and fast tool to determine the morphology of the
fibers [12]. Additionally, SEM–EDX can provide extra information about the composition
and homogeneity of the sample [174].

The properties of how the graphene in the CP is embedded can be studied by several
techniques. For instance, TGA allows one to study the loading of the sample by analyzing
the weight loss proportion of the composites [152,175], while FT-IR and UV–Vis can identify
specific groups of the CP backbone to confirm that no degradation has occurred during
the fabrication process [153]. Moreover, the chemical composition of the sample, such as
the oxygen functionality after reduction of the composite and its bonding structure, can be
studied by XPS [153].

Raman spectroscopy is a powerful technique for this purpose as well. An intense
band of graphene appears around 1580 cm−1 (G band) and is standard to all graphitic
nanomaterials, while the so-called 2D band, which appears between 2500 to 2900 cm−1,
is the second-order mode and is related to the number of graphene layers. Additionally,
covalent grafting can be confirmed by the D band, placed around 1350 cm−1. Bose et al.
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determine the bonding structure from the intensities and shifts of the Raman spectra of
their composites [156].

The electronic characterization of CP/G showed improved properties due to the intro-
duction of graphene, which enhances the electrochemical performance. Several techniques
can be performed to characterize such composites. For instance, impedance spectroscopy
is a procedure that measures the impedance response of the composites. Chang et al.
determined that an rGO/PPy composite had a lower charge transfer resistance and better
capacitive behavior than the homologue without rGO [176]. These observations coin-
cided with studies conducted through cyclic voltammetry, which measures the current
galvanostatic discharge curves, to measure the charge–discharge time capacity.

4.3. Applications

The unique properties of CP/G composites are widely implemented in several appli-
cations; some of them are summarized in Table 1.

Table 1. Summary of graphene-based materials embedded in conductive polymers.

CP Graphene Material Method Application Ref

PANI FLG in situ polymerization Methodology [152]

PANI rGO in situ polymerization Supercapacitors [153]

PANI FLG in situ polymerization Supercapacitors [11]

PANI/PES rGO Phase inversion Conductive membranes [166]

PANI rGO Electrospinning Nanofibers [12]

PANI GO/FLG in situ polymerization Hybrid flexible papers [177]

PANI FLG in situ polymerization Electrochromic [178]

PANI GO in situ polymerization Flexible electrodes [161]

PEDOT GO in situ polymerization Bio-interfacing [160]

PEDOT GO in situ polymerization Tissue interface [179]

PEDOT FLG in situ polymerization Biosensor [180]

PEDOT GO Microwave in situ polymerization Biosensor [181]

PEDOT FLG Electrochemical polymerization Photocapacitor [182]

PEDOT G nanoplatelets Solvent mixing Sensor [183]

PEDOT rGO in situ polymerization Sensor [150]

PPy GO in situ polymerization Anticorrosive performance [154]

PPy FLG Solvent mixing Corrosion protection [165]

PPy GO in situ polymerization Drug release [184]

PPy CVDG Electrochemical deposition Bioenergy storage [185]

PPy GO Electrochemical deposition Supercapacitors [176]

PPy FLG Solvent mixing/capillary force Supercapacitors [36]

4.3.1. Biomedical Applications

The introduction of graphene into biomedical fields has increased in recent years
thanks to its electrical, physical, and chemical properties. Practically, the use of graphene
derivatives, such as GO or rGO, has demonstrated great potential due to the great integra-
tion of the nanomaterial with biological systems [186].

The electrochemical polymerization of PEDOT in the presence of GO showed good
biocompatibility and excellent conductivity, with easy integration of the GO into the ma-
trix [160]. After 24 h, Luo and co-workers showed how the PEDOT/GO films were trivially
cytotoxic, promoting neuron growth and great neurite length. The free functional groups
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available on the surface allowed for the immobilization of a functional laminin peptide,
preserving its bioactivity. This composite also showed low impedance, easy biomolecule
functionalization, and good potential for tissue engineering applications [160]. The use of
PEDOT/GO enhances mechanical properties and can amplify the electrode’s active surface
area, making them biocompatible for electrical stimulation [179]. When studying the use
of conductive polymers and graphene as electrodes, Ouyang and co-workers prepared a
PEDOT/G/GCE dispositive that produced excellent results for the simultaneous detection
of four DNA bases without any treatment or preparation. The electrode exhibited excellent
electrocatalytic activity, making it a promising tool in clinical genetic engineering diag-
nostics [180]. The electrical properties of PEDOT/graphene electrodes make them great
candidates for many biosensing applications [127,181].

The controllable conductivity of PANI combined with graphene allows one to create
flexible, electrochemically active, and biocompatible hybrid papers that are attractive for
tissue engineering, drug delivery and biosensing applications [177]. Moreover, some theo-
retical studies have pointed out that graphene/PANI composites exhibit high sensitivity
and adsorption capabilities in recognizing NH3 gas molecules, thus, making them suitable
for ammonia sensors [187]. Muthusankar and Ragupathy developed a copolymer PANI-
PDPA hybrid impregnated with graphene nanosheets via copolymerization of the prepared
PANI/graphene composite and PDPA/graphene blend, observing a homogeneous disper-
sion of the sheets [188]. Additionally, the hybrid was prepared for the immobilization of
glucose oxidase onto an ITO electrode and it showed an electrochemical determination of
glucose over a broad linear concentration range with good sensitivity and fast response.

An electrically controlled drug release procedure was also developed. Weaver and
co-workers used GO nanosheets incorporated into a composite of PPy. The GO/PPy
nanocomposite was loaded with dexamethasone (DEX), an anti-inflammatory drug; it
showed a lineal release of the drug that hold hundreds of stimulations only when a
voltage is applied [184]. Interestingly, no drug release was observed in the absence of
stimulation. Additionally, the device did not present toxic by-products and could be
regulated depending on the size and thickness of the GO nanosheets (Figure 11). This
platform was an excellent candidate for on demand drug delivery. Finally, it is worth
mentioning one last exciting application, that was developed by Byun et al., who developed
a hybrid nanostructured bioenergy storage device of GO and PPy [185].
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4.3.2. Electronic Applications

The exploration of new materials to optimize the structural and electrical properties is
ongoing. CP/graphene composites are good candidates for their fast doping/undoping
process, as well as the electrical properties of graphene mentioned above. Energy storage
is a crucial application nowadays due to the use of portable electronics, supercapacitors,
and electric vehicles. The use of PPy is promising, mostly because of its high stability in air
and easy production in aqueous solutions. However, the lack of stability during cycling
suggests the possibility of introducing graphene into the nanocomposite to create a synergy
between them [189]. Supercapacitors are a promising source of power generally used in
applications that require fast charge/discharge cycles in electronics equipment. Chang
and co-workers developed a new approach using a PPy/rGO film with supercapacitance
properties [176]. The rGO expanded its surface area, and the assembly of the device was
performed in a one-step electrochemical approach. Biswas et al. aligned flakes of graphene
embedded in a PPy fibrous network [36], and the resulting electrode showed high ionic
and electric transport. Impedance analysis exhibited low equivalent resistance between the
graphene basal plane and the polymer and the composite revealed great electronic charge
transport and cyclic stability.

PANI has also attracted attention as a framework in supercapacitors due to its ther-
mal stability, tunable properties, high conductivity and low-cost fabrication processes.
Additionally, the color change from various redox reactions makes this CP a promising
candidate for electrochromic applications. For instance, Lyu fabricated PANI-based hybrid
films by electropolymerizing the monomers onto ITO glass slides with WO3, graphene
and a heterostructure of both [178]. Cyclic voltagrams and galvanostatic charge–discharge
graphs showed better areal capacitances in the case of WO3/G/PANI. Faster switching
responses and higher coloration efficiencies were observed in the multi-composite. The
rougher morphology of the sample and the embedment of the nanofiller into the matrix
played an important role in this effect. The use of photocapacitors in self-sufficient energy
composites is an ambitious research topic that aims to simplify charge transport and storage
processes. PANI, PEDOT, and PPy are suitable candidates due to their properties, as already
mentioned in this review. Gao et al. integrated a carbon supported graphene/PEDOT
electrode and an ionic liquid electrolyte [182]. The resultant device showed good stability
and even presented performance under low intensity illumination.

