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Abstract: Carbon nanotubes (CNTs) have attracted much attention in developing high-performance,
low-cost, flexible thermoelectric (TE) materials because of their great electrical and mechanical
properties. Theory predicts that one-dimensional semiconductors have natural advantages in TE
fields. During the past few decades, remarkable progress has been achieved in both theory and
experiments. What is more important is that CNTs have shown desirable features for either n-type
or p-type TE properties through specific strategies. Up to now, CNT-polymer hybrids have held
the record for TE performance in organic materials, which means they can potentially be used
in high-performance TE applications and flexible electronic devices. In this review, we intend to
focus on the intrinsic TE properties of both n-type and p-type CNTs and effective TE enhanced
strategies. Furthermore, the current trends for developing CNT-based and CNT-polymer-based high
TE performance organic materials are discussed, followed by an overview of the relevant electronic
structure-TE property relationship. Finally, models for evaluating the TE properties are provided and
a few representative samples of CNT-polymer composites with high TE performance are highlighted.

Keywords: carbon nanotubes; composites; thermoelectrics

1. Introduction

Renewable green energy has gained growing attention since traditional fossil fuels are
not renewable and their widespread use is causing more and more environmental issues [1-4].
Thermoelectrics (TEs) is considered an important supplement to renewable green energies such
as solar, wind and nuclear energy, etc. [5,6]. This technology offers a promising way to convert heat
directly into electricity without releasing any pollution [7,8]. TE devices are generally comprised of all
solid components without any moving parts or fluids, which, therefore, can work alone quietly
for a very long time without maintenance and require only small temperature gradients [9,10].
Therefore, they can be combined with numerous heat sources, including abundant solar, geothermal
and waste heat from automobile or industrial factories and even low-density heat from the human
body, to generate clean electricity [11-14]. However, the application of TE devices is dictated by the
cost and heat-to-electricity conversion efficiency of TE materials [15]. The properties of TE materials
cannot fulfill the requirements for wide commercial applications right now. Exploring cost-effective
materials with high TE performance (figure of merit, ZT) is of great interest to researchers.

Significant progress has been achieved in the TE field in recent decades. State-of-the-art inorganic
materials have high ZT values over 2 [16-19]. However, these inorganic materials typically are
expensive, heavy, brittle and contain toxic elements such as Bi and Sb [20-22]. A lot of researchers have
turned to organic materials for low-cost, high-performance TE materials because organic materials,
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especially polymers, are normally cheap, low-weight, flexible and non-toxic [23-26]. In addition,
solution processing and printing techniques can be used to make the manufacture of organic TE
modules much easier compared to inorganic TE materials [27-31]. In this regard, organic TE materials
have the potential to bring about significant improvement even if their conversion efficiency is
comparable to, or less than, that of the state-of-the-art inorganic materials [32-34]. Most of the power
generation by TE materials is still suitable for organic materials, although the working temperature of
organic TE materials may be lower than that of inorganic TE materials due to the decomposition of
organic materials at high temperature [35,36]. For example, a major part of waste heat lost from fossil
fuels is released under 150 °C, as reported by Shindo et al. [37].

Organic materials are of great interest to researchers pursuing low-cost, flexible and high TE
performance materials. After about 10 years of development, a record TE performance of organic
materials has reached up to ZT = ~0.5 at room temperature, which is comparable to that of many
inorganic materials [38—41]. The growth in number of publications per year about organic TE
materials has been exponential in recent years (shown in Figure 1), which indicates growing interest
in developing high TE performance organic materials in science and technology. Among these
organic TE materials, CNT-based organic TE materials (shown in Figure 1a) play an important role.
Making CNT hybrids is one of the most widely used strategies to design high TE performance organic
materials [42]. Right now, CNT hybrids -hold the record for TE performance in organic materials [38].
The number of publications per year about CNT-based organic TE materials is also increasing fast,
reaching about 53 papers in 2017 (shown in Figure 1b), which accounts for one-fifth of organic TE
materials-related papers.

