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Abstract
The urgent need for consistent, reliable, ecofriendly, and stable power sources
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drives the development of new green energy materials. Thermoelectric (TE)
materials receive increasing attention due to their unique capability of rea-
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lizing the direct energy conversion between heat and electricity, showing di-
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verse applications in harvesting waste heat and low‐grade heat. Carbon
materials such as carbon nanotubes (CNTs) and graphene have experienced a
rapid development as TE materials because of their intrinsic ultrahigh electrical conductivity and light weight. Besides, polymer‐based carbon composites
are particularly fascinating as the combination of the merits of polymers and
filler materials leads to high TE performance and superior flexibility. Herein,
the recent TE advances are systematically summarized in the studied popularity of carbon materials (ie, CNTs and graphene) and the category of polymers. The conducting polymer‐based carbon materials are particularly
highlighted. Finally, the remaining challenges and some tentative suggestions
possibly guiding future developments are proposed, which may pave a way for
a bright future of carbon and carbon composites in the energy market.
KEYWORDS
carbon nanotubes, conducting polymers, graphene, thermoelectric materials, thermoplastic
polymers
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| INTRODUCTION

Nowadays, increasing attention is being paid for searching alternative energy sources (such as solar energy, hydrogen energy, biomass energy, and secondary batteries,
and so forth) to address the energy crisis and global climate warming.1‐4 At present, almost 90% of power supply
comes from conventional fossil fuels.5,6 Among the energy consumption of fossil fuels, around 70% has been
wasted in the form of industrial waste heat, car exhausted
gas, and so forth.5,7 Such tremendous energy waste is

very regrettable, and therefore, it is highly and urgently
required to seek a sustainable solution to address this
issue. Fortunately, thermoelectric (TE) materials offer us
an appealing option as they can directly convert waste
heat or low‐grade heat into usable electrical energy via
the mobility of internal charge carriers when exposed on
temperature gradients. Besides, the realization process of
this direct energy conversion does not produce any
moving parts, annoying noise, and exhausted gas.
The performance of TE materials is generally evaluated by a dimensionless TE figure of merit (ZT), defined
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as ZT = S2σT/κ, where S, σ, T, and κ are the Seebeck
coefficient (or called the thermopower), the electrical
conductivity, the absolute temperature, and the thermal
conductivity, respectively. In cases of systems with low or
similar κ, the simplified criterion power factor (PF = S2σ)
is also adopted to access TE performance. Accordingly,
large S, high σ, and low κ are desirable for high TE
performance. However, in practical cases, it is always
difficult to decouple the three TE parameters due to their
strongly interdependent relation, resulting in tough tasks
in achieving the maximization of TE performance.
In the past few decades, conventional inorganic TE
materials including Bi2Te3, PbTe, Sb2Te3, and their alloys
were studied intensively.8 However, their applications are
impeded by their intrinsic rigidity and poor processability.
Thus, searching new materials to address these issues is
urgent and highly important. Among various novel candidates (ie, conducting polymers, organic small molecules,
and inorganic‐organic hybrid materials),9‐11 carbon materials, especially for carbon nanotube (CNT) and graphene,
have shown great potential in TE materials because of
light weight, nontoxicity, and ultrahigh σ.12‐14 However,
their intrinsic high κ (>3000 W m−1 K−1)15 prevents them
from achieving high TE performance, and hence various
approaches of rational nanostructuring (such as
nanomeshes or nanoribbons)16,17 or physicochemical
treatment18 are delicately utilized to decrease the κ.
Among them, composing composites with polymers is
a very appealing option, because the low κ of polymers
(typically in the range of 0.1‐0.5 W m−1 K−1)19 can lead to
a low κ of the carbon composites. Besides, the combination of carbon materials and polymers is not a simple
sum of each component, as energy‐filtering effect may be
realized at the polymer/carbon interfaces, achieving the
decoupling of the relation and optimization of TE performance. It should be noted that composing composites
does not mean the absolute enhancement in TE properties unless the band structures of carbon fillers and
polymers are rationally designed to induce energy‐
filtering effect. Chen et al20 pointed out that an appropriate energy barrier (ΔEg) in the range of 0.04 to 0.1 eV
at the interface can induce an effective energy‐filtering
effect. Therefore, judiciously chosen carbon fillers and
polymers with appropriate band structures are significant
to achieve advantageous carbon composites.
Indeed, a remarkable progress in TE studies has been
achieved in carbon and carbon composites. To date, the
carbon materials focus on CNTs and graphenes, and the
organic components of carbon composites are intrinsically conducting polymers that mainly include
polyaniline (PANI), poly(3,4‐ethylenedioxythiophene)
(PEDOT), and polypyrrole (PPy) as well as some insulating thermoplastics. According to our literature
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survey, several review articles have been reported to
cover organic polymer TE materials filled by carbonaceous fillers and/or inorganic TE nanoparticles such as
tellurium, and TE devices.20‐24 Nevertheless, an overview
exclusively highlighting carbon and carbon composites
remains absent, motivating us to summarize the recent
advances of this topic in the present review. After the
introduction, we will individually present CNTs and
graphenes as TE materials and the major factors affecting
TE performance. Afterward, the conducting polymer‐
based carbon materials, carbon composites with ternary
or more components, and thermoplastic‐based carbon
materials will be successively described. The final section
draws a brief conclusion, presents future challenges, and
proposes some tentative suggestions for this blooming
field. We hope that the summarized works in this review
are most lately reported or sufficiently representative in
this review, thereby providing a timely and valuable reference for researchers working on TE materials.

2 | CARBON MATERIALS AS
THERMOELECTRIC MATERIALS
Carbon is found in the form of a variety of allotropes with
unique properties and applications.25,26 Figure 1 illustrates the nanostructure of carbon allotropes and their
derivative relationship. It indicates that graphene is the
basic building unit for graphitic materials of all other
dimensionalities (Figure 1). The zero‐dimensional fullerenes, one‐dimensional (1D) CNTs, or three‐
dimensional (3D) graphite can be obtained if two‐
dimensional (2D) graphene is wrapped, rolled, or
stacked. The use of fullerenes and graphite is inconspicuous as TE materials possibly because of their relatively low σ compared with CNTs and graphene.26
However, the ultrahigh κ values of CNTs and graphene
are still a great challenge for TE applications.28

2.1 |

Carbon nanotubes as TE materials

2.1.1 | Effect of CNT species and
alignment
It is reported that 1D CNTs have better TE properties
than 2D or 3D counterparts, and single‐walled CNTs
(SWCNTs) have better TE performance than multiwalled
CNTs (MWCNTs).29,30 Therefore, SWCNTs are considered as one of the most promising candidates for TE
applications. The electronic properties of CNTs depend
on the curvatures determined by the chiral vector, which
can be used to calculate the circumference in terms of the
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F I G U R E 1 Structures of carbon
nanomaterials. Graphene is a two‐
dimensional building unit for zero‐
dimensional fullerenes, one‐dimensional
nanotubes, and three‐dimensional
graphite. Reproduced with permission:
Copyright 2019, Springer Nature27

graphene lattice vectors.31 SWCNTs, depending on their
chiral vectors, can be classified as metallic SWCNTs with
a zero energy gap (the valence and conduction bands
touching each other) or semiconducting SWCNTs with a
finite energy gap.31
As shown in Figure 2A, their maximum S can be
achieved for the semiconducting SWCNTs by tuning the
Fermi energy (EF) or the charge neutrality point (CNP)
with an amount around the thermal energy kBT (kB is
Boltzmann constant). It implies that there is a trade‐off
between S and σ for semiconducting SWCNTs. However,
despite the relatively small σ, compared to metallic
SWCNTs, semiconducting SWCNTs still exhibit higher
TE performance, which is mainly due to a large S in the
range of several hundred to over a thousand μV/K.31,35‐38
Therefore, the promising studies of TE properties on
semiconducting SWCNTs have laid a solid groundwork
and the encouraging energy harvesting results.39,40 Further, many TE studies have largely disregarded metallic
SWCNTs due to their typical small S under normal circumstances,39 and even many efforts have been devoted
to remove small amounts of metallic SWCNTs from
semiconducting‐enriched SWCNT specimens.40 Recently,
a different approach was reported by Ichinose et al32 who
used metallic SWCNTs possessing van Hove singularity
(vHs)41 in density of states (DOS) to demonstrate a higher