4.3.3. Sensing

Finally, CP/G has been used for chemical sensing, creating a large surface platform
that amplifies the adsorption behavior, with the increased surface area producing increased
analytical recognition spots. Additionally, CPs can act as sensitive agents and enhance the
selectivity of some substances that graphene alone would not adsorb. The combination of
these composites decreases the broad detection limit and response time and enhances the
sensitivity and selectivity [190]. Yang et al. prepared an in situ porous film of PEDOT/rGO
with an efficient chemiresistor platform for NO2 detection. The large surface area of the
composite enhances gas desorption and adsorption. The authors confirmed the sensitivity
by exposing it to different concentrations of NO2 gas, obtaining repeatable characteristics.
Additionally, during the fabrication process, the porosity of the material can be controlled
by modifying the heating rates in the baking process [150].

As one last example, the conductivity of PEDOT allowed Zahid and co-workers to
mercerize woven cotton fabrics using PEDOT:PSS and graphene nanoflakes up to 20 wt%
by spray coating [183]. The new conductive fiber was lightweight, completely flexible,
and resistant to laundry cycles, while it also showed resistance under heavy weight.
Additionally, the fabric showed a strain deformation response with a 90% viscoelastic
recovery after 1000 cycles. These conductive fibers are great candidates for wearable
bionics and sensing (Figure 12).
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5. CNT Embedded with Conjugated Polymers

Carbon nanotubes (CNTs) represent a the state-of-the-art nanomaterial for application
in any field involving nanotechnology, ranging from electronics to tissue engineering [191].
Their structure can be described as a rolled-up sheet of graphene; the way in which the
graphene sheet is rolled on itself defines the diameter and the helicity of the obtained CNT.
These features are known to directly influence the characteristics of the CNT, especially its
electrical behavior [192,193]. The highly unusual electronic properties of CNTs arise from
their nanometer dimensions together with the peculiar electronic structure of graphene-
like sheets; their behavior as metals or semiconductors is highlighted on the basis of the
diameter and helicity of the tube. Furthermore, the excellent mechanical properties of
nanotubes, and carbon nanomaterials in general, arise from the strong carbon–carbon
chemical bond in the graphene-like lattice. For this reason, CNTs are used in many
applications as fillers in order to reinforce the structure of composite materials.

CNTs remarkable characteristics have helped their rise as one of the most commonly
used building-blocks for the production of advanced materials. Composites that incor-
porate CNTs have shown superior mechanical and electronic properties. Concerning
the mechanical properties, the CNT-containing substrates have shown to demonstrate
increased Young’s modulus values and enhanced tensile strengths with increased CNT
loading [194]. It is worthy to note that the homogeneous distribution of the filler in the
matrix should be taken into account when comparing the composite to the neat polymer.
Functionalization of the CNT surface also influences the scaffold’s mechanical properties.
The different kind of derivatization groups used to modify the surface of pristine CNTs
can be specifically chosen to improve the mechanical properties of hybrids by interacting
with the structure of the polymeric network. Hybrid scaffolds also take advantage of the
electronic properties of CNTs. In all the studies reported so far, the conductivity is directly
proportional to the number of nanotubes present.

Such hybrid materials have proved to be valuable tools in biological applications, such
as in tissue engineering, sensing, and drug delivery, as well as in the preparation of batteries,
energy storage and the assembly of microelectronic devices [195,196]. In particular, the
inclusion of CNTs with conjugated polymers has been widely studied, and the literature
includes plenty of examples where CNT/CP have been combined in multiple ways and
with various architectures for use in electronic and biomedical applications. In this section
we aim to give an overview on the most recent advances in respect to embedding CNTs
with conjugated polymers.
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5.1. Fabrication Approaches for Obtaining CNT/CP Materials

An extensive number of different polymers have been used as matrices for the pro-
duction of hybrid materials, with CNTs giving rise to enormous libraries of composites.
The final application of the structure generally dictates the synthetic method used, with
the two main routes being in situ and ex situ methodologies. Despite of which synthetic
pathway is used, efforts must be made in order to obtain a dispersion of CNTs. Nanotube
aggregates may weaken the final structure by impeding the formation of a homogeneous
polymer network, as well as limiting the conductivity and overall biological applicability
of the composite [197]. The strong π–π stacking forces between CNTs, given by their
large aspect ratio, hinder the individualization of the single tubes in solution. Generally, a
good dispersion of nanotubes is achieved by ultrasonication or ball milling of the carbon
nanomaterial. More recently, dispersion has been improved, implying the possible use
of surfactants or surface functionalization of the nanotubes [198]. For the up-scaling and
large-scale production of composites, ex situ methods are preferred over in situ ones.

In situ methods indicate the synthesis of a composite when the polymerization reaction
of the matrix is performed as a second step after the mixing of the monomers with the
CNTs. The mild conditions used in this method make it useful for the preparation of
insoluble polymers or those that cannot withstand high temperatures. In situ methods are
preferred when working with conductive polymers, such as PPy, PEDOT or PANI [199–201].
For instance, Dominguez-Alfaro et al. manufactured 3D conductive PEDOT/CNT and
PPy/CNT scaffolds using the well-known vapor phase polymerization methodology, where
EDOT was in situ chemically polymerized inside a CNT-containing template [199,200,202].
Furthermore, the same authors succeeded in the fabrication of 3D PEDOT/CNT scaffolds
through electropolymerization of EDOT and electrodeposition within a CNT–sucrose
template [203]. It is worthy to note that these are the first and unique examples in the
literature where a 3D structure is uniquely composed of CNM and CP. As well, in these
examples, the amount of CNTs embedded in the final composite was precisely controlled,
which is usually difficult to achieve, making this the main drawback of the synthesis
pathway.

On the other hand, methods in which the mixing of the filler occurs after the poly-
merization of the matrix, are referred to as ex situ methods. Mixing can be achieved by
solubilizing a polymer and dispersing CNTs in common solvents or incorporating the
nanotubes within a melted thermoplastic polymer framework. In the first case, i.e., solution
mixing, a suitable solvent for both the nanotubes and the polymer is essential. Homogene-
ity of the CNTs dispersion within the matrix is a key point to obtain good composites, and
simple stirring is usually ineffective. Therefore, ultrasonication has been extensively used
for solution mixing, and surfactant or polymer wrapping techniques have been implied
to individualize CNTs in solution and avoid the formation of defects on the CNT surface.
In this line, PEDOT:PSS has been shown to wrap around the CNT cylinders, favoring its
dispersibility [204]. Afterwards, the final composite is afforded throughout precipitation or
evaporation of the solvent. On the other side, functionalization of CNTs has also even been
used to improve their suspension in water. Thus, COOH-CNTs have been highly dispersed
in water and immediately after, electrochemical deposition of PEDOT:PSS:CNT-COOH on
glassy carbon electrode was achieved [205].

Overall, multiple original and modified strategies have been reported for fabricat-
ing structures containing CNTs and CPs, including 2D coating films, micrometer and
nanometer size fibers, 3D composites and hydrogels.

5.1.1. Coated Films

Coated films, also known as 2D films, thin films, or simply coatings, are widely
employed in electronic and biomedical applications to obtain nano- and micrometer sized
film thicknesses of conductive materials and provide conductivity to an insulating structure
of either 2D or 3D nature. The most typical and common approaches are simple, easy and
quick: spraying, spin-coating, drop-casting and filtration after mixing. In addition, other
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complex techniques have also been employed for producing a thin film, such as chemical
vapor deposition for CNT coatings, and vapor phase polymerization or electrodeposition
for CPs [206]. All of these methodologies allow for the wide homogeneous covering and
permeability of any kind of surface, even those made from rugose or porous materials.