In this review, strategies for designing CNT-based high TE performance organic materials (CNT
only and CNT hybrids) will be described after a brief introduction to the advantages of CNTs in
thermoelectrics and an account of the history of and recent progress in both theory and experiments.
We would also like to recommend some good review papers to readers. A good introduction to the
solid-state physics of conjugated polymer-based TE materials was by Bubnova and Katz et al. [43,44].
The relationship between the chemical structure of organic materials and their TE performance has been
discussed by Kroon et al. [45]. The TE properties of the most studied polymers and small molecules
with charts of TE parameters have been summarized by Zhang et al. [46]. The progress in CNT-based
TE materials has been reviewed previously by Blackburn et al. [47], emphasizing the fundamental TE
properties of single-walled CNTs, nanotube-based composites, and TE devices prepared from these
materials. Different from previous review papers, we would like to focus our attention on the intrinsic
properties of CNTs in theory and experiments, and we intend to summarize and discuss the strategies
that were used to improve the TE performance of CNT-based organic materials, such as tuning the
carrier concentration, creating energy barriers, and making non-percolated nanostructures.
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Figure 1. (a) Illustration of carbon nanotube-based thermoelectric materials: carbon nanotube network
and carbon nanotube-polymer composite. (b) Progress of publication number on organic TE materials
and carbon nanotube (CNT)-based organic TE materials in a year according to Web of Science on
18 August 2018. Gray column: “thermoelectric” + “organic”. Blue column: “thermoelectric” +
“organic” + “CNT”.

2. Basic Description of the Three Key Parameters for TE Materials

TE materials can convert heat to electricity through the Seebeck effect, in which carriers move
from the hot side (high entropy) to the cold side (low entropy) [48,49]. The conversion efficiency is
determined by three key parameters: the Seebeck coefficient (thermopower, S), electrical conductivity
(0), and thermal conductivity (k).

The Seebeck coefficient is the most important parameter among the three because the square term
in Equation (1) enlarges the effect of the Seebeck coefficient in the dimensionless TE figure of merit:

2
zr="71, 0

where T is the absolute temperature. The Seebeck coefficient is defined as the potential (AV) created
by the charge carriers’ movement, divided by the temperature gradient (AT) between the hot side and
cold side, S = AV /AT. Note that the Seebeck coefficient is intimately related to the electronic structure
of a material and depends on the contributions of charge carriers distribution to the conductivity
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at energies away from the Fermi level (Ep) [50,51]. According to the Mott formula for degenerate
semiconductors, S is written as in Equation (2):

72k3T ( dine (E)
5= 5, ( s )|E_EF, @)

where kg is the Boltzmann constant, g is the electron charge, and E is the electron energy [52,53].
For nondegenerate semiconductors, S can be written as in Equation (3) according to the
Boltzmann equations:

-tk

q kBT

where A is the heat of transport constant. As described above, the doping of a semiconductor will
determine the position of Er and hence the Seebeck coefficient. High doping levels will move Ep
into the conduction band and lead to the number of electronic states above and below Er being more
equivalent, subsequently reducing S. However, doping is a commonly used method to increase the

+ A} , 3

electrical conductivity of a material because electrical conductivity is determined as in Equation (4):

o =nqy, 4)

where 7 is the carrier concentration and y is the carrier mobility [54]. The contradiction between the
Seebeck coefficient and electrical conductivity is the main factor that inhibits the development of high
TE performance materials. Besides looking for the peak value of power factor (S%c) via tuning the
doping level, Katz et al. [44] suggested that it might be a good way to attempt to maximize the electrical
conductivity (as long as the thermal conductivity does not increase much) while somehow maintaining
unequal distributions in the density of states. The possible method is building nanostructures with
large peaks in the density of states or making composites of materials with different carrier orbital
energies [55,56].
Thermal conductivity can be decomposed into phonon (ki) and electron contributions (ke):

k =k +ke. ®)

Phonon contribution is called lattice thermal conductivity, which is due to energy transport by
phonons, shown as follows:

ki, = %cvl, (6)

where ¢, v, and [ are the heat capacity, sound velocity, and phonon mean free path, respectively [57,58].
Electron contribution is called electronic thermal conductivity, which is proportional to the electrical
conductivity times the absolute temperature according to the Wiedemann-Franz law [59]:

ke = LoT, )

where L is the Lorenz number. When materials have a low electrical conductivity, the lattice thermal
conductivity becomes dorminate and the electronic thermal conductivity makes fewer or negligible
contributions when the electrical conductivity <1 S/cm. The electronic thermal conductivity can be
comparable to or even larger than the lattice thermal conductivity when the materials have an electrical
conductivity ~100 S/cm.