TE performance than semiconducting SWCNTs. As
shown in Figure 2B, TE enhancement can be observed
when EF is moved far away from CNP and tuned to coincide with a vHs. By varying metallic SWCNT contents
(Figure 2C‐E), they32 found that S monotonically increased with σ for purely metallic films (sample #4),
implying that the trade‐off between S and σ for semiconducting SWCNTs can be solved by the use of purely
metallic SWCNTs.
Besides, Ichinose et al32 suggested that the alignment
of SWCNTs led to an enhanced σ but unchanged S for the
aligned metallic film (sample #5), and a PF value of
around 300 μW m−1 K−2 was achieved. Similar conclusion was also drawn in the study by Fukuhara et al33 on
SWCNT film (a mixture of metallic and semiconducting
SWCNTs). The testing direction was illustrated in
Figure 2F and SWCNT alignment degree was evaluated
by polarization‐dependent Raman spectra (Figure 2G).
The σ values along the parallel direction were larger than
that in the perpendicular direction (Figure 2H), whereas
the S values were the same between both directions
covering the p‐type and n‐type regimes at different gate
voltages (Figure 2I). This led to a strong anisotropy of PF
for the aligned SWCNT film (Figure 2J). They explained
that the cancellation in the anisotropy of mean distance
between the hopping sites was responsible for the
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F I G U R E 2 A, B, The behaviors of S and σ of semiconducting and metallic carbon nanotubes as a function of Fermi energy (EF)
measured from the charge neutrality point (ECNP). C, Schematic for the varying ratios of five samples with (6,5) being
semiconducting and #4 being metallic. D, E, S and power factor (PF) of single‐walled carbon nanotube (SWCNT) films with different
semiconductor‐metal ratios. Reproduced with permission: Copyright 2019, American Chemical Society.32 G, Schematic of the
parallel and perpendicular directions in an aligned SWCNT film. H, Raman spectra taken with excitation light polarized parallel and
perpendicular to the aligned axis. H‐J, σ, S, and PF as a function of gate voltage in the parallel and perpendicular directions in an
aligned SWCNT thin film. Reproduced with permission: Copyright 2018, American Institute of Physics.33 K, S of the aligned SWNT
sample before and after annealing. Reproduced with permission: Copyright 2000, American Institute of Physics34
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isotropic S according to Mott's theory.47 Besides, S also
showed identical temperature dependencies in the parallel and perpendicular directions for aligned SWCNT
samples (Figure 2K).34

2.1.2

| Effect of CNT functionalization

The functionalization of CNTs is a very common method
to moderate TE performance of CNT materials because
both σ and S can be tuned by the introduction of functional groups on the SWCNT sidewall, both being attributed to the position of the Fermi energy and their
diameter.39,48,49 However, there is a certain level of controversy regarding the effects of CNT functionalization on
TE parameters, especially when CNT is modified by acid.
On one hand, acid treatment (ie, HCl, H2SO4, HNO3,
and mixed acids) not only removes the external layers
with defects on the CNT surface (Figure 3A),42 the acids
also play a role as p‐type dopants.50‐52 Both factors contribute to the improvement of σ.53 On the other hand,
excessive acid treatment may destroy the π‐electron
conjugated systems of CNTs that can suppress the carrier
transport due to carrier scattering. This can be verified by
Raman spectra (Figure 3B),50 in which the ratio of the G
and D band intensities (IG/ID) is related to the structural
integrity of the sp2‐hybridized carbon atoms and disordered sp3‐hybridized carbon atoms as well as the defects of nanotubes. The decrease of IG/ID ratio indicates
that the acid treatment may have destroyed the π‐π
conjugation structure in CNTs, leading to a decrease
of σ.43,54
Our group44 studied the effect of chemical doping of
SWCNTs by the mixed acids of HNO3 and H2SO4 on TE
performance of SWCNT film (Figure 3C‐E). The acid‐
doped SWCNTs with the flat and smooth morphology
(Figure 3D) favored the charge transfer among adjacent
SWCNTs relative to pristine SWCNTs with the wrinkled
aggregation (Figure 3C), leading to a much higher σ of
acid‐doped SWCNTs than that of pristine SWCNTs
(Figure 3E). However, the S decreased after the rich
oxygen‐containing functional groups (such as carbonyl,
carboxyl, and hydroxyl groups) were introduced on the
SWCNTs during the acid treatment process. Similar results have been reported by Fischer et al.55 As a consequence, the PF of the acid‐doped SWNCT was lower
than that of the pristine SWCNT. In sharp contrast with
the results of Figure 3E, Jiang et al45 found the opposite
results. The σ of functional SWCNT films was, respectively, much lower but S is much higher than those of
pristine SWCNT films (Figure 3F). Specifically, the
SWCNT‐OH film showed a higher PF compared to other
functionalized and pure SWCNTs (Figure 3G). The

ET AL.

authors ascribed the variation of TE parameters of
SWCNTs to the conversion of carbon hybridization from
sp2 to sp3 when SWCNT was functionalized, as demonstrated by Raman spectra (Figure 3H) showing an increased peak intensity of D band and indicating the
introduction of defects in the SWCNTs. In addition to the
chemical method, physical treatments (such as plasma
treatment and irradiation treatment) were also employed
to functionalize SWCNTs.18,46,57 For example, UV/O3 can
introduce epoxide and carboxylic groups on the surface of
CNTs. Nonoguchi et al46 found, with increasing irradiation time, S monotonously decreased, whereas σ increased and subsequently reduced (Figure 3I). The
authors claimed that short UV/O3 irradiation may induce
hole doping (Figure 3J) to improve the σ while long
UV/O3 irradiation could cause the high‐density defects
(Figure 3J) to suppress the TE properties. As a result, an
optimized PF of 140 μW m−1 K−2 was obtained after irradiation for about 120 seconds (Figure 3K), which was
approximately three times larger than the value of the
reported chemically doped thin films.

2.1.3

|

Effect of annealing

Annealing is another method to tune the TE performance
of CNT materials, which can effectively modify the interfacial structure and hence affect the transport properties, allowing the enhancement of TE performance.58,59
However, the mechanism underling this enhancement is
not clear till now. Recently, Hada et al56 studied the
potential application of CNT yarns as TE materials, in
which the amorphous carbons at the interface of the
CNTs can impede the carriers and phonons in transport.
They described how interfacial amorphous carbon was
converted to graphene fragments at CNT interface by
annealing. Upon annealing, the number of sp2‐
hybridized bonds gradually increased, whereas that of
sp3‐hybridized bonds gradually decreased at the same
rate (Figure 4A‐D). After 1 minute of Joule annealing, the
CNT yarns produced high S values of ±100 μV/K
(Figure 4E) and enhanced σ (Figure 4F), the former of
which were close to those of inorganic TE materials.60,61
It resulted in a high PF of 1000 μW m−1 K−2 for n‐type
CNT yarns (Figure 4G). Besides, the TE parameters displayed a positive correlation with the G/D ratio of the
Raman spectra (Figure 4H‐J). Indeed, the authors adopted the realistic time‐scale kinetic simulations to exhibit
the conversion between sp2‐hybridized and sp3‐
hybridized carbons at the CNT interface and deepened
the understanding of the enhanced mechanism on TE
performance by annealing. However, the experimental
characterization on this conversion is intrinsically
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F I G U R E 3 A, Schematic of structural evolution during HCl‐treated multiwalled carbon nanotube (MWCNT) process.
Reproduced with permission: Copyright 2010, Taylor & Francis Group.42 B, Raman spectra of pristine CNT fiber, CNT fiber acidized
for 15 and 30 minutes, respectively, with mixed acids of HNO3 and H2SO4 (1:3). Reproduced with permission: Copyright 2014,
Elsevier.43 C, D, Scanning electron microscopy (SEM) images of the pristine SWCNT and the acid‐doped SWCNT. E, Thermoelectric
(TE) performances of original SWCNT and the acid‐doped SWCNT. Reproduced with permission: Copyright 2019, Royal Society of
Chemistry.44 F, G, TE performances of SWCNT, SWCNT‐OH, SWCNT‐COOH, and SWCNT‐NH2 films. H, Raman spectra of
SWCNT, SWCNT‐OH, SWCNT‐COOH, and SWCNT‐NH2. Reproduced with permission: Copyright 2019, Springer Nature.45 I, J, σ of
SWCNT films upon UV/O3 treatment and D/G ratio at 785‐nm excitation. K, PF of SWCNT films upon UV/O3 treatment.
Reproduced with permission: Copyright 2019, American Institute of Physics.46 PF, power factor; SWCNT, single‐walled carbon
nanotube
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F I G U R E 4 A, Structural transition‐route map of carbon atoms at the interface of the CNTs. B‐D, The initial carbon,
intermediate, and completely annealed carbon structure, respectively. The sp3‐hybridized bonds are shown in gray, while the
sp2‐hybidized bonds are shown in light blue. E‐G, S, σ, and PF of untreated, Joule‐annealed, polyethyleneimine (PEI)‐doped, as well
as PEI‐doped and Joule‐annealed CNT yarns. H‐J, S, σ, and PF of the CNT yarns as a function of the G/D ratio. Reproduced with
permission: Copyright 2019, American Chemical Society.56 CNT, carbon nanotube; PF, power factor