In the literature, single layers are formed firstly by mixing and dispersing the CNTs
with the conjugated polymer solutions [207–210]. For thin film bilayer fabrication, initially,
a dispersion of one of the materials, i.e., CNT or the conjugated polymer, is prepared and
coated on the target substrates, such as flexible polyethylene terephthalate (PET) [211].
Then, the first layer is covered with the remaining material. Coating CNT first and then,
afterwards, the conjugated polymer, embeds and densifies the nanomaterial, increases
the conductivity, wettability and decreases the roughness of the resulting films [212,213].
Electropolymerization deposition has also usually been employed for this purpose. In this
case, the coating deposition is performed in a standard three-electrode cell configuration,
with the CNT-coated film as the working electrode and monomer electrodeposition—such
as EDOT or pyrrole—occurring during its own electrochemical polymerization [39,214].
Overall, CP/CNT films showed higher stability when compared to CNT-free films, and
no typical peel off of, for instance, PEDOT:PSS during the post-processing with nitric acid
treatment was observed [215,216].

5.1.2. Fibers

Natural or synthesized fibers are non-conductive; thus, CNTs and CP are used to
introduce electrical properties within the fibrous matrix [217]. Moreover, CNTs offer the
advantage of enhancing the mechanical properties of the fiber making this structure ex-
tremely useful in multiple applications, such as drug delivery systems, sensors or electronic
devices [218,219].

The production of embedded CNTs/polymer fibers is typically achieved via electro-
spinning [220], due to the simplicity of the preparation method and the wide variety of com-
position and dimensions that can be obtained. Different kind of polymers have been used
in the literature, with both SWCNTs and MWCNTs. Natural polymers, such as silk fibers or
agarose, gave rise to composites with increased mechanical properties [221,222]. Synthetic
polymers are often used as well, such as—for example—polyurethane or polylactic acid
with fiber diameters ranging from hundreds of nm to µm [223,224]. Furthermore, not only
does the CNT and CP affect the electrical properties of the fibers, but their mechanical prop-
erties, structure, and dimensions also have an effect. Polyacrilonitrile (PAN)/PPy/CNT
nanofibrous scaffolds were prepared by electrospinning a blend containing the three el-
ements in multiple concentrations and the resulting effect on the nanofibrous properties
was analyzed [225]. It was observed that the average diameter of electrospun nanofibers
decreased with increasing PPy concentrations, while agglomerated CNTs caused beads
and disordered parts on the surface of the nanofibers. Interestingly, the electrospinning
was limited to concentrations of 10% PPy, since solutions with higher amounts of PPy that
also incorporated CNT could not be electrospun.

The conductive properties induced via incorporation of CNT and/or CP, have led
to the use of these materials as coatings for already prepared fibrous mats. In connection
with the previous section, multiple simple coating methods have been used. For instance,
polyacrylonitrile/CNT nanofibers were produced by electrospinning, followed PPy coating
by in situ chemical polymerization [226,227]. In another example, spray coating was used to
deposit CNTs on a paper-like substrate consisting of electrospun poly(vinylidene fluoride-
co-trifluoro ethylene) (PVDF-TrFE), with subsequent coating with PEDOT via vapor phase
polymerization (VPP), leading to the production of transparent electrodes in a piezoelectric
pressure sensor [228]. Even though the conjugated material is commonly the last one to
be added, a few studies have added carbon nanomaterial in the last step. Hazarika and
co-workers first deposited PPy on Kevlar fibers (WKF) by in situ chemical polymerization,
before growing Fe nanoparticle-decorated CNTs on top under microwave irradiation [229].
However, this was not the outer layer of their system, as they finally covered it with a
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Ag-graphene dispersed in polyester resin (PES) by vacuum-assisted resin transfer molding.
Such combination resulted in composites with remarkable enhancement of the tensile
properties and impact resistance.

The desired size of the fibers depends, of course, on the application it is designed for.
In some case, such as intramuscular electrodes for stimulation, thicker fibers or wires are
required. Such architectures cannot be prepared by electrospinning techniques, but via
extrusion of a composite mixture. In this way, soft wires composed of silicone, PEDOT-PEG
and CNT have been fabricated [230]. Interestingly, the combination of PEDOT-PEG with
CNT resulting in simultaneously boosting the conductivity of the electrode and minimizing
the CNT content (below 8%) to avoid potential CNT leaching and maintain the elongation
and tensile strength of the silicon composite. Moreover, increasing the amount of CNTs
resulted in larger wire diameters and higher variability in the Young’s modulus.

5.1.3. Tridimensional Architectures

Until recent years, carbon nanomaterial science was devoted to the construction of
bidimensional materials, given the nanoscale size of the structures used and the ease of the
methodologies used. However, controlling and building in a three-dimensional manner is
essential in the current applications, not only because the world is three-dimensional, but
also to enhance the effectivity of the materials by increasing the functional surface area.

For instance, to favor its acceptance in tissue engineering, the implants are required
to mimic the biological environment’s porosity, permeability and mechanical stability to
avoid possible rejection from the host tissue [231]. Current in vitro studies are based on
bidimensional cell cultures to analyze the material’s biocompatibility, being far from the
complexity and heterogeneity of real systems. One alternative is animal models, although
they are expensive and time-consuming, and the ethical issues make them unfeasible for
most projects, keeping them for final studies. Thus, tridimensional scaffolds appear as an
effective strategy for tissue regeneration, not only because the results can be obtained faster,
but also because they allow for the creation of cultures similar to in vivo tissues, having
large surface areas for cell or biomaterial attachment, proliferation, sensing, etc. [232].
Several studies have demonstrated that cells have behaviors and responses when cultured
in a 3D organization that is more similar to those that occur in vivo, providing a more
realistic predictive outcome [233].

The main drawbacks of the few 3D architectures composed solely of CNTs that have
been reported, include their poor structural properties and toxicity. The use of a polymer
showed reductions in the cytotoxicity of CNTs in cell cultures. Additionally, the presence
of a matrix fixes the CNTs spatially, preventing them from moving freely and circulating
through the body. Using CNTs as fillers in a polymer matrix also positively affects the
mechanical and electrical properties of the structures. In this way, 3D hybrid materials can
be produced with more interesting and useful characteristics compared to the polymers or
the carbon nanomaterial alone [234]. Controlling the different amount of the constituents of
a blend can lead to the fine tuning of its properties and often a synergistic effect is observed
in between the nature of matrix and the filler.

CNTs or CP are not able to produce a 3D structure by themselves. In general, a large
variety of polymers, dopants, compositions and biomaterials have been developed as 3D
scaffolds to achieve the best material for a certain application, including fibrous mats,
papers, foams and hydrogels. Most of them are composed of a non-conductive polymer
matrix filled with CNTs and CPs to provide conductivity [235]; however, several papers
have appeared showing original and peculiar strategies to achieve 3D architectures, each
one of which deserves a proper description. In this section we will review the design and
manufacturing processes of some of these latest distinctive CNT/CP-embedded hybrid
materials.