The ideal TE materials should have a high Seebeck coefficient, high electrical conductivity, and low
thermal conductivity [60]. However, from the above analysis, we see that these parameters are
not independent of each other: the Seebeck coefficient is typically inversely proportional to the
electrical conductivity; the thermal conductivity is proportional to the electrical conductivity [61].
The development of high TE performance materials is generally a process of decoupling the three key
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parameters. Theoretical calculations indicate that making nanostructures or composites might be a
solution to pursue high TE performance materials.

3. TE Properties of CNTs

3.1. TE Properties of N-Type and P-Type CNTs

The special one-dimensional (1D) structure of CNTs has attracted the attention of researchers
who are pursuing high-performance TE materials since their discovery in 1991 [62]. Theoretical results
from Hick et al. showed that 1D conductors or quantum wires might have high TE performance,
much greater than that of both bulk materials and two-dimensional (2D) materials, in 1993 [63].
A one-band model was proposed to discuss the relationship between the structures and ZT values.
The ZT values can be effectively improved by increasing the mobility along the long direction of
the nanostructures or decreasing the diameter of the nanostructure for reduced thermal conductivity.
With BipTe; as an example, the calculated maximum ZT value for 1D nanomaterials is 14, which is
much higher than that of the 2D (ZT = 2.5) and 3D (ZT = 0.5) materials in theory [63,64].

It is well known that CNT can exhibit both p-type and n-type TE properties by varying the
different kinds of dopants. However, CNT is typically considered as a p-type material, in which holes
are the main charge carriers [65-67]. However, in 2000, Bradley et al. reported that CNTs could show a
negative Seebeck coefficient in a vacuum environment, indicating that the intrinsic CNT should be an
n-type material. The reason for the p-type behavior of CNTs is attributed to oxygen doping. It was
also demonstrated by Collins and Kong et al. that the properties of CNTs, including local density of
electronic states, electrical conductivity, and Seebeck coefficient, are very sensitive to the presence of
oxygen [68,69]. In a vacuum environment, the oxygen would be depleted, resulting in the intrinsic
value of CNTs. To further analyze the effect of oxygen concentration on the TE performance of CNTs,
Bradley et al. proposed a model to estimate the Seebeck coefficient from the density of states (DOS) of
an oxygen-doped tube [68]. The equation for the semiconducting CNTs was defined as follows after a
series of mathematic conversion:

7T2k]3 AN)
— B Ta 2 Csen(D!
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where A is the bandwidth, « is the ratio of the conductivity of the semiconducting tubes to the total
conductivity of tube mats, ¢ is a factor related to the chemical potential and bandwidth, and D/, is the
derivative of the DOS for the semiconducting tube. This model can be used to explain the effect of
oxygen on nanotubes, which provides a consistent explanation for the Seebeck coefficient of CNTs.
These results have increased interest in exploring p-type and n-type CNTs.

3.1.1. P-Type CNTs

P-type CNTs are typically made by oxidative dopants such as oxygen [70], acids [70], or chemical
oxidants, e.g., tetracyanoquinodimethane (TCNQ) and its derivatives [71]. Table 1 summarizes the
thermoelectric properties reported for p-type CNT samples. Ryu et al. reported that p-type CNTs can
be synthesized by a variety of methods such as chemical vapor deposition, arc discharge, high-pressure
carbon monoxide, etc. A homogeneous and stable CNT dispersion can be obtained by selecting
solvents such as chlorosulfonic acid (CSA), N-methyl-2-pyrrolidone (NMP), or deionized water with
sodium dodecylbenzenesulfonate (SDBS) [70].

As shown in Figure 2, based on the ambient environment, all the CNTs showed positive Seebeck
coefficients in the range of 20-60 1V /K, which can be explained by hole transport in the valence
band [72]. This means that all of the nanotubes were doped by oxygen and showed p-type properties.
The electrical conductivities were in the order of CSA > SDBS > NMP, while the Seebeck coefficient was
in the order of CSA < SDBS < NMP. The results could be well explained with Equation (3). High doping
levels moved Eg into the conduction band and led to the number of electronic states above and below
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Er being more equivalent, subsequently resulting in an increased ¢ and reduced S. The polarity of the
three solvents should be in the order of CSA > SDBS > NMP. In NMP, the doping level of CNTs was
the lowest, thus the CNTs had the highest S and lowest o among these three solutions. In the solution
of SDBS, the doping level of CNTs was higher than that in NMP since there were more hydrogen ions
from water. In CSA, the intercalation of hydrogen ions between the nanotubes and oxidation of CNTs
by CSA further increased the doping level, thus increasing the ¢ and reducing the S [73].