difficult and still a challenge due to the limitations of the
current characterization techniques.62

2.2

| Graphenes as TE materials

Compared to CNTs, research interest in graphene as TE
materials seems to grow relatively slowly as pristine
graphene often exhibits a disappointingly poor TE performance with ZT values as low as 10−4 to 10−3.63 Even

the use of graphene as a TE material is debatable to
some extent.1 Indeed, graphene shows an ultrahigh
σ (~106 S/cm) at room temperature.15 However, its
maximum S was reported to be about 80 μV/K,64,65
which is lower than the corresponding maximum value
of CNTs. The κ of graphene is in the range of 4840 to
5300 W/mK, originating from the lattice vibration of
strong covalent sp2 bonding and long mean free path of
phonon at room temperature,66 and such high κ severely
degrades the TE performance. Overall, the origins of
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relatively low TE performance mainly lies in the following two major factors: (a) its gapless band structure
(zero‐bandgap nature) leading to a relatively small S and
(b) a very small σ/κ ratio stemming from both superior σ
together with very high κ.67
Many efforts have been devoted to theoretically
and experimentally enhance TE performance of graphene.64,65,68‐70 Some theoretical studies67,71‐73 demonstrated, to some extent, that rational nanostructuring of
graphene can enhance S via bandgap opening, reduce κ,
and keep σ, yielding a high TE performance. Typically, an
obvious bandgap can be induced due to quantum
confinement effect when graphene is modified to be
graphene nanomeshes (GNMs) or nanoribbons
(GNRs).17,74‐76 Oh et al16 demonstrated that the nanomesh approach is effective to improve TE performance.
They fabricated single‐ and bilayer‐graphene nanomeshes (SGNMs and BGNMs) (the fabrication schematic
is shown in Figure 5A) with different neck widths
(Figure 5B‐E). The SGNMs or BGNMs showed largely
reduced κ (Figure 5F) and enhanced S (Figure 5H)
compared to single‐layer graphene and bilayer graphene,
but their σ values also were significantly reduced (Figure 5G). The BGNM8 sample having 8‐nm neck width
showed a very low κ of 78 W m−1 K−1 and a high S of
−190 μV/K at 300K and −520 μV/K at 520K (Figure 5H).
A high PF value of around 8200 μW m−1 K−2 was
achieved at 520K. Using classical and quantum mechanical calculations, the authors claimed that the
quantum confinement and phonon‐edge scattering
within sub‐10‐nm neck width scale were responsible for
better TE efficiency.
It is well known that κ comprises phononic (lattice)
part (κph) and electronic part (κe).23 σ is a function of κe
according to the Wiedemann‐Franz law, that is, κe =
σTL0, where L0 (2.44 × 10−8 WΩ/K2) is the standard
Lorenz number for graphene.77 Based on this law, the
largely reduced κ always leads to a great reduction of σ
(e.g., in Figure 5F,G). Ouyang et al67 and Haskins et al72
theoretically explained that the defects and impurities
were responsible for the poor σ/κ ratio because they
suppressed electron transport more significantly than
phonon transport. Therefore, the decoupling of electrical
and thermal transports for graphene is highly challenging. Recently, Li et al78 decoupled the electron and
phonon transports by size and defect control using the
concept in Figure 6A to simultaneously enhance σ/κ ratio
and S of the as‐grown suspended GNR. This σ/κ ratio of
the GNR is 1 to 2 orders of magnitude higher than
micrometer‐sized graphene and GNMs (Figure 6B). It
was enabled by the disparate electron and phonon mean
free paths as well as the clean samples (as‐grown GNR
does not almost have defects and impurities). According
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to concurrent phonon Boltzmann transport simulations,
the reduction of κph was mainly attributed to quasi‐
ballistic phonon transport. S of the GNR changed from
−87.7 to −125.7 μV/K in the temperature range shown in
Figure 6C, which was several times larger than that of
bulk graphene at the corresponding temperatures. The
enhanced S was mainly attributed to the bandgap opening. This finally yielded a high ZT values of approximately 0.1 (Figure 6D), which was 2 to 4 orders of
magnitude higher than all the reported ZT values of
graphene‐based materials including bulk graphene,63
nanomeshes,16 and doped graphene.79 This indicated the
defect‐free graphene with appropriate nanostructures
may be very promising TE materials.

3 | P O L Y M E R‐ B A S E D CA R B O N
COMPOSITES
Polymer‐based carbon composites can synergistically
combine the advantages of both carbon particles and
polymer materials.80,81 The composites are endowed with
the high σ of carbon materials and the unique characteristics of polymers such as low κ, flexibility and
solution‐ or melt‐based processability.19,82‐84 Besides, the
interface between polymers and carbon particles is delicately utilized to realize energy‐filtering effect, optimizing the TE performance.30,85 Among the carbon particles,
CNTs and graphene are the most widely used to compose
with intrinsically conducting polymers and/or isolating
polymers.24,30,85

3.1 | Conducting polymer‐based carbon
composites
3.1.1 | Conducting polymers/CNT
composites
Polyaniline/CNT composites
PANI is one of main TE materials because of its high σ,
facile workability, and environmental stability. It has
metallic domains and microscopic disordering domains
(localization), the former of which shows a higher σ
than that in the later one.86 Consequently, the TE
performance of PANI strongly hinges on the ordering
degree of PANI chains that have great effects on the
carrier mobility by adjusting the hopping free path and
hopping active energy.87 It was pointed out that the π‐
bonded surface of CNTs can interact strongly with the
conjugated structure of PANI through π‐π interactions,
which facilitates the growing of an ordered chain along
the CNT surface.88,89
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F I G U R E 5 A, The schematic of fabrication and thermal measurements of a sub‐10‐nm graphene nanomeshes. B‐E, Typical
transmission electron microscopy (TEM) images of the single‐layer graphene nanomesh (SGNM) films and bilayer graphene
nanomesh (BGNM) films. The numbers after SGNM or BGNM denotes the average neck width in unit nm. F‐H, κ, σ, and S of pristine
single‐layer graphene (SLG), bilayer graphene, SGNM16, and SGNM12 as a function of temperatures. Reproduced with permission:
Copyright 2017, Elsevier16

The first study concerning PANI/MWCNT TE nanocomposites was reported by Meng et al30 by a two‐step
method. The typical morphology (Figure 7A) demonstrated the nanostructure of MWCNT bundles coated
with PANI. Clear interfaces (indicated by white arrows)
was seen around the outer walls of the MWCNTs, evidencing that the PANI chains grew on the outer walls of
the MWCNTs. The largest S of the composite sheet was
28.6 μV/K, and σ values were in the range of 6147 to
4441 S/m for the nanocomposites with 15.8 to 57.5 wt%
PANI (Figure 7B). The maximum PF value of
5.0433 μW m−1 K−2 was achieved at the PANI content of