3D fibrous mats and papers. Molding the fiber leads to the production of 3D architec-
tures with a porous structure. Thus, the challenge is to produce 3D structures with this
approach, and there are scarce examples in the literature that succeeded in the manufacture
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of 3D structures using new and original strategies [236]. From our point of view, fibers from
a few micrometers to a mm size can be considered 3D structures. These kinds of web-like
networks have attracted attention as excellent substrates for electron and charge transfer
applications, and the originality of their design and fabrication is worth mentioning. For
instance, CNTs have undergone strong acid treatment and annealing to yield a kind of a
banana-peeled rGO/CNT structure with rGO nanosheets attached to the CNT backbone,
clearly shown in the SEM and TEM images shown in Figure 13 [237]. The flexible rGO
has the double function of being a reactive material and a carrier for subsequent MnO2 in
situ growth. Afterwards, PPy nanoparticles were wrapped on the MnO2 nanosheets by
in situ polymerization, enabling the interfacial stabilization and providing a buffer layer
to accommodate the volume expansion. The introduction of CNTs in the MnO2 structure
favored the energy storage of the system, facilitating fast electron conduction and main-
taining structural integrity [237]. In a second example, Zhang et al. used a carbon cloth as
a substrate for anchoring randomly arranged CNT arrays via chemical vapor deposition
(CVD), thus, forming a strong and robust integrated 3D CNTs network. Afterwards, the
network was decorated with a first layer of MnO2 and a second of PEDOT by electrochem-
ical deposition, resulting in an innovative flexible 3D CNT conductive framework with
good mechanical and storage properties that addresses the sluggish storage issues of the
MnO2 cathode for next-generation quick charging electronics [238].

Polymers 2021, 13, x FOR PEER REVIEW 30 of 54 
 

 

 
Figure 13. (a) Schematic illustration for the synthesis of the core-shell 3D structured 
PPy/MnO2-rGO-CNTs composite. (b) SEM and (c) TEM image of the PPy/MnO2-rGO-CNTs com-
posite. CNT: carbon nanotubes. Adapted with permission from reference [237], Copyright (2017) 
Elsevier. 

Paper-like composites have been attracting a great deal of attention as emerging 
lightweight flexible electrode devices. As the name implies, they are a thin sheet of mate-
rial composed of fibrous-like mats with thicknesses in the range of microns to mm and 
shapes similar to the common cellulose paper. In fact, cellulose has been used as the sub-
strate to fabricate PPy/CNT/cellulose composite films: first, a simple freeze-and-thaw ap-
proach was used to incorporate functionalized CNTs into the cellulose, resulting in a ho-
mogeneous porous composite with strong hydrogen bonding between the two species; 
later, PPy was uniformly coated via in situ chemical polymerization [239]. As a result, the 
modified paper showed high electrical conductivity, good wettability, a porous architec-
ture, and large interfacial areas for the storage/release of charge carriers and for the facile 
diffusion of electrolyte. On the other side, papers can also be generated through a bottom-
up assembling approach by filtration. In this line, Liu and co-workers fabricated a con-
ductive paper with CNTs and SnS@PPy-nanobelts as building blocks by in situ polymer-
ization of PPy on SnS nanobelt substrate and subsequent mixing with CNTs and filtration 
[240]. Similarly, as represented in Figure 14, a self-standing and flexible PPy@rGO/CNTs 
(PCG) paper was constructed by filtration after integrating CNTs into PPy@reduced gra-
phene oxide hybrid structure, rooted from in situ redox reaction and spontaneous assem-
bly of pyrrole and graphene oxide [38]. 
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Paper-like composites have been attracting a great deal of attention as emerging
lightweight flexible electrode devices. As the name implies, they are a thin sheet of material
composed of fibrous-like mats with thicknesses in the range of microns to mm and shapes
similar to the common cellulose paper. In fact, cellulose has been used as the substrate to
fabricate PPy/CNT/cellulose composite films: first, a simple freeze-and-thaw approach
was used to incorporate functionalized CNTs into the cellulose, resulting in a homogeneous
porous composite with strong hydrogen bonding between the two species; later, PPy was
uniformly coated via in situ chemical polymerization [239]. As a result, the modified
paper showed high electrical conductivity, good wettability, a porous architecture, and
large interfacial areas for the storage/release of charge carriers and for the facile diffusion
of electrolyte. On the other side, papers can also be generated through a bottom-up
assembling approach by filtration. In this line, Liu and co-workers fabricated a conductive
paper with CNTs and SnS@PPy-nanobelts as building blocks by in situ polymerization
of PPy on SnS nanobelt substrate and subsequent mixing with CNTs and filtration [240].
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Similarly, as represented in Figure 14, a self-standing and flexible PPy@rGO/CNTs (PCG)
paper was constructed by filtration after integrating CNTs into PPy@reduced graphene
oxide hybrid structure, rooted from in situ redox reaction and spontaneous assembly of
pyrrole and graphene oxide [38].
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Foams. Due to their low processability, preparing 3D CP-based materials is tricky;
however, the number of different strategies to manufacture these devices has increased
significantly in recent years. Such processing methods are based on the use of a noncon-
ducting template to define the 3D geometrical shape, as well as the internal configuration,
and post-coating with CP to provide conductivity.

The inclusion of CNT into the template is commonly prepared before the polymer-
ization of the CP. Usually, a melamine sponge is repeatedly immersed into a CNT disper-
sion, compressed, and then loosened to promote complete adsorption of the nanomate-
rial [241,242]. Although this is the simplest step, it should be noted again, that a good
dispersion is important to avoid aggregation, improve homogeneity and, thus, obtain high
quality scaffolds. In the second step, in situ polymerization of the CP is performed. Such a
coating can be performed via immersion, chemical polymerization, electropolymerization
or a combination of these. As with the first step to incorporate CNT, the immersion is
produced repeatedly, infiltrating an already prepared PEDOT-based solution within a CNT-
containing carbon foam following compression and loosening [241]. Different amounts
of loading could be easily obtained with a number of immersions. In another example,
PPy-carboxymethyl cellulose films were in situ polymerized via chemical oxidation in
solution and in presence of a prepared CNT-sponge [242]. However, the methodology
can be performed in a reverse order; for instance, Wu and co-workers first immersed
a melamine sponge in a pyrrole aqueous solution, performed chemical polymerization,
and finally, immersed the resulting PPy-sponge in a CNT/polydimethylsiloxane (PDMS)
solution, before curing [243]. The PDMS helped in retaining the nanomaterial and avoiding
loss or delamination.

Apart from chemical polymerization, electrochemical deposition has also been em-
ployed for coating 3D substrates. In this case, the CNT-based composite is used as the
working electrode during the electrodeposition. Thus, a bulk sponge made of CNTs or
CNT/graphene, synthesized by chemical vapor deposition (CVD), was directly employed
to electrodeposit PANI or PPy using a three-electrode cell [244,245]. As well, a graphene
foam has been used as the substrate to first grow CNTs through plasma-enhanced chemical
vapor deposition and then used to electrochemically deposit PEDOT [246].

Usually, the template or initial matrix is essential for maintaining the 3D architecture
and the porosity and, therefore, it is maintained after the coating. However, only one group
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published a study in the literature that demonstrated the ability to construct tridimensional
scaffolds, with homogeneous porosity and low density, composed uniquely of CNT and a
CP, in particular, PEDOT or PPy [199,200,203]. To achieve this, the CP was chemically (via
vapour phase polymerization, VPP) or electrochemically polymerized on 3D molds pre-
pared with sucrose and CNT. Synthesis through VPP, in contrast to conventional chemical
polymerizations, occurs through a monomer in its vapor state, which allows for control
of the deposition of highly conductive films. In this process, the 3D matrix is soaked into
an oxidant solution; then placed in a closed chamber with the monomer solution. It must
be noted that both components inside the chamber must not be in direct contact. Finally,
the coated substrate is rinsed in an alcohol solvent and water to remove any unreacted
species. The monomer vapor can be formed through heat, a high vacuum under an inert
atmosphere, or both [247,248]. In some cases, the vapor has been stored or produced in
a separated connected chamber, and guided through pressure differences to the reacting
chamber [249]. The monomer vapor polymerizes chemically when it reacts with the oxi-
dant inside the 3D substrate. After polymerization, the resulting scaffolds were washed to
remove the sugar and yielding to self-standing 3D foams.