Table 1. Thermoelectric properties of the p-type CNT samples at room temperature.

Electrical Conductivity =~ Seebeck Coefficient Power Factor

Materials [S/cm] [LV/K] [uW/m K2] Ref.
DWNT-CSA ~1.7 x 10* ~18 550.80 [70]
DWNT-NMP ~1500 ~55 453.75 [70]
DWNT-SDBS ~2400 ~36 311.04 [70]
ASWNT-CSA ~3100 ~28 243.04 [70]
ASWNT-NMP ~500 ~40 80 [70]
ASWNT-SDBS ~700 ~24 40.32 [70]
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Figure 2. (a) The electrical conductivity of double-wall CNT (DWNTs), three types of single-wall CNTs
made of different methods, CSWNT (chemical vapor deposition method), HSWNT (high-pressure
carbon monoxide method), ASWNT (arc charge method). (b) The Seebeck coefficient of DWNT, CSNT,
HSWNT, and ASWNT. Reproduced with permission from Ref. [70]. Copyright © Royal Society of
Chemistry, 2012.

To further improve the p-type Seebeck coefficient of CNTs, an Ar-plasma treatment method has
been reported. The results show that CNTs can achieve a high Seebeck coefficient over 300 pV/K
at 670 K after 20 s of Ar-plasma treatment [74]. Although the electrical conductivity decreased
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from 3500-4800 to 330-990 S/m, the power factor increased to over 120 uV /K. The ZT value could
reach about 0.4 because the thermal conductivity of the CNT film was measured to be as low
as 0.28-0.34 W/m-K after 20 s Ar-plasma treatment [74]. Furthermore, the decrease in electrical
conductivity and the increase in the Seebeck coefficient are mainly attributed to the large number of
defects created by Ar plasma.

3.1.2. N-Type CNTs

Table 2 summarizes the TE properties reported for n-type CNT samples. It is noted that n-type
CNTs are much more challenging to obtain compared with the p-type CNT, since the oxygen in air
makes most CNTs have p-type properties. [75] A common strategy to convert p-type CNTs into n-type
is to use reduction chemicals such as NaBH, and hydrazine [76]. However, the reduced CNTs are not
stable in air because they will be oxidized again and converted to p-type soon. Therefore, chemicals
with electron-donating groups, such as poly(ethyleneimine) (PEI) [77-79], reduced viologen [33,80],
rylene diimide [81], etc. are generally used as n-type dopants and have been demonstrated to have
relatively stable n-type doping effects.

Table 2. Thermoelectric properties of the n-type CNT samples at room temperature.

Materials Electrical Conductivity =~ Seebeck Coefficient Power Factor Ref
[Secm—1] [uV K~1] [uW m~1K—2] )

SW-PEI 10 —58 3.4 [75]
DWNT-PEI/ graphene-PVP 297 —80 190 [76]
SWCNT-PDINE 500 —47.3 112 £8 [81]
SWCNT-NDINE 446 —55 135 + 14 [81]

PEI represents a type of insulating n-type dopants. The TE properties of PEI-doped CNTs have
been tested by Ryu et al., who showed a Seebeck coefficient of —58 uV/K with a good electrical
conductivity of ~10° S/m (Figure 3) [75]. PEI can provide electrons to nanotubes, which moves the
Fermi level of nanotubes toward the lowest unoccupied molecular orbital (LUMO), resulting in n-type
doping. DWCNTs cannot be converted from p-type to n-type, which is attributed to the large hole
concentration in DWCNTs. After a long incorporation time of 2-3 days, the Seebeck coefficient value of
DWCNTs decreased, which might be due to the fact that some holes were canceled out by electrons [75].

(a) 80 . : . ! 7 (b)108 ¢ . ' ' ! 3
. F mmm SW-PEI |
105 ¢
g i
@104 ¢
-} F
10°% |
=== SW-PEI F
601 s DW-PEI : i
_80 | | | | 1 102
Initial 2 days 3days 4days Initial 2 days 3days 4 days
PEIl incorporation time PEI incorporation time

Figure 3. Seebeck coefficient (a) and electrical conductivity (b) of the SWCNT (SW) and DWCNT
(DW) films before and after PEI incorporation for two, three, and four days. PEI can convert SWCNT
rather than DWCNT from p-type to n-type. Reproduced with permission from Ref. [75]. Copyright ©
Elsevier, 2011.