15.8 wt% (Figure 7C), which should be attributed to the
size‐dependent energy‐filtering effect caused by the nanostructured PANI‐coating layer enwrapped around the
MWCNTs. The authors30 supposed that, with increasing
PANI content, thicker PANI‐coating layer weakened the
energy‐filtering effect due to the decreasing quantum
states in the quantum region. Later, Chen et al90,91 performed a series of TE investigations on PANI/SWCNT
composites. The PANI/SWCNT composite90 was synthesized by in situ polymerization of anilines using SWCNT
as a template, and its typical transmission electron microscopy (TEM) is shown in Figure 7D. It showed a
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F I G U R E 6 A, Concept of how to enhance TE performance of as‐grown suspended graphene nanoribbons. B, The room‐
temperature σ/κ ratio and κe/κ ratio compared with the reference data as a function of the characteristic width. C, S of this graphene
nanoribbon and bulk SLG below 300K. D, the high ZT value compared with the reference data. Reproduced with permission:
Copyright 2019, American Chemical Society.78 SLG, single‐layer graphene; TE, thermoelectric

simultaneous enhancement of σ and S (Figure 7E) due to
the increasing carrier mobility stemming from the formation of the ordered chain structure. Furthermore, it
kept a low κ (Figure 7F), which was attributed to the
phonon‐scattering effect of nanointerfaces. It was also
found that the significantly increased σ and reduced κ
were obtained compared to the calculated values based
on the particle mixture rule (dashed lines in Figure 7E,F).
The authors used X‐ray diffraction patterns and Raman
spectra to confirm the growth of PANI along the CNT
surface and the formation of an ordered chain structure
during the SWNT‐directed polymerization process. It
indicated that the decoupling of TE parameters and the
TE improvement of PANI/SWCNT composite (PF = 2 ×
10−5 W m−1 K−1, ZT = 0.004) were achieved by constructing highly ordered PANI chain structure. Afterward, Chen et al91 further improved the TE performance
of the composite by using camphor sulfonic acid (CSA)‐
doped PANI. The TEM image (Figure 7G) confirmed that
the SWNT was coated by PANI with a thickness of about
10 to 20 nm. The CSA‐doped PANI/SWCNT showed that
σ first increased to the maximum value of 769 S/cm
and then decreased with the increasing SWNT content
(Figure 7H), whereas S increased monotonically with a
maximum value of 65 μV/K (Figure 7I). σ was, respectively, much higher than the calculated values (dash
lines) based on the mixture model while κ is much lower

than the calculated values (the inset of Figure 7I). It led
to a very high TE performance (PF = 176 μW m−1 K−2,
ZT = 0.12) in organic‐inorganic composites. The authors
ascribed the significantly enhanced TE performance to
the highly ordered PANI interface layer on the SWNT
surface, which was formed by the synergetic effect of
chain expansion by the chemical interactions between
PANI and the m‐cresol solvent as well as the orderly
arrangement of PANI molecules due to the π‐π conjugation between PANI and SWCNTs (Figure 7J).
Therefore, the interface design between conducting
polymers and CNTs including energy‐filtering effect, reinforcement of the ordering degree of molecular conformation, and π‐π conjugation effect, can realize the
decoupling of the three TE parameters and effectively
enhance the TE performance of composites.
In addition, some efforts were also contributed to
tailor the characteristics of CNTs, such as oxidation and
alignment. King et al92 tuned the TE performance of
PANI/CNT films by keeping CNT concentration constant
and changing the nature of CNTs, for example, SWCNT,
MWCNT, oxidized and unoxidized ones. The PANI/unoxidized SWCNT showed best TE performance with a PF
value of 0.6 μW m−1 K−2 compared to other counterparts.
Besides, the effect of CNT alignment on TE performance
for PANI/CNT composite was exploited. The PANI/
MWCNT composite nanofibers93 were prepared with
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F I G U R E 7 A, TEM image of polyaniline (PANI)/MWCNT composite. B, C, S and PF of PANI/MWCNT composite. Reproduced
with permission: Copyright 2010, Wiley.30 D, TEM image for SWNT/PANI composites. E, F, σ, S and κ of SWNT/PANI composites
with different SWNT contents. Reproduced with permission: Copyright 2010, American Chemical Society.90 G, TEM image of
camphor sulfonic acid (CSA)‐doped PANI/SWCNT composites. H, I, σ, S and κ of CSA‐doped PANI/SWCNT composites.
J, Schematic representations of the formation of an ordered PANI interface layer induced by the synergistic effects of the solvent process
and the π‐π conjugation between PANI and SWNT. Reproduced with permission: Copyright 2014, Royal Society of Chemistry.91
MWCNT, multiwalled carbon nanotube; SWCNT, single‐walled carbon nanotube; TEM, transmission electron microscopy

both PANI chain and MWCNT orienting along the fiber
axis. The PANI/MWCNT fiber had PANI molecule orientation by in situ polymerization and electrospinning,
whereas the arrangement of PANI chains inside PANI/
MWCNT fibers by directly mixed method (denoted as

“DM‐PANI/MWCNT”) showed random orientation
(Figure 8A). The oriented structure triggered an enhanced σ and an unchanged S in the parallel direction
(Figure 8B,C). Therefore, the anisotropic TE properties
gained significant improvements compared with the
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isotropic DM‐PANI/MWCNT. Besides, Chen et al94 used
the cold pressing method to cause preferential distribution of MWCNTs perpendicular to the pressure
(illustrated in Figure 8D), leading to an anisotropy of TE
performance. The σ showed an obvious anisotropy and S
showed an isotropy (Figure 8E,F). Further experiments
were performed on powder‐like PNAI/SWCNT through
the cold pressing method (Figure 8G) by the same
group.95 Similar results of PNAI/SWCNT were also observed for the directions along and vertical to the cold
pressing (Figure 8H,I).

PEDOT/CNT composites
PEDOT is also one of the most promising TE candidates
due to the environmental stability, good flexibility, and
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excellent thermal stability, where CNT is usually used for
the enhancement of TE properties of PEDOT. With increasing CNT contents, σ of the composite increases
drastically, whereas the κ and S remain nearly unchanged. Yu et al96,97 reported some interesting investigations on PEDOT:PSS/CNT TE composites. As
shown in Figure 9A and scanning electron microscopy
(SEM) (Figure 9B), the decoration of PEDOT:PSS particles on the CNT surface caused electrical junctions, and
hence σ was enhanced significantly (Figure 9C). The
junction also played an important role in filtering low‐
energy electrons, keeping relatively constant S. As a result, the weak correlation between σ and S led to a high
PF value (PF = 160 μW m−1 K−2) at 60 wt% CNTs. Besides, κ remained low because the mismatches of