The last processing strategy to produce porous scaffolds does not include a polymer-
ization step, thus, it is the simplest method reported. In this approach, the CPs used are
commercially available, such as the commonly used PEDOT:PSS Clevios PH-1000, from
Heraeus. Although such a strategy is the fastest and easiest way to generate conductive 3D
scaffolds ever published, delamination does occur more often than in the other processes
mentioned above due to the weak interaction between the CP and the substrate. For this
reason, instead of only dipping and letting dry, Chang et al. homogeneously dispersed the
commercial PEDOT:PSS solution with CNT by ultrasonication, placed it in plastic dishes
and then freeze-dried it [250]. Finally, the resulting sponge was infiltrated with liquid
PDMS and cured, to maintain the stability of the final porous scaffold.

Hydrogels. One of the most common forms of 3D structures are the hydrogels.
These are soft self-standing materials made of polymeric networks, presenting a degree of
crosslinking in their internal structures. Their name arises from the capacity to trap large
quantities of solvent or water inside their matrix. Changing the nature of the polymer and
its internal network structure gives rise to a tunability of the hydrogel features, including
the possibility to modify its porosity, biocompatibility, and stiffness. Two approaches can
be considered to obtain hydrogels: the macromolecular approach and the supramolecular
approach [251]. In the first, the chemical gel is based on crosslinking, while in the second,
the physical hydrogel is stabilized thanks to noncovalent interactions. However, basic
hydrogels present many limitations related to their physicochemical properties, low me-
chanical strength and strain, low thermal stability and their inherent electrical insulation.
For this reason, CNTs and CP have been increasingly used as fillers in hydrogel hybrid
composites. Given their excellent mechanical strength, conductivity and surface area, CNTs
and CP can reinforce the structure of the hydrogels and extend their properties making
them promising nanofillers for biotechnology applications [252,253].

CNTs can be embedded in the internal network of hydrogels both chemically (cova-
lently or supramolecular) and physically (mechanically) [254,255]. Rehman et al. showed
how acrylamide hydrogels reinforced with oxidized MWCNTs are up to four times stronger
than the pure hydrogel [256,257]. Via swelling tests at different pH levels, they assessed the
degree of internal crosslinking and concluded that the hydrogen bond formed between the
functionalization of CNTs and the polymer chains is the main factor responsible for the im-
proved mechanical properties and self-healing behavior. On the other side, the conjugated
polymer is usually introduced by in situ chemical or electrochemical polymerization before,
after or during the cross-linking process of the hydrogel matrix. Castagnola and co-workers
followed the former approach, by first synthesizing a PEDOT:PSS/COOH-CNTs coating
through electrochemical deposition of an aquous solution containing the three species [258].
Afterwards, they polymerized poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogel
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directly on the coating surface by single dipping into a prepolymer aqueous solution and
subsequent UV light exposure.

On the other side, a highly stretchable and real-time omni-healable CNT/poly(acry-
lamide)/PPy (CNT/PAA@PPy) hydrogel electrode was fabricated by changing the order of
polymerization steps: initially, CNTs were dispersed within a prepolymer solution of acry-
lamide; then, the PAA was crosslinked; and finally, the CNT/PAA hydrogel was soaked in
a pyrrole monomer solution, before subsequently being subjected to in situ polymerization
with PPy, initiated by ammonium persulfate [259]. In another example, CNT was used as
both the physical cross-linker of N-isopropylacrylamide (NIPAM) and, together with PPy,
the conductive component. They were obtained, as was the case before, by first producing
the NIPAM/CNT hydrogels and then embedding PPy via immersion in a pyrrole solution,
with subsequent chemical polymerization. These hydrogels, also containing β-cyclodextrin
(β-CD), exhibit high conductivity, self-healing properties, flexible and elastic mechanical
properties and rapid stimuli-responsive properties both to temperature and near-infrared
(NIR)-light [260].

In a third approach, oxidative cross-linking was employed to simultaneously crosslink
catechol-functionalized hyaluronic acid (HA−CA) hydrogels and in situ polymerize PPy
in a dispersion that also contained CNT [261]. These kind of hydrogels are composed of
natural polymers and are mostly used for biotechnological applications, since they ensure
excellent viability in cell cultures of the 3D matrix [262–264]. In particular, the abovemen-
tioned example, i.e., electrically conductive HA hydrogels incorporated with CNTs and/or
PPy, were developed to promote differentiation of human neural stem/progenitor cells
(hNSPCs) [261].

5.2. Applications of CNT/CP-Based Materials

Since their discovery, CNTs have come to represent the leading frontier in nanotech-
nology due to their unique electrical, mechanical and thermal properties [265]. Their
high mechanical strength and low weight, combined with their conductivity and stability
makes them useful materials for field emission, energy storage and molecular electronic
applications, but they also show great potential in biomedical applications [266,267]. The
wide range of possibilities for using hybrid materials embedded with CNT and conjugated
polymers mainly stems from the enhanced properties these conductive materials provide
to the desired substrates. Conductivity is, of course, the most important asset for electronic
applications, although it is gaining importance in biological applications, such as tissue
engineering, since the polymer species used to build biomaterials so far are electrically
inactive. Mechanical strength, tensile strength and degradation are among the physical
properties that are also boosted by the effect of CNT and/or CP, as we have observed
in multiple examples throughout this review. In fact, the presence of CNT has solved
an urgent problem in the application of PEDOT:PSS in electric devices: CNT lessens the
“peel-off” effect of PEDOT:PSS coated layers, thus reducing degradation of the film due
to water absorption and aging, while maintaining high conductance, high transmittance
and low resistance [208]. Furthermore, CNTs have been also tagged as promising organic
thermoelectric materials for due to their large thermopower [268]. The addition of CNTs to
PEDOT:PSS films has led to a noticeable increase not only in the electrical conductivity of
the films, but also in their Seebeck coefficient values, leading to an enhancement of thermo-
electric properties [209,210]. Lastly, incorporation of CNT is equivalent to incorporation of
rugosity and, therefore, the inner surface contact area within the hybrid structure, which
can be either 1D, 2D or 3D. The nanoneedle-like particles favor the direct contact of indi-
vidual species, such as nanoparticles or cells, with the conductive components and build
an interconnecting CNT framework that facilitates both mass and charge transfer, thus,
intensifying the characteristics of the resulting device. For instance, incorporating CNT
is positive for electrode materials that usually require carbon incorporation to improve
capacity and stabilize cycling, such as titania-battery applications. Yang et al. demonstrated
how introducing a double-fold CNT network on titania-nanoparticles anodes coated with
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PPy ensured direct contact of individual titania nanoparticles with the conductive elements,
and guaranteed both efficient electrical connection of active materials and resilience against
cycling [269].

Overall, CNTs have shown to always have a beneficial effect when introduced into
hybrid composites. Herein, we will review such effects in some of the most common
applications in more detail.

5.2.1. Biomedical Purposes

Multiple experimental studies suggest that the use of nanoparticles in medicine may
revolutionize therapeutic success in numerous diseases, e.g., neoplastic, heart, neurodegen-
erative diseases and wounds that are difficult to heal [270,271]. More specifically, CNTs are
one of the most promising materials to interface with the central nervous system (CNS).
They are currently being used as growth substrates, scaffolds for nerve tissue engineering,
electrode coating, long-term implants, and as drug delivery agents and molecular sen-
sors [272,273]. Over previous years, it has been reported that CNTs promote the growth of
neurons and the extension of their axonal processes in all directions [274], modulating neu-
ronal behavior at either the structural or functional level [275–278], boosting the frequency
of spontaneous events [279], and even inducing neuronal differentiation [280,281]. The
recipe for the successful influence of CNT on neuronal networks comes from the physical
interface along the cylindrical morphology of the nanomaterial and the electrical contact
between the conductive nanomaterial and the electroactive cells [282,283]. Neuronal mem-
branes establish a tight contact with the CNT substrate, and it has been hypothesized that
CNTs can provide a kind of shortcut between the proximal and distal compartments of
the neuron, promoting genuine biological processes, such as axon excitability and synaptic
activity of neuronal networks [284,285]. Furthermore, the impact of CNT substrates on
central nervous system (CNS) tissue has also been demonstrated [286,287]. Spinal cord
(SC) and dorsal root ganglia (DRG) multilayered explants co-cultured on CNTs substrates
showed a higher number of longer neuronal processes, and apparently integrating CNT as
their own supports or exoskeletons [287]. Furthermore, cell culture platforms combining
CNTs, PEDOT and iridium oxide showed excellent and larger resistance to inflammatory
insults of primary cultures of neurons, of astrocytes and co-cultures of both [288].