Viologen can convert p-type CNTs to n-type through an electrochemical redox reaction. Kim
and Biswas et al. reported that an environmentally stable n-type CNT could be made when using
reduction-controlled viologen as a dopant [80,82,83]. The positively charged viologen (V?*) was
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reduced to neutral (V?), which was dissolved in toluene. The solution was then dropped onto a CNTs
film, which then showed n-type transistor properties [80]. Half of the CNT films treated with viologen
showed good rectification properties [83]. The TE properties of viologen-doped CNTs were tested by
An et al. [82], who showed a high Seebeck coefficient of —116 uV /K with a high electrical conductivity
of 1534 S/cm, leading to a high power factor of 3103 uW/m K? as shown in Figure 4. The obtained
CNT films showed a relatively low in-plane thermal conductivity of ~5 W/m K, resulting in a high ZT
value of 0.2.
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Figure 4. Seebeck coefficient, electrical conductivity and power factor of BV-doped CNT. The pristine
CNT after annealing shows a Seebeck coefficient of 117.7 uV /K. After being doped with 0.5 mg/mL
BV, the Seebeck coefficient changed to —116 uV /K. Further increasing the concentration of BV has
little effect on the Seebeck coefficient. Reproduced with permission from Ref. [82]. Copyright © Royal
Society of Chemistry, 2017.

Some of the eylene diimide derivatives are conductive n-type dopants. Wu et al. reported
that perylene diimide (PDINE) and naphthalene diimide (NDINE)-doped CNTs have good Seebeck
coefficients of —52.4 and —60.2 uV /K, respectively. These values are larger than that of the PEI treated
by reduction chemicals and insulating electron-donating compounds, as shown in Figure 5. In addition,
PDINE/CNTs and NDINE/CNTs showed good stability in air. After 100 h exposing in air, the hybrids
retain >80% of electrical conductivity and >70% of Seebeck coefficient. The hybrids also showed good
stability while being heated. At 200 °C, PDINE/CNTs and NDINE/CNTs can maintain 97.8% and
96.6% of weight, respectively, while PEI/CNTs can only maintain 83.5% of weight. The high stability
of PDINE/CNTs and NDINE/CNTs might be attributed to the strong 7-7 interactions between the
molecules and CNTs. As we can see that most of the n-type dopants contains nitrogen atoms, this might
be the key to designing good n-type dopants.

(a)
" ot L/
CHy—N-CH, H
’!—- -40 CHy o, N. o
S
2 SWCNTiI TMAOH
n & 0"‘ 9" «z*" ‘{\?’ 3‘ “‘ H
20 ‘k d& ‘é\ g \'\\ H H.N/\’N\/\N_H o HN o
H H
40 ! N
. PEI DETA M
NDINE

Figure 5. (a) Seebeck coefficients of the films of the pristine SWCNT and the SWCNTs treated by the
dopants. (b) Molecular structures of the related n-type dopants. Reproduced with permission from
Ref. [81]. Copyright © American Chemical Society, 2017.
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3.1.3. CNTs-Based TE Devices

CNTs have good mechanical properties that make them suitable for use in TE devices.
Yu et al. reported that CNTs-based leg structure modules can produce ~6 mV TE voltage with three
p-n couples and generate ~25 nW power upon the application of a temperature gradient of ~22 K [84].
P-type modules were made of CNT films with SDBS as a dispersant and n-type modules were made of
CNT films with PEI as a dispersant and dopant. The Seebeck coefficients of p-type and n-type CNTs
were measured as 81 and —80 uV/K, respectively. Further work with salable p-n couple modules
may enhance the power output of this sample construction method. The application of the TE device
was studied by the sample group. A glucose sensor was made with a TE device as the power source,
as shown in Figure 6. The TE device contains 72 p-type and 72 n-type CNT modules that can produce
150 mV at a temperature gradient of 32 K. The power output was 1.8 uW, which is practically viable
for operating sensor units equipped with wireless communication and power management circuits.

40 L 1§ L 4
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o} Experimental current
O Experimental power
30 F TN 13
- \ 7 N\
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3 / \ \
e / \\ \ =
6 20f \ \\ 12 8
5 o]
() | o
10F AL
/ \
\
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AN
o al 1 0
0 100 200 300
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Figure 6. Prototype of glucose detection sensor integrated with a TE device. The glucose solution was
dropped on the testing plate. When power (150 mV) was supplied by the TE device, the Prussian blue
disappeared after 180 s due to the change into Prussian white. Reproduced with permission from
Ref. [85]. Copyright © American Chemical Society, 2014.