F I G U R E 8 A, Schematic representations of the formation mechanism of DM‐PANI/MWCNT and PANI/CNT fibers. B, C, σ and
S of PANI/MWCNT and DM‐PANI/MWCNT fibers with different MWCNT contents in the directions parallel and perpendicular to
the fiber axis. Reproduced with permission: Copyright 2012, Royal Society of Chemistry.93 D, Schematic illustration of the fabrication
procedure for powder‐like MWCNT/PANI composites. E, F, σ and S of the cold‐pressed PANI/MWCNT composites with different
CNT contents for different directions. Reproduced with permission: Copyright 2017, Elsevier.94 G, Schematic illustration of the
fabrication procedure and measured directions parallel and perpendicular to the cold pressing pressure axis. H, I, Temperature
dependence of σ and S of PANI/SWCNT composites with SWCNT contents. Reproduced with permission: Copyright 2018, Elsevier.95
MWCNT, multiwalled carbon nanotube; PANI, polyaniline; SWCNT, single‐walled carbon nanotube
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vibrational spectra between CNTs and PEDOT:PSS effectively block the phonon transport.
Our group44,98‐100 carried out a series of TE studies of
PEDOT/CNT composites. We reported the in situ polymerization of 3,4‐ethylenedioxythiophene (EDOT)
monomers on CNT surfaces to construct PEDOT:PSS/
CNT TE nanocomposite.98 As illustrated in Figure 10A,
the PSS and MWCNT were, respectively, used as the
dispersant and template, EDOT was in situ polymerized
and enwrapped the MWCNT surfaces. The PEDOT
coating was directly confirmed by TEM image
(Figure 10B). With increasing MWCNT:EDOT mass ratios (Figure 10C), σ increased and S remained nearly
unchanged. PEDOT:PSS/MWCNT nanocomposites exhibited greatly enhanced TE performance (Figure 10D)
compared with those of neat PEDOT:PSS. Later, we99
considered the effect of the reaction medium (hexane or
xylene) on the PEFOT‐coating morphology (Figure 10E).
The cable‐like (in hexane) or coral‐like (in xylene) morphology was proven by TEM. It was found that the
PEDOT/SWCNT with unusual coral‐like morphology
displayed significantly enhanced TE performance relative
to the composites with a common cable‐like morphology
(Figure 10F‐H). The higher content of the ordered
structures for PEDOT macromolecular alignments and
levels of doping and oxidation were the main reasons
contributing to the greatly enhanced TE performances.
Recently, we reported the high‐performance PEDOT:PF6/SWCNT composite film via dynamic three‐phase
interfacial electropolymerization and subsequent physical mixing.100 This composite film exhibited Janus
morphologies with the dense and smooth water‐side and
the porous honeycomb‐like oil‐side (Figure 10I,J). This
film showed a maximum PF of 253.7 µW m−1 K−2
(Figure 10K). The PEDOT molecular conformation
transition from the coiled benzoid type to the extended
quinoid type as well as the formation of the ordered
structure contributed to the high TE performance. The
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TE performance of PEDOT:PF6/SWCNT film can even be
further improved to be 350.0 µW m−1 K−2 (Figure 10L) by
chemical doping of SWCNTs.44
The PEDOT/CNT composites were also tuned by
the posttreatment. For instance, σ of PEDOT:PSS/
MWCNT composites was significantly enhanced after
the treatment of ethylene glycol (EG) because the removing of noncomplexed PSS chains results in the
decrease in interbundle distances.101 As a result,
EG‐treated nanocomposite films with 20 wt% CNTs
exhibited a high PF of 151 μW m−1 K−2, which was
much higher than the nontreated sample with
21.6 μW m−1 K−2.101 Unlike typical adversely correlated S and σ, Hsu et al102 reported that the remarkable
increases in σ by the dimethyl sulfoxide (DMSO) or
formic acid (FA) treatment did not decrease S. At 6.7
wt% CNT, DMSO‐ and FA‐treated PEDOT:PSS/CNT
composites exhibited PF values of 464 and
407 µW m−1 K−2, respectively. The DMSO or FA treatment
mainly removed insulating PSS, improving the carrier mobility and thereby σ. The energy‐filtering effect played a role
in maximizing S at an intermediate level of CNT concentration. Accordingly, the highest PF was obtained at an
intermediate CNT concentration of DMSO‐ and FA‐treated
PEDOT:PSS/CNT composites.

Polypyrrole/CNT composites
Despite possessing the striking stability and easy‐to‐
prepare processing procedure, PPy/CNT composites received much less attention compared to PANI/CNT and
PEDOT/CNT composites. Cai et al103 prepared PPy/
MWCNT composites by in situ oxidative polymerization.
With the increase of MWCNT contents, σ showed a
gradual increasing and subsequently a rapid decreasing
tend, whereas S monotonously increased. The maximum
value was 2.079 μW m−1 K−2 for the 20 wt% PPy/
MWCNT nanocomposite, which was almost 26 times as
high as that of pure PPy.

F I G U R E 9 A, CNT is coated by poly(3,4‐ethylenedioxythiophene) (PEDOT):PSS particles, making CNT‐PEDOT:PSS‐CNT
junctions in the composites. B, SEM image of the composite. C, σ and S of the composites at different CNT concentrations with inset
showing the PF value. Reproduced with permission: Copyright 2011, American Chemical Society.96 CNT, carbon nanotube;
PF, power factor; SEM, scanning electron microscopy
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Our group104‐106 performed a series of TE studies of PPy/
CNT composites. A layered morphology containing nanosheets of SWCNTs sandwiched by PPy nanowires was
observed via convenient physical mixing, followed by vacuum filtration.104 The effect of PPy surfactants using cetyltrimethylammonium bromide and sodium dodecyl benzene
sulfonate was studied in the fabrication procedures (Figure
11A). The layered morphologies of both PPy/SWCNT composites are presented in Figure 11B,C. Both SWCNT content
and surfactant type have obvious effects on the TE performance of composites, showing a maximum PF of 21.7 μW
m−1 K−2 (Figure 11D). Similar to PEDOT/CNT composite
(Figure 10E‐H), the reaction medium also played important
roles in the coating morphologies and TE performance of the
PPy/CNT composite.105 The dependence of the coating
morphology on reaction mediums, water (H2O) or aqueous
ethanol (H2O + EtOH) is presented in Figure 11E. The outer
coating layers for those prepared in aqueous ethanol were
distinctly uniform in morphology relative to those prepared
in water. The TE performance showed a distinct dependence
of both the SWCNT:PPy mass ratio and reaction medium,
exhibiting a maximum PF value of 19.7 μW m−1 K−2 for PPy/
SWCNT composite using aqueous ethanol (Figure 10F). The
composite did not show obvious deterioration of TE performance even after mechanical bending for 1000 times or
stretching (Figure 11G). Besides, the PPy/acid‐doped
SWCNT composite was prepared in our recent study106 by
combining dynamic three‐phase interfacial electropolymerization and SWCNT chemical doping. The typical
morphology is shown in Figure 11H. By this methodology,
the PF value reached as high as 240.3 μW m−1 K−2
(Figure 11I), which may be the highest value for PPy and its
composites reported so far.

3.1.2 | Conducting polymers/graphene
composites
PANI/graphene composites
In 2012, Cai et al107 reported PANI/graphene nanosheets
(GNs) TE composite. They adopted cold‐pressing and
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solution casting methods to obtain PANI/GNs pellet and
film. Both pellets and films showed simultaneous increase of σ and S with the increasing content of GNs. This
was attributed to a substantial increase in carrier mobility, whereas carrier concentration was not significantly
changed. The highest PF of 5.6 μW m−1 K−2 was obtained
with a PANI/GNs composite pellets at 50 wt% GNs.
Recently, a very high ZT value of 0.74 for PANI/graphene system was reported by Lin et al.108 As illustrated
in Figure 12A, they synthesized p‐phenediamino‐
modified graphene (PDG) by chemical decoration with
amino‐aniline groups, and then fabricated a series of
PANI/PDG composites comprising unique semi‐
interpenetrating networks (SIPNs). The structure of
SIPNs was evidenced by Raman spectra (Figure 12B‐D).
In particular, the brighter short lines and darker regions
(Figure 12C,D) were responsible for PANI and the graphene sheets, respectively. The optimized ZT value of
0.74 (PANI/PDG30‐3) was obtained (Figure 12E), which
originated from the simultaneously enhanced S and σ. In
addition to high TE performance, Hsieh et al109 developed the PANI/three‐dimensional graphene (3DG) composites with reasonable mechanical strength. The 3DG
matrix was synthesized by chemical vapor deposition
with nickel catalysts and used as a scaffold for the composites (Figure 12F). The typical morphology was shown
in Figure 12G. The composites were endowed with TE
and mechanical integrity (Figure 12H,I). It showed a
maximum PF of 81.9 μW m−1 K−2 (Figure 12I), and
highly reproducible TE performance after repeated mechanical bending tests (Figure 12J).