Tissue Engineering. Tissue engineering is focused on the repair or replacement of
damaged or diseased tissues with synthetic and/or natural implants. The conductive
scaffolds aimed at regeneration must be biocompatible with the host tissue without in-
ducing inflammatory or immune reactions, allow cellular adhesion and extension, offer
proper physical support, and mimic the biological environment, i.e., provide physical
properties similar to the native tissue [289,290]. Again, CNTs have been suggested as
excellent materials for this purpose.

The nature and composition of the material used is essential for successful regenera-
tion: Roberts and co-workers demonstrated how primary embryonic rat motor neurons
grown on thin films of alternating stripes of HA/CNTs and SiO2 selectively migrate to-
wards, and adhere to, the CNT-containing substrate [291]. Conductive polymers have
been proven to down-regulate glial reactions without affecting neuronal viability and func-
tion [292]. Highly conductive scaffolds, composed of PPy or PEDOT in combination with
CNT, have shown higher ability to support neuronal growth and regeneration than non-
conductive matrices, as shown in Figure 15 [199,200]. It is worthy to note that among the
different CPs, PANI has shown certain toxicity and very low biodegradability, which limits
its implementation in biomedical fields [194]. Moreover, the architecture of the scaffold
structure is crucial for a successful impact on regeneration and multiple constructions, e.g.,
fibers, porous substrates or hydrogels, have been used as support materials for the CNT,
allowing for the shape to be modified, along with the dimensions and stiffness of the final
scaffold [293–296]. Fibrous structures are widely used as scaffolds, since their shape and
distribution can mimic the extracellular matrix (ECM) more effectively than other architec-
tures [297,298]. Finally, the micro- and nanotopography of the material at the cellular level
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are also fundamental for successful nerve regeneration and several studies have shown that
cells behave differently on aligned and randomly oriented fibers [299,300]. For instance,
Yardimci et al. demonstrated that human keratinocytes cultured on PANI/PPy/CNT
nanofibers showed good adhesion and proliferation but, more importantly, the cells stayed
among the nanofibers, influencing in their shape and size [225].
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Additionally, conjugated scaffolds are used for electrical stimulation of electrical sensi-
tive cells and tissues, thus providing a new kind of interaction with biological systems and
favoring and acceleration of regeneration and healing processes of electroactive tissues, en-
hancing cell–cell and cell–substrate interactions [301,302]. For this reason, the combination
of CP scaffolds and ES can be a safer tool for use in clinics. This is due to the fact that since
the current applied goes through the scaffold structure, the electrolysis of the biological
medium and, thus, the production of cytotoxic agents, are minimized [303].

Stem cell differentiation. One of the strategies used in tissue engineering to develop
artificial tissues in the laboratory is stimulating the direct differentiation of pluripotent
or mesenchymal stem cells. In order to guide the differentiation into the desired type of
cells, growth factors and specific proteins are usually introduced in the culture media.
However, the mechanical properties of the materials also play an important role in such
differentiation [304]. Electrically conductive hyaluronic acid (HA) hydrogels incorporated
with CNTs and/or PPy showed significantly promoted neuronal differentiation of human
fetal neural stem cells (hfNSCs) and human neural stem/progenitor cells (hNSPCs), with
improved electrophysiological functionality [261]. More specifically, calcium channel
expression was upregulated, depolarization was activated, and intracellular calcium influx
was increased. These data suggest a potential mechanism for stem cell neurogenesis and
provide a promising cell-culture platform and tissue-engineering scaffolds to improve
neuronal regeneration.

Monitoring electrodes. Traditional microelectrodes, such as metal-based devices,
present very high impedance and deliver low currents. CNTs have appeared as exceptional
coating materials for metal electrodes, not only due to their excellent interface with neurons,
but also due to their large surface area that decreases the impedance and increases the
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charge transfer capability [305,306]. Such enhancement significantly reduces the size of
the implantable devices, preserving excellent electrical performances, thus improving
recording and stimulation for long periods [307,308]. Furthermore, given the excellent
interface of CNT with neurons also facilitates the anchoring of the cells directly and only
onto the electrode sites, avoiding the use of external chemical treatments [309]. This
beneficial effect has been observed in various kinds of neuronal recording and stimulation
methods in vitro and in vivo [288,310].

PEDOT coatings are useful to guarantee low impedance and ideal electrode conduc-
tivity of miniaturized electrodes. However, coating them with CNT has improved their me-
chanical and electrical properties and, therefore, their recording quality and stability [205].
On the other hand, soft and flexible devices, such as pHEMA hydrogel-based electrodes,
are of great interest to reduce the mechanical mismatch between the soft brain tissue and
stiff devices [258]. In addition, soft wire electrodes composed of silicone, a PEDOT-PEG
copolymer and CNT have shown great results in intramuscular recordings [230].

Sensors. CNT-modified electrodes have been widely used for the detection of bio-
molecules due to their large active surface area, high conductivity, fast electron transfer
kinetics and biocompatibility. They have also been used to provide chemical and elec-
trochemical stability to the overall sensor [40,311]. Furthermore, CNTs are useful for the
detection of neurotransmitters because the CNTs enhance the sensitivity and selectivity
and have electrocatalytic effects, making them ideal biological sensors [312]. For instance,
Samba and co-workers developed electrodes composed of PEDOT and CNT and demon-
strated outstanding levels of selectivity and sensitivity in detecting small concentrations as
low as 1 µM of dopamine, even in the presence of interfering molecules, such as uric acid
and ascorbic acid (AA) [313].

CNTs allow both adsorption and covalent bonding, thus CNTs can be functionalized
with specific recognition antibodies, thereby increasing the list of detection targets. For
example, Kim and co-workers fabricated a densely aligned CNT array using Langmuir–
Blodgett techniques for detecting biomarkers of Alzheimer’s disease [314]. The authors
managed to attach analyte-specific antibodies via a carbodiimide-assisted covalent conju-
gation method after UV–ozone treatment of the CNT channels. As well, Son et al. were
able to detect the aquaporin-4 (AQP4) antibody expressed in Neuromyelitis optica, a rare
disease of the central nervous system that affects the optic nerves and the spinal cord,
without pretreatment and using a CNT-based FET functionalized with (AQP4) extracellular
loop peptides [315]. The sensor was able to detect the antibody with a detection limit of
1 ng·L−1 and was anticipated to be a rapid and simple way to detect this disease.

5.2.2. Electronic Applications

CNT and CP are among the most frequently studied advanced electrode materials for
electronic devices due to their high surface area and exceptional electrical and mechan-
ical properties. Furthermore, their combination in composite electrodes for asymmetric
supercapacitors offers complementary benefits in terms of improvements in the specific
capacitance, energy density, and stability of materials. For instance, we have already men-
tioned that one of the challenges of CP-based devices is to improve their structural stability
and, in electronics, such CP films degrade easily after repeating doping and un-doping
of anions during the electrochemical redox process. A facile and effective approach is
to coat a CNT network with the CP, thus forming a 3D network film that reduces the
structural failure caused by anion intercalation and extraction [8]. This new construct
provides multiple directions for electron transfer and enhances the charge capacity.