Compact-design, flexible TE modules were reported in 2017 by Zhou et al. [86], showing good
stability for over three months (the variations in electrical conductivity and Seebeck coefficient
were less than 5%) in air without encapsulation. The modules were fabricated on continuous
CNT networks as shown in Figure 7. PEI solution was drop-casted into several CNT ribbons.
The effect of the concentration of PEI solution on the TE performance of CNTs was investigated
systematically. When the PEI concentration is 1 wt %, the optimized n-type films show an
ultrahigh power factor of ~1500 uW/m K2. This method simplified the module preparation process,
which indicates that the roll-to-roll technique can be used for large, scalable CNT-based modules.
Additionally, Mitsuhiro et al. [87] proposed the direct injection pyrolytic synthesis (DIPS) method
with the reinforcing agent of PEG to prepare a p-type CNT/PEG thread, as shown in Figure 8 [88].
The Seebeck coefficient of the p-type CNT/PEG thread is 47.8 uV/K, which is slightly lower than
mentioned above. Furthermore, the n-type dopant 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM]PE6) can be used to obtain n-type CNT/PEG thread with a Seebeck coefficient stable at
—49.1 uV/K. Finally, a novel prototype TE fabric is fabricated by using single CNT/PEG thread,
p/n-striped doping, and easy fabrication processes of 7t-type cells. The output performance of the
prototype TE fabric is investigated. This novel method can not only fabricate wearable flexible p/n-type
TE devices by a single CNT-based thread, but also reduce the interface contact resistance to effectively
improve the output performance.
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Figure 7. (a) Preparation of compact-designed TE modules. A novel configuration, compact and
efficient flexible TE module based on large-area continuously synthesized CNT films and localized
doping technology. (b) The output voltage of the module depends on the different temperature
gradient. (c) The relationship between output voltage, output power, and output current at the hot-side
temperature of 330 K and temperature difference of 27.5 K. Reproduced with permission from Ref. [86].
Copyright © Springer Nature, 2017.
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Figure 8. (a) Schematic drawing of the wet-spinning method whereby the CNT dispersion is injected
into a coagulant in a rotating vessel. (b) Schematic drawing of the fabrication process of a “TE fabric.”
(c) Schematic illustration showing partial n-type doping and TE measurement of the doped part (AV4),
the undoped part (AV}), and the sum of them (AVpy). (d) Output characteristics of a prototype TE
fabric. Reproduced with permission from Ref. [87]. Copyright © Royal Society of Chemistry, 2013.
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3.2. TE Performance of Semiconducting CNTs

One-dimensional structure materials could have a high ZT value, as mentioned in Section 3.1,
which can be attributed to the quantum confinement effect and can create sharp features in the
DOS [63,89]. This reveals that CNTs should have good TE performance. However, the Seebeck
coefficient of CNTs in experiments is typically in the range of 20-100 uV /K, which is lower than that
of inorganic materials [90]. A theoretical study of the relationship between Seebeck coefficient and
diameter has been reported by Hung et al. [91]. A simple formula can be used to calculate the Seebeck
coefficient of semiconducting CNTs, which is derived from their band gap:

_ ks, oy Eg 3 Rr 13
S = F(kBiT T 2keT §+ q2ﬂ/kBT-|—1)' )

where Eg is the CNT band gap that is obtained from the extended-tight binding results reported in a
previous paper [92]. As shown in Figure 9, the Seebeck coefficient values decrease with the increase of
CNT diameter. Furthermore, it is proven that the Seebeck coefficient of an individual semiconducting
CNTs can reach up to 2000 1V /K at room temperature for diameters less than 0.6 nm, such as the (5, 3)
and (6, 1) semiconducting CNTs pointed out in Figure 9. The low experimental values are suggested
to be attributed to the complex of geometrical and electronic structures of CNTs [67,93], because the
potential TE properties might have been lost due to the interactions between different tubes [94].
Therefore, the separation of CNTs is essential for obtaining high-purity CNTs with even single charity.
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Figure 9. Seebeck coefficient of semiconducting CNTs within the diameter range 0.5-1.5 nm.
The temperature is constant at 300 K. Reproduced with permission from Ref. [93]. Copyright ©
American Physical Society, 2015.