PEDOT/graphene composites
The PEDOT/graphene composites are mainly prepared
by physical mixing, in situ polymerization, spin‐coating,
and so forth. Kim et al110 reported the TE performance of
PEDOT:PSS/graphene composites containing 1 to 3 wt%
graphene fabricated by solution spin‐coating method.
The PF and ZT values of the composites of 2 wt% graphene were 11.09 μW m−1 K−2 and 2.1 × 10−2, respectively. This enhancement arose from the facilitated

F I G U R E 1 0 A, Schematic illustration of preparation for PEDOT:PSS/MWCNT via a template‐directed in situ polymerization
approach. B, TEM of PEDOT:PSS/MWCNT. C, D, σ, S and PF of pure PEDOT:PSS and PEDOT:PSS/MWCNTs composites.
Reproduced with permission: Copyright 2015, Wiley.98 E, Schematic illustration of the preparation process and the TEM images of
PEDOT/SWCNT composites using hexane and xylene as reaction media. F‐H, σ, S and PF for the neat PEDOT and the PEDOT/
SWCNT composites prepared in hexane or xylene. Reproduced with permission: Copyright 2015, Elsevier.99 I, J, SEM images of the
surface of the water‐phase side and the oil‐phase side for the pure PEDOT:PF6. K, Effects of SWCNT contents on TE performance of
PEDOT:PF6/SWCNT composites. Reproduced with permission: Copyright 2018, Royal Society of Chemistry.100 L, Effect of
3,4‐ethylenedioxythiophene (EDOT):PF6 molar ratio on TE performance PEDOT:PF6/acid‐doped SWCNT composites. Reproduced
with permission: Copyright 2019, Royal Society of Chemistry.44 MWCNT, multiwalled carbon nanotube; PEDOT,
poly(3,4‐ethylenedioxythiophene); PF, power factor; SEM, scanning electron microscopy; SWCNT, single‐walled carbon nanotube;
TE, thermoelectric; TEM, transmission electron microscopy
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carrier transfer between PEDOT:PSS and graphene as
well as the high electron mobility of graphene. Yoo
et al111 adopted the in situ polymerization method to
synthesize PEDOT:PSS/graphene composite. The as‐
obtained composite containing 3 wt% of graphene exhibited a maximum PF value of 45.68 μW·m−1 K−2.
In 2013, our group first reported a template‐directed
in situ polymerization strategy to prepare a pie‐like
structure of PEDOT/reduced graphene oxide (rGO) nanocomposite with greatly enhanced TE performance.112
As shown in Figure 13A, in situ polymerization reaction
of EDOT monomers occurred on the rGO surfaces,
leading to thick and uniform coatings of PEDOT layers
on both sides of the rGO nanosheet surfaces
(Figure 13B,C). It exhibited the highest PF of
5.2 μW m−1 K−2 at room temperature, which was 13.3
times greater than that of neat PEDOT (Figure 13D).
Then, we reported a further work on PEDOT/rGO composites with three different in situ polymerization preparation routes, that is, spin‐coating and subsequent
liquid layer polymerization (Method A); spin‐coating,
followed by vapor phase polymerization (Method B); and
in situ polymerization and then posttreatment by EG
immersion (Method C).113 The schematic illustrations of
the three preparation procedures and the corresponding
SEM images can be found in Figure 13E. It was confirmed that the surface of rGO nanosheets was wrapped
by PEDOT layers for these three methods. All the composites prepared by three methods displayed greatly enhanced TE performances compared to the corresponding
neat PEDOT (Figure 13F‐H).

PPy/graphene composites
Compared to PANI/graphene and PEDOT/graphene
composites, much less attention has been paid to the
PPy/graphene composites in terms of TE studies. We
prepared PPy/rGO composites by a template‐directed in
situ oxidative polymerization of pyrrole monomers on the
surface of rGO in sodium dodecyl sulfate (SDS) aqueous
solution.114 SDS played an important role in the

ZHANG

ET AL.

enhancement of PPy/rGO composites in terms of three
aspects: improving the dispersion of rGO nanosheets and
dissolution of pyrrole monomers in water, accelerating
the polymerization reaction of pyrrole, and increasing the
σ of PPy. The PF value of the PPy/rGO composites with a
wrapping core‐shell structure reached 3.01 μW m−1 K−2
that was 84 times greater than that of the pure PPy.
Afterward, the TE performances of PPy nanowire/rGO,
PPy nanotube/rGO, PPy particles/graphene, and PPy
nanowire/graphene composites were reported successively in our group115 and other groups.116‐118 It is a little
bit strange that no new studies on PPy/graphene composites were updated till the second half of 2018118 according to Web of Science on 1 June 2020. The possible
reason might be the as‐obtained TE performance is relatively very low compared to other conducting polymer‐
based composites.

3.2 | Carbon composites with ternary or
more components
Carbon composites with ternary or more components
were considered to make better use of synergetic effects
of carbon materials and conducting polymers. Zhang
et al119 incorporated fullerene into PEDOT:PSS/graphene
to improve the TE performance. In this system, fullerene
interacted with noncovalently functionalized graphene at
a liquid‐liquid interface. Such architecture increased σ
from 10 000 to 70 000 S/m, enhanced S by around fourfold, and improved κ from 0.2 to 2 W K−1 m−1. As a result, this ternary TE composite demonstrated a ZT value
of 0.067, indicating an enhancement of more than 1 order
of magnitude in comparison to binary TE composites.
Kim et al120 synthesized PEDOT:PSS in the presence of
graphene sheets and MWCNTs through an in situ polymerization method. The PEDOT/graphene/MWCNTs
exhibited a ZT value of 0.031 with a 80% enhancement
relative to PEDOT:PSS. This enhancement came from the
synergic effects of excellent electrical bridging and

F I G U R E 1 1 A, Schematic illustration of the preparation process for the polypyrrole (PPy)/SWCNT nanocomposite. B, C, SEM
images of the self‐assembled layered morphology for C/S‐ and S/S‐ PPy/SWCNT nanocomposites; The abbreviation of C/S stands for
the dispersing agents of cetyltrimethylammonium bromide and sodiumdodecyl benzene sulfonate (SDBS) to disperse PPy nanowires
and SWCNTs, respectively, while the S/S represents the employment of SDBS to disperse both PPy nanowires and SWCNTs. D, PF
for the neat PPy nanowires and C/S‐ and S/S‐PPy nanowire/SWCNT composite films. Reproduced with permission: Copyright 2016,
Elsevier.104 E, Schematic illustration showing the preparation procedure for the PPy/SWCNT nanocomposites via a template‐directed
in situ polymerization approach with various reaction mediums and the corresponding SEM images. F, PF for PPy/SWCNT
nanocomposites. G, S, σ, and κ for the composite before and after bending Reproduced with permission: Copyright 2016, Royal
Society of Chemistry.105 H, The SEM image of PPy/acid‐doped SWCNT composite films. I, The PF of PPy/acid‐doped SWCNT
composite film. Reproduced with permission: Copyright 2019, Elsevier.106 PF, power factor; SEM, scanning electron microscopy;
SWCNT, single‐walled carbon nanotube
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electronic coupling between PEDOT and the two carbon
nanomaterials. In addition to binary carbonaceous nanofillers, binary polymers were adopted. For example,
Wang et al121 prepared PPy/GNs/PANI composite
through in situ polymerization and solution process. The
combination of PANI and PPy with similar molecular
chain structures can effectively promote the carrier
transmission. Therefore, the PPy/GNs/PANI composite
with 32 wt% graphene demonstrates a PF value of
52.5 μW m−1 K−2, much higher than pure PANI, pure
PPy, PPy/GNs composite, and PANI/GNs composite. Our
group122 developed a unique layered morphology of
PPy/PEDOT:PSS/SWCNT ternary TE composites. The as‐
obtained ternary hybrids possessed the highest PF of
45.3 μW m−1 K−2 at room temperature, approximately
14.4 times of that of the binary composites of PPy/
PEDOT:PSS nanowires.
A fully aligned polymer backbone can lead to a strong
enhancement in the conjugation and facilitates the
transport of carriers. Wang et al123 reported a striking and
unique approach to improve the alignment of the PANI
main chain by the introduction of pyrrole unit. In the
simulation (Figure 14), PPy had a fully aligned backbone,
and main PANI chain displayed unaligned characteristics. When pyrrole was introduced onto the PANI
backbone, the conformation was greatly improved by
forming a more aligned structure (Figure 14C), that is,
the random copolymer (PANIPy). Such PANIPy was
realized by a sustainable oxidative polymerization
method. The PANIPy/SWCNT composite exhibited the
highest PF of 70.4 μW m−1 K−2 at 300K, which was far
higher than the common PANIPPy/SWCNT composites
(PF = 50.7 μW m−1 K−2).
Among the most important methods to prepare carbon nanocomposites (such as in situ polymerization,
template synthesis, and solution mixing), the layer‐by‐
layer (LBL) technique shows the unique and attractive
advantages of high‐performance TE composites. Grunlan
et al124‐128 employed this technique to conduct a series of
TE studies. First, the multiple‐layered PANI/graphene/
PANI/double‐walled CNT (DWNT) composites124 with
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ordered molecular structure was prepared via sequential
layering of PANI, graphene, and DWNT with preparation procedure in Figure 15A. The quadlayered architecture resulted in synergy within the 3D conjugated
network, where PANi‐covered DWNT bridged the gaps
between graphene sheets, thus increasing σ and S due to
improved carrier mobility (Figure 15B). The resulting
PANI/graphene/PANI/DWNT composites showed the
maximum PF of 1825 µW m−1 K−2 (Figure 15C) that can
rival inorganic tellurides.125 Then, they used LBL
deposition to fabricate PANI/graphene‐PEDOT:PSS/
PANI/DWNT/PEDOT:PSS composites (Figure 15D), in
which graphene and DWNT were stabilized with PEDOT:PSS (Figure 15E).126 Such composite film with 80
quadlayers yielded an unprecedented PF value of
2710 μW m−1 K−2 (Figure 15F). This outstanding TE
properties were attributed to the improved carrier mobility in the interconnected and layered architecture of
PEDOT:PSS‐covered DWNT that bridged between graphene sheets. This LBL technique was also used to
prepare n‐type composites with good air stability.127,128
The composite film was assembled through alternately
depositing DWNT stabilized by polyethyleneimine (PEI)
and graphene stabilized by polyvinylpyrrolidone
(Figure 15G).127 This carbon composite with 80 bilayers
exhibited a relatively stable PF of 190 μW m−1 K−2
(Figure 15H), and TE performance can remain relatively
air‐stable over 60 days without any protection. Likewise,
n‐type multilayered DWNT‐PEI/rGO composites were
prepared by LBL technique and the thermal reduction of
GO.128 They found that this n‐type composite could
exhibit an extended period of air‐stability time when the
top was the deposited layers containing montmorillonite
clay. The n‐type characteristics of the DWNT‐PEI/rGO
were relatively unstable with S becoming positive within
30 days, whereas the DWNT‐PEI/rGO decreased by 45%
over 90 days but reached a stable plateau after
depositing clay‐based thin films (Figure 15I). The authors attributed the improved air‐stability to the very
low oxygen permeability of clay nanoplatelet‐based
assemblies.