On the other side, PEDOT:PSS has also been used as a functional surfactant for
dispersing CNTs. Upon sonication, PEDOT:PSS covered the surfaces of the MWCNTs,
thereby preventing their π-stacking and increasing their dispersion. Furthermore, the CP
acted as a thermally conductive bridge that connected the MWCNTs and decreased their
thermal resistance, which could potentially be useful for thermal interface materials for
thermal management in electronic and photonic applications (Figure 16) [250].
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bedded with CP have been used as hosts for high sulfur loading, while keeping the flexi-
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raised alarms towards its safety to power wearable devices. Therefore, nonflammable 
aqueous electrolytes appear to be the ideal replacement and, among them, rechargeable 
Zn–MnO2 batteries are emerging as one of the best candidates, owing to the high abun-
dance and safety of both Zn and MnO2, as well as their stable output voltage platform. 
Again, flexible 3D CNT conductive networks have been highlighted as excellent electron 
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Figure 16. (a) Temperature–time profiles of LED modules incorporating Al, pure PDMS, and 3D-
PDMS composites as heat sinks. (b) Photograph of the 3D-PDMS composite and (c) LED modulus.
(d) Cross sectional image of an LED modulus featuring a polymeric heat sink. (e–p) Thermal
imaging photographs of LED modules featuring (e–j) pure PDMS and (k–p) 3D-MWCNT/PDMS
composite (10.0 wt%) as heat sinks, taken after various heating times. Reprinted with permission
from reference [250]. Copyright (2008) Elsevier.

Energy Storage. Together with the demand for more efficient, greener, and renewable
energy technologies, the need to store this energy has also grown. Furthermore, the
increasing interest in wearable devices in the past decade is driving the progress of flexible
charge storage devices. Batteries and supercapacitors are the most common devices for
electrical energy storage. Lithium-ion batteries (LIBs) have taken over the commercial
battery market because of their high energy density and theoretical capacity. In addition,
sulfur is environmentally friendly and abundant. Thus, Li–S batteries have become the
most promising technology for next generation batteries. The main limitation is the
low sulfur loading achieved so far. Therefore, CNT networks on flexible substrates and
embedded with CP have been used as hosts for high sulfur loading, while keeping the
flexibility and providing high conductive electron pathways [38]. Going a step further,
Zhang and co-workers designed 3D electrodes composed of carbon foam/CNTs and filled
with PEDOT (NCF/CNT/PEDOT@S), which demonstrated significant achievements at
various bending angles after being assembled into multiple flexible Li–S batteries, as
shown in Figure 17 [241]. On the other side, the toxic and/or flammable components
of LIBs turned raised alarms towards its safety to power wearable devices. Therefore,
nonflammable aqueous electrolytes appear to be the ideal replacement and, among them,
rechargeable Zn–MnO2 batteries are emerging as one of the best candidates, owing to the
high abundance and safety of both Zn and MnO2, as well as their stable output voltage
platform. Again, flexible 3D CNT conductive networks have been highlighted as excellent
electron and charge transfer substrates to achieve a high-rate MnO2 cathode [238]. The
CNT/MnO2/PEDOT (denoted as CMOP) composite has been fabricated and showed high
capacity, suggesting a step forwards towards next-generation quick charging electronics.
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(a) Photographs of the freestanding NCF/CNT/PEDOT@S and NCF/CNT@S electrodes curled
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a smart bracelet with the flexible NCF/CNT/PEDOT@S battery at 90◦ and 180◦ (inset: flat state).
Reprinted with permission from reference [241]. Copyright (2018) RSC Pub.

However, batteries do not reach the ideal properties of high storage capacity, high
power and energy densities, or high cyclability. Supercapacitors have thus appeared as
advanced electrochemical energy storage devices with the desired characteristics, e.g., high
storage capacity, rapid delivery of charge, and long cycle life [316]. With this topic being
vast, particular emphasis has been given to PPy and PANi based CNT composites for their
use as supercapacitors, due to their good conductivity, high capacitance and low cost [317].
A diverse variety and amount of all-solid state flexible films and papers have been reported,
showing a unique microstructure, high electrical conductivity, good wettability, a porous
architecture and, overall, higher area capacitance, good rate capability and outstanding
cycling stability thanks to the porosity and higher specific area provided by the presence of
CNTs [239,318,319]. As well, integrating the device with highly bendable and stretchable
polymers, such as polyvinyl alcohol (PVA), yields novel deformable soft supercapacitors
with excellent electrochemical performance and flexibility that heralds a new territory of
hydrogel-based supercapacitors for portable and wearable devices [9,320]. As well, wire-
shaped supercapacitors (WSC) have attracted tremendous attention as they can offer light-
weight and small size powering portable electronic systems [321]. Ren et al. designed a
facile and scalable process assembling wet-spinning and in situ electrodeposition technique
to synthesize MnO2/CNT fibers and PPy/CNT fibers, which were then twisted to fabricate
high energy density WSC [322]. Additionally, a similar twisting approach has been used,
employing cotton ring spun yarns as the fibrous matrix coated with PPy and CNT [323].

Photoelectronics. Even though indium tin oxide (ITO) transparent conductive elec-
trodes (TCE) have been most commonly employed in optoelectronic applications, such
as displays, solar cells and touch panels, their brittleness and the increasingly high cost
of indium has limited ITO to trendy flexible/wearable devices and demanding low-cost
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mass production. Several potential replacements have been proposed and, even though
there is not a clear winner, two or more materials can combine their respective advantages.
CNT-based transparent electrodes gained tremendous attention for application in opto-
electronic devices, including solar cells, photodetectors and sensors due to their excellent
electrical and mechanical properties. However, one of the major problems for CNT based
TCEs, which is also met by other TCEs built up from nanorods/nanowires, is the high
contact resistance between connecting CNTs. Among the CPs, PEDOT:PSS has been used
in this regard to reduce the contact resistance and the roughness of the CNTs network,
together with a highly neutral color transparency around above 80% [324]. Furthermore, as
mentioned above, PEDOT:PSS also helps in dispersing CNTs, increasing the concentration
of the nanomaterial within the phase separation limits and, thus, increasing the work
function of the electrodes [211].

The introduction of CNTs and organic polymers in crystalline silicon hybrid hetero-
junction solar cells has also gained a great interest in recent years. The main advantages
of such heterojunctions include the low-cost fabrication, remarkable power conversion
efficiency, simple processing, lightweight, and low-temperature process [325]. Among the
various organic/Si solar cells, PEDOT:PSS is the most widely used conducting polymer
as the hole selective layer. However, planar PEDOT:PSS/Si devices require enhanced
interfacial engineering to reach high power conversion efficiencies (PCE). Therefore, the
combination of PEDOT:PSS and CNT into one composite to form coordinate heterojunc-
tions with silicon, not only improves the mechanical strength of the composite film making
possible to be used in flexible solar cells, but also helps in maintaining the electrical con-
ductivity [326]. Note that in such hybrid PEDOT:PSS-CNT/n-Si configurations, which are
different from the typical designs where an ultrathin polymer layer is sandwiched between
the CNT and Si layers, PEDOT:PSS can fill hundreds of nanometer scale pores in the
CNT network, which serves as a carrier transport bridge, and both the CNT network and
PEDOT:PSS patches contact with the silicon concomitantly. Incorporation of the continuous
CNT network with PEDOT:PSS jointly in the as-designed simple and explicit structure has
generated synergistic effects, which can make full use of the respective merits and then con-
siderably enhance the PCE. Moreover, a solution of PEDOT:PSS-CNT composite film which
can be easily coated over Si or any other flexible substrate using spin coating is, therefore,
on the correct path to achieve the desired low-cost and flexible solar cell devices [207]. A
vast number of reports have contributed to the race for the finding the highest PCE, and
the winning value—for now—is 15.6%, obtained by Yoon and co-workers [327].