Theoretical results have attracted interest to exploring high TE performance materials with
high-purity semiconducting CNTs [95,96]. Recently, with the development of several sorting
strategies [97-99] and semiconducting CNTs synthesis methods [100], the production of selected
diameter or electronic type CNTs has been realized. The TE properties of high-purity semiconducting
CNTs have been tested. Avery et al. [101] reported that semiconducting SWCNTs with carefully
controlled chirality distribution and carrier density can have a large TE power factor of 340 uW /m K2.
As shown in Figure 10a, the predicted Seebeck coefficients are in the range of 400-1200 uV/K,
which varies with the electronic band gap (diameter). In the experiments shown in Figure 10b,
the measured Seebeck coefficients are generally in the range of 20-300 uV/K. Only a few samples
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can exhibit a huge Seebeck coefficient over 1000 uV /K. The calculated ZT values are in the range
of 0.01-0.05. The relatively low experimental values are attributed to the existence of polymers
and the semiconducting CNT diameter distribution. Although the results are not very impressive,
they indicate a promising way to further improve the TE performance of CNT-based TE materials
by using semiconducting CNT species. For instance, large-diameter semiconducting CNTs could
enhance the electrical conductivity, while small-diameter semiconducting CNTs could raise the
Seebeck coefficient.
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Figure 10. (a) Dependence of the theoretically predicted peak Seebeck coefficient (grey symbols and
grey line) and maximum experimentally measured electrical conductivity (colored symbols and black
line) on the semiconducting CNT electronic bandgap. The vertical error bars are derived from the
standard deviation of the measured sheet resistances and film thicknesses. The horizontal error
bars denote the standard deviation of the electronic bandgap derived from the semiconducting CNT
diameter distribution. (b) Experimentally measured Seebeck coefficient as a function of electrical
conductivity Reproduced with permission from Ref. [101]. Copyright © Springer Nature, 2016.

To further improve the TE performance of semiconducting CNTs, a method has been developed
by MacLeod et al. to remove the polymer species [102]. A high power factor of 700 uW/m K2 at
298 K for the highly enriched CNT thin films, containing 100% semiconducting CNTs, is realized.
The semiconducting CNTs are sorted by PFPD and then doped with n- and p-type molecular dopants.
The PFPD polymer can be partially washed off. As shown in Figure 11, a densely packed CNT network
is obtained. A peak power factor for both n- and p-type CNTs can be obtained while tuning the doping
level. The thermal conductivity of the networks is measured to be about 2 W/m K, leading to a peak
ZT of 0.12 for semiconducting CNTs with a diameter in the range of 1.0 nm.

Besides the advantages of light weight, flexibility, and solution process capability, CNTs can
be made into #n- and p-type materials, leading to the potential application of full CNTs TE devices.
In addition, they are much more resistant to thermal degradation than polymers, and thus have
a broader range of operating temperatures, up to 200 °C. The findings of high TE properties of
semiconducting CNTs provide a potential way to further improve the TE performance.
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Figure 11. (a) n- and p-type power factor for semiconducting CNT networks. (b) Atomic force
microscope images of semiconducting CNT networks prepared from PT: PFPD dispersions. PT: plasma
torch; PFPD: poly[(9,9-di-n-dodecyl-2,7-fluorendiyl-dimethine)-(1,4-phenylene-dinitrilomethine)].
Reproduced with permission from Ref. [102]. Copyright © Royal Society of Chemistry, 2017.

4. CNT-Polymer Composites

4.1. In Series and Parallel Models for Composites

Making hybrids is an alternative strategy to obtain materials with desirable properties by
combining the advantages of two or more components [103,104]. In a binary TE composite system,
a series or parallel model is typically used to evaluate the Seebeck coefficient, electrical conductivity,
and thermal conductivity of the composites [105-108]. Assuming that Material A has 51, 77 k1 and
Material B has Sy, 07 k, in a series model (Equations (10)—(12)):

Sl*(%)*x Sz*(é)*(l—x)

S = 10
%*x—l—kl—z*(l—x) kl—l*x—l—%*(l—x) (10)

01 %02
= 1
7 x*x0oy+ (1 —x) %0 an
k=(1- x)k1 + xko. (12)

In a parallel model (Equations (13)—-(15)),
stl*al*x—l—sz*(fz*(l—x) (13)
o xx+0p % (1—x)

c=0xx+0;x(1—x) (14)

1 1—-x x
- = - 1
KTk (15)

where x is the volume ratio for Material A (Material A is the discrete phase) [109]. The theoretical value
calculated from the above equations typically does not match the experimental results. As we can
see, these models are pretty simple and do not consider the sample preparation conditions, quantum
effects, interfaces between the two materials, etc. [108]. These models can only provide us with a rough
qualitative analysis of the TE properties of the composite.