F I G U R E 1 2 A, Schematic diagram of semi‐interpenetrating networks (SIPNs) constructed by chemically bonded
p‐phenediamino‐modified graphene (PDG) and linear PANI. B, Raman spectrum of PANI/PDG30‐3 washed by N‐methyl‐2‐
pyrrolidone. PANI/PDGx‐y, where x is the modification temperature in °C and y is the percentage of PDG in the sample. C, D,
Raman mapping at a specific Raman wavenumber of 1200 cm−1 for C‐H bending of the quinoid ring. E, ZT values of the PANI/
graphene and PANI/PDGx‐y composites with various fraction wt% of graphene or PDG. Reproduced with permission: Copyright
2018, American Chemical Society.108 F, Schematic illustration of the synthesis procedure used in fabrication of PANI/three‐
dimensional graphene (3DG) composite. G, Typical SEM image of PANI/3DG composite. H, Stress‐strain curves for the PANI/3DG
composites. I, PF of PANI/3DG composites. J, TE performance for the 3DG‐PANI containing 80 wt% PANI before and after bending.
Reproduced with permission: Copyright 2019, Royal Society of Chemistry.109 PANI, polyaniline; PF, power factor; SEM, scanning
electron microscopy; TE, thermoelectric
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F I G U R E 1 3 A, Schematic illustration showing the preparation process of the PEDOT/reduced graphene oxide (rGO) composite.
B,C, SEM and TEM images of the PEDOT/rGO composite. D, PF of PEDOT and the PEDOT/rGO composite; the grid‐filled column
stands are the calculated value for the nanocomposite based on mixing rule. Reproduced with permission: Copyright 2013, Royal
Society of Chemistry.112 E, Three preparation routes and SEM images of PEDOT/rGO composites; Route A: Spin‐coating and
subsequent liquid layer polymerization, Route B: Spin‐coating followed by vapor phase polymerization, Route C: In situ
polymerization and then posttreatment by immersion in ethylene glycol. F‐H, TE performances of PEDOT/rGO nanocomposites
prepared by Route A (F), Route B (G), and Route C (H). Reproduced with permission: Copyright 2015, Wiley.113 PEDOT,
poly(3,4‐ethylenedioxythiophene); PF, power factor; SEM, scanning electron microscopy; TE, thermoelectric; TEM, transmission
electron microscopy

3.3 | Thermoplastics‐based carbon
composites
Undoubtedly, conducting polymers cover most of the
organic components in TE carbon composites. However,
these conducting polymers usually cannot be melt‐

processed and hence are limited to the solution‐
processing method due to their strong interchain interactions, usually making them difficult into mass production. Most thermoplastic polymers, displaying distinct
advantages of very low costs and easy processability
containing both solution‐ and melt‐processability,129‐131
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F I G U R E 1 4 Top view (left) and side view (right) of the partial chain segment conformation of PANI (A), PPy (B), and PANIPy
(C) under the lowest energy state. Reproduced with permission: Copyright 2019, Elsevier.123 PANI, polyaniline; PPy, polypyrrole

represent an interesting alternative to conducting
polymers as organic components for TE composites.
Similar to the fabrication of conducting polymers, the
solution‐processed method was also applied to prepare
thermoplastics‐based TE composites via dissolving polymers into specific solvent83,129,132 or adopting polymer
emulsion.97,133 The most representative studies are from
Grunlan et al97,133‐135 on TE composites based on the
aqueous polymer emulsion. They fabricated a poly(vinyl
acetate)/CNT composite with a segregated structure and
a relatively high ZT value over 0.006 was obtained with
20 wt% CNTs.133 A maximum ZT of approximately 0.02
for 35 wt% was achieved in CNT‐filled segregated polymer composite97 by adding PEDOT:PSS, yielding thermally disconnected and electrically connected contact
junctions between CNTs. Besides, the role of semiconducting stabilizers in increasing TE performances of
the segregated polymer composites was studied.134,135
From the perspective of mass production, the melt‐
processed thermoplastics‐based TE composites are easily
scaled up using current industrial techniques relative to
solution‐processed counterparts. Antar et al136 demonstrated the possibility of conductive polymer composites
as TE material. They reported melt‐processed poly(lactic
acid) (PLA)/MWCNT/expanded graphite materials with
the highest ZT of 7 × 10−5 at room temperature. Then the
melt‐processed thermoplastics‐based TE composites
emerged from different research groups.137‐141
Pötschke et al140‐146 performed a series of TE research
on melt‐processed thermoplastics/CNT composites in
terms of various aspects. They compared the effect of
surface functionalization of MWCNT on the TE performance of melt‐mixing polycarbonate (PC)/MWCNT at
fixed MWCNT loading.140 The highest S was 11.3 μV/K
for PC/carboxyl‐functionalized MWCNTs (MWCNT‐
COOH), whereas the PC/unfunctionalized MWCNT