5.2.3. Other Applications

Even though the combination of CNT and CP has gained extensive ground in bioma-
terials and electronics, they have both also shown promising potential in other non-related
applications. We would like to briefly mention these, given the successful results ob-
served. One of these applications is in gas sensing and the classification of volatile organic
compounds (VOC). Since current commercial VOC sensors lack the ability to distinguish
between the individual VOCs detected, CNT sensing materials stand out because of their
high surface area and feasibility of functionalization with a large variety of specific molec-
ular targets, thus giving rise to a wide range of choices for improved sensing stability
and sensitivity towards the next generation of chemoresistive sensor arrays. In this line,
Wang and co-workers demonstrated how vertically aligned-CNT had a 10-fold improved
sensitivity upon application of a thin conformal layer of the PEDOT coating [328]. Among
the unique advantages of the designed sensor, its high signal quality, good reversibility
and short response time should be commented on. In another example, Chen et al. fabri-
cated a paper-based optoelectronic sensor (paper-nose) based on CNT and PEDOT:PSS,
among other elements, yielding an enhanced sensor with merged colorimetric (optical)
and chemiresistive (electronic) properties [329].

One last example of a non-biological and non-electronic application of CNT/CP,
is as a hydrophobic or oleophilic sorbent. Wu and co-workers have recently showed a
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superhydrophobic/oleophilic CNT and PPy coated melamine sponge (m-CNT/PPy@MS)
as a self-heating sorbent for high viscosity oils [243]. Thanks to the properties provided
by the conductive elements, the sponge was able to convert light and electricity to heat,
thus making sure that the adsorbent can be tuned to different working environments.
Furthermore, the rapid heat generation on the sponge surface reduces the viscosity of the
oil and accelerates the absorption rate. For instance, the authors report that under sun
illumination (1.0 kW/m2) and an applied voltage (8 V), the surface temperature of the
m-CNT/PPy@MS can reach 118.6 ◦C. The work points the potential of these sponges as a
new option to attack large-scale oil spill disasters on the sea surface.

6. Conclusions and Future Perspectives

Here, we have seen how the combination of both CNM and CP materials can improve
the resulting hybrid behavior in terms of conductivity and mechanophysical properties
and, at the same time, produce new properties such as increased thermal characteris-
tics. The synergy of carbon nanomaterials and CP strengthens the nanocomposites, this
combination creates a new generation of devices with unique capabilities. More interest-
ingly, even though separately CNM and CP have low processability and dispersibility
characteristics, multiple scientists have succeeded in developing new strategies to obtain
a good homogeneity and mixture of both materials, thus yielding novel and advanced
hybrid composites in multiple architectures, e.g., fibers, films, 3D scaffolds, hydrogels,
with an excellent symbiosis between the properties provided by each of the conductive
materials. Furthermore, the examples discussed here show huge potential for up-scaling
and industrialization in numerous applications.

In particular, compared to the rapid development of CPs embedded on CNTs and
graphene, research on CDs is still in its infancy. CD–CPs have already shown immense
potential in nanotechnology for the development of sensors and energy storage facilities.
The high solubility of CDs and their easy doping makes them ideal candidates for replacing
other carbon-allotropes/CP mixtures. These properties make the production methods
of the nanocomposites simpler, due to their homogeneity and good interaction of the
polymers and the CDs. However, the nanocomposites’ robustness is not improved as to
as great a degree as in the case of graphene or CNTs. Additionally, low toxicity and good
biocompatibility allow for its use in biomedical fields—a context that is still underexplored.
The formation of heterostructures through the combination of CDs with graphene or
CNTs could be a useful strategy for carbon nanomaterials embedded in CP applications,
such as fluorescence applications, where other carbon allotropes present an important
handicap. Nevertheless, there is still a vast amount to be explored, and some issues should
be addressed for further development. For instance, the synthesis of near-infrared emission
CDs from low cost and non-poison materials to improve practical bioapplications. Lastly,
it is imperative to explore its excitation-wavelength dependent mechanism.

The good coexistence, multiple applications and different properties of graphene
embedded in CP have been discussed in this review. However, there is still a long way
to go in terms of the frontline investigation of these nanocomposites. On the one hand,
the versatility of graphene-based materials still allows for exploring new conductive com-
posites with promising applications where the interfacial interaction plays an important
role. The quality of the produced graphene is also a critical factor to improve, including
its functionalization and distribution of the functional groups along the surface, e.g., in
GO and rGO. On the other hand, there is no universal strategy for the preparation of these
nanocomposites; some drawbacks in the properties of graphene, such as the lack of dis-
persibility and the difficulty of producing high-quality graphene on a large industrial scale,
must be taken into account. For that reason, as mentioned above, the introduction of new
generation materials, such as transition metal dichalcogenides or CDs, may avoid or solve
some of the problems described here; these materials can form new heterostructures/CP
composites with a promising fine-tuning ability in the desired application.
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Regarding the biomedical applications of CNT, the brilliant interface between CNT
and neuronal networks, together with their inherent conductivity, large surface area and
functionalization ability, have placed them as an excellent material for multiple biomed-
ical applications: CNT coatings reduce the impedance of metal microelectrodes, thus,
improving brain monitoring, recording and stimulation for long periods; functionalization
of CNT with specific targets has been used to develop sensing devices to detect brain
biomarkers of neurodegenerative diseases, such as Alzheimer’s disease, and hormones
indicative of specific malfunctions; as well, similar functionalizations have been performed
for drug loading and release purposes. More specifically, the ability of CNTs to change
the electrical properties of neurons makes them great candidates for novel tissue engi-
neering of other electroactive cells, in particular, of myocyte cells, that have not yet been
fully exploited. Finally, CNTs have also shown great promise in electronics and energy
storage. In particular, CNT/CP hybrids may yield mainstream technologies that require
stretchable, self-healing, wearable and waterproof electronic devices in the near future, for
multifunctional supercapacitors with an extremely long lifespan.

Overall, the large list of combinations and approaches to fabricate new conductive
CNM/CP-containing hybrid materials is increasing exponentially every day. However,
above all, the challenge is to find an outstanding combination of one of the CNMs with a
CP in a determined architecture for each specific combination. The possibilities are almost
infinite and, therefore, the game has only just begun.
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Abbreviations

CD carbon dots CND carbon nanodots
CNT carbon nanotubes CP conductive polymers
CQD carbon quantum dots CVD Chemical Vapour Deposition
DCM dichloromethane DMF dimethylformamide
DSSC Dye-Sensitized Solar Cells ES Electrospinning
FLG few-layers graphene FT-IR Fourier-Transform Infrared Spectroscopy
G graphene GCE Glassy Carbon Electrode
GO graphene oxide GPC Gel Permeation Chromatography
GQD graphene quantum dots HA hyaluronic acid
hfNSC human fetal neural stem cells hNSC human neural stem cells
ITO indium tin oxide MALDI Matrix-Assisted Laser Desorption/Ionization
MWCNT multi-walled carbon nanotubes NIPAM N-isopropylacrylamide
PAA poly(acrylamide) PAN polyacrylonitrile
PANI polyaniline PDMS polydimethylsiloxane
PEDOT poly(3,4-ethylenedioxythiophene) PEG polyethyleneglycol
PET polyethylene terephthalate pHEMA poly(2-hydroxyethyl methacrylate)
PPy polypyrrole PSS poly(styrenesulfonate)
PVA polyvinyl alcohol rGO reduced graphene oxide
SEC Size Exclusion Chromatography SEM Scanning Electron Microscopy
SPCE Screen-Printed Carbon Electrode SWCNT single-walled carbon nanotubes
TCE transparent conductive electrodes TEM Transmission Electron Microscopy
TGA Thermogravimetric Analysis UV-Vis-NIR Ultraviolet-Visible-Near-IR Spectroscopy
VOC volatile organic compounds VPP vapor phase polymerization
XPS X-Ray Photoelectron Spectroscopy YM Young’s Modulus
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