4.2. TE Properties of CNT-Polymer Composite

With the idea of integrating the bilateral advantages of each component, CNT-polymer composites
have been proposed [110-112]. Table 3 summarizes the TE properties reported for CNT-polymer
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composite samples. In the beginning, polymer is used as a poor thermal conductor in the
composites since the intrinsic thermal conductivity of the polymers is low [113]. A segregated
network CNT-polymer structure with an electrical conductivity of 4800 S/m, thermal conductivity of
0.34 W/m K, and ZT value of 0.006 at room temperature has been reported [114]. Since then, with the
fast development of conducting polymers, poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS) has become one of the most widely used polymers [115]. A well-known junction
structure has been proposed as shown in Figure 12, which is believed to give rise to exceptional TE
transport properties. Specifically, a series of connected electron channels formed at the interfaces.
Because of the excellent electronic transmission properties of CNT, the electrical conductivity of
the composite film increased significantly to ~40,000 S/m. In addition, due to the mismatch of the
molecular vibrational spectra between CNT and PEDOT:PSS, the propagation of phonons at the nodes
is impeded, thus preventing the increase of thermal conductivity and the decrease of the Seebeck
coefficient. Finally, the optimized ZT value reached 0.02 at room temperature [116]. Furthermore,
the TE performance is found to increase with the increase in the CNT ratio. When the concentration of
CNTs reaches 60 wt % in the CNT-polymer composite, an electrical conductivity of 1.3 x 10° S/m is
obtained with a Seebeck coefficient value of 41 uV /K [117]. The out-of-plane thermal conductivity is
measured to be 0.2-0.4 W/m K. However, the ZT value is not provided in the paper since the electrical
properties are all in the in-plane direction. It should be mentioned that morphological factors such as
the distribution of the CNT in the polymer matrix and the roughness of the surface of the composites,
also play an important role in determining the ultimate TE power factor.

Junction
|
Heat transport —):

Scattering

PEDOT:PSS

Nanotube :

>
Electron transport

Figure 12. PEDOT:PSS particles are coated on CNTs, making CNT-PEDOT:PSS-CNT junctions in the
composites. It is hypothesized that the presence of the junction can deter heat transport without
affecting electron transport much. Reproduced with permission from Ref. [102]. Copyright © American
Chemical Society, 2011.

CNTs can also be used as a template to align the chains of conducting polymers [118]. Yao et al.
have reported that CNT-polyaniline (PANI) exhibits a high electrical conductivity of 76,900 S/m, a high
Seebeck coefficient of 65 LV /K, and a low thermal conductivity of 0.43 W/m K, leading to a ZT value
of 0.12 at room temperature [119]. In the CNT-PANI composites, it has been demonstrated that the
PANI chain will pack densely on CNT surfaces due to the strong 7t-7t interactions between CNTs and
PANI, as shown in Figure 13. The good crystallinity of polymers in the composite is the main reason
for the high TE properties of the CNT-PANI composite.

Simultaneous enhancement of electrical conductivity and Seebeck coefficient has been observed in
the CNT-polymer composites, which is unusual and does not follow the Wiedemann-Franz law [120].
Typically, an increase in electrical conductivity accompanies a decrease in the Seebeck coefficient,
and vice versa. Hong et al. reported that the electrical conductivity and Seebeck coefficient can be
simultaneously increased [121]. As shown in Figure 14, the CNT-PANI composite has a high electrical
conductivity of 61,000 S/m and a high Seebeck coefficient of 61 uV/K, leading to a high power factor
of 220 uW/m K?, which is the highest among previously reported PANI-based TE materials. The main
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reason for the simultaneously enhancement of electrical conductivity and Seebeck coefficient is due to
the improvement of carrier mobility that raises the electrical conductivity and the reduction of carrier
concentration that enlarges the Seebeck coefficient. The improvement in carrier mobility is attributed
to the band alignment, which attracts hole carriers to CNTs whose mobility is much higher than