(u‐MWCNT) resulted in the lowest value of 7.5 μV/K
(Figure 16A). The authors explained that the oxygen
groups attached on the MWCNTs, both carboxyl as well
as hydroxyl, acted as p‐dopants. The processing additive,
that is, cyclic butylene terephthalate (CBT) oligomer,
was added to improve TE properties of PC/MWCNTs.141
This improvement was assumed to origin from a
transesterification reaction between ‐COOH groups of
MWCNTs with the CBT oligomer, increasing the electronic DOS of MWCNTs. An increase of ZT from 10−17
(PC/MWCNT‐COOH) to 10−8 (PC/MWCNT‐COOH/CBT)
could be achieved by varying CBT and processing
temperature (Figure 16B,C). They142 also reported that the
p‐type polypropylene (PP)/CNT/CuO TE composite could
be switched into stable n‐type TE composites by adding
polyethylene glycol (Figure 16D), and S vales of these
n‐type composites remain negative after being exposed to
air for 8 months. Concerning melt‐processing n‐type TE
composites based on thermoplastics, a recent study by
from Paleo et al139 also reported PP/carbon nanofibers
(CNF) n‐type composites without adding any additives,
and they ascribed the negative S value to the CNF double
layer structure surrounding the tubular core, in which
n‐type contribution (electron conduction) from the inner
layer would exceed the p‐type contribution (hole conduction) from the outer shell. Besides, Pötschke et al143
studied the effect of SWCNT‐induced crystallization of
polyetherimide (PEI) on TE performance of PEI/SWCNT
composite based on a nonlinear PEI (aBPDA‐P3) and a
linear PEI (ODPA‐P3). The molecular structures of
aBPDA‐P3 and ODPA‐P3 are shown in Figure 16E. The
crystallinity of ODPA‐P3/SWCNT was confirmed by differential scanning calorimetry test (Figure 16F). The
crystalline ODPA‐P3/SWCNT nanocomposites exhibited
remarkably higher values for S and PF (Figure 16G,H),
compared to the amorphous aBPDA‐P3/SWCNT
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F I G U R E 1 5 A, Schematic of the layer‐by‐layer (LBL) process for PANI/graphene/PANI/DWNT. B, Carrier transport in PANI/
graphene/PANI/DWNT composite. C, PF of PANI/graphene (triangle), PANI/DWNT (square), and PANI/graphene/PANI/DWNT
(circle) as a function of deposition circles. Reproduced with permission: Copyright 2015, Wiley.124 D, Schematic of the LBL
deposition process for PANI/graphene‐PEDOT:PSS/PANI/DWNTPEDOT:PSS. E, Atomic force microscopy images of the
corresponding suspensions. F, PF of PANI/graphene‐PEODT:PSS (triangle), PANI/DWNT‐PEDOT:PSS (square), and PANI/
graphene‐PEDOT:PSS/PANI/DWNT‐PEDOT:PSS (circle) as a function of deposition circles. Reproduced with permission: Copyright
2016, Wiley.126 G, Schematic of LBL deposition process for DWNT‐PEI/graphene‐polyvinylpyrrolidone (PVP). H, S of DWNT‐PEI/
graphene‐PVP as a function of bilayer numbers. Reproduced with permission: Copyright 2016, Elsevier.127 I, Air stability of S under
ambient conditions of DWNT‐PEI/rGO with (bottom) and without (top) clay‐based thin films. Reproduced with permission:
Copyright 2018, Wiley.128 PANI, polyaniline; PEDOT, poly(3,4‐ethylenedioxythiophene); PF, power factor

composites, due to the formation of polymer crystals in
ODPA‐P3/SWCNT contributing to the enhanced charge
carrier transport through the polymer‐CNT interface or
between CNT‐CNT junctions.

4 | SUMMARY AND
P E R S P E C T I VE S
This review focused on the recent advances of carbon and
carbon composites as TE materials. CNTs and graphenes

are the most commonly studied carbon materials. We
presented the factors affecting TE performances of CNTs
in terms of species, alignment, functionalization, and
annealing, and then approaches to enhance TE performance of graphenes. Subsequently, the carbon composites with polymer components that contain conducting
polymers and isolating thermoplastics were discussed,
where the conducting polymer‐based carbon composites
have been highlighted. The multicomponent carbon
composites consisting of polymer/binary carbon fillers,
binary polymers/carbon filler, and binary polymers/
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F I G U R E 1 6 A, S of polycarbonate (PC) composites containing MWCNTs with different functional groups. Reproduced with
permission: Copyright 2014, Elsevier.140 B, C, PF of PC/MWCNT‐COOH and PC/MWCNT‐COOH/CBT composites processed at 240
and 270°C. Reproduced with permission: Copyright 2014, Elsevier.141 D, The effect of polyethylene glycol (PEG) content on S of PP/
CNT/CuO composites. PP‐xCNT‐yCuO‐zPEG represents a composite having x wt% CNTs, y wt% CuO, and z wt% PEG. Reproduced
with permission: Copyright 2017, Elsevier.142 E, Molecular structures of aBPDA‐P3 and ODPA‐P3. F, Differential scanning
calorimetry curves for semi‐crystalline ODPA‐P3/SWCNT composites. The neat ODPA‐P3 is amorphous. G, H, S and PF of aBPDA‐
P3 and ODPA‐P3 composites. Reproduced with permission: Copyright 2018, Elsevier.143 MWCNT, multiwalled carbon nanotube;
PF, power factor

binary carbon fillers are a new TE trend, having attracted
extensive attention. Although great efforts have been
dedicated to the development of carbon and carbon
composites for TE purposes, the applications of these
materials in real commercial products are still in their
infancy due to the currently obtained low TE performance (usually ZT < 1). Furthermore, there are several
challenges from theory to application that must be addressed before this new set of carbon materials can be put
into applications and commercialization. Therefore, in
our humble opinion, some challenges and tentative suggestions are provided in the following.
1. The TE mechanism at the nano level remains far from
clear, though some concepts like quantum confinement, carrier or phonon scattering, and energy filtering have been proposed to account for some results of

carbon or carbon composites. However, a unified TE
theory is still missing. One possible root lies in the
difficulty of experimental characterization at the
carbon‐carbon or carbon‐polymer interfaces at nanoscale based on the current characterization techniques. Alternatively, the simulations may be a powerful
tool to offer more details on behaviors of carries and
phonons at these interfaces.56,77,78
2. For carbon TE materials, it is of vital importance to
adopt rational methodology to enhance TE performance in the future, especially for the existence of
some disputed results. For example, the role of CNT
chemical functionalization of CNTs in the enhancement of TE performance is a matter of debate to some
extent.44,45 Precise control of CNT modification parameters, including functional groups, density of groups
on the surface, and location of groups on the surface,
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deserves an intense investigation. It may help us to
optimize the TE performance and further unravel the
role of CNT functionalization.
For graphene TE materials, it still a challenge to significantly reduce κ and thereby increase TE performance. Novel approaches are strongly expected to
reach a further significantly enhanced TE performance to a great extent. Other than the reported
modification of GNMs or GNRs, the chemical
decoration may be also considered.108 However, the
related reports are still rare for graphene TE materials.
For conducting polymer‐based carbon composites, the
intrinsic advantages of each component, such as the
flexibility and easy processability of conducting polymers, have not been made full use. The flexible TE
composites are greatly anticipated for curved or irregularly shaped heat sources such as human body,23
exhibiting their great potential as power source for
flexible electronics.
In addition, to further enhance TE performance of
carbon composites, decoupling the TE parameters is
necessary and feasible by constructing an electrically
connected and thermally disconnected interfaces. The
increase in the ordered structure of conducting polymers and the molecular design of nanostructures
(such as nanotube, nanowire, and so forth) are worth
being considered for the future breakthrough of TE
performance.91,93
Obviously, the research of thermoplastics‐based TE
composites lags far behind the conducting polymer‐
based counterparts, mainly due to their low σ and
TE performance. Considering their merits such as
convenience to scale up for mass production and
high mechanical properties, the utilization of insulating thermoplastics may be also desirable for TE
materials. The viscosity, surface tension, or flowing
behavior of single‐ or two‐component thermoplastics130,147‐149 can be tailored to help achieve a
particular distribution (e.g., alignment or selective
distribution) of carbon particles and enhance σ and
thereby TE performance.
Compared with the boosting TE performance, much
less attention has been paid to the trade‐off between
TE and mechanical performances, the latter of
which (such as stretchability, mechanical bending,
Young's modulus, and so forth)105,109,150 are
definitely
vital
for
practical
applications.
Thermoplastics‐based composites have obvious advantages of mechanical performances over conducting polymers based‐composites, but their very
low TE performances trigger a poor trade‐off
between TE and mechanical performances. The
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reverse is also true for conducting polymer‐based
composites. This subject on improving the trade‐off
between TE and mechanical performances may be
another research direction in the TE community,
since it can undoubtedly widen versatile applications of the waste‐heat harvesting electronics.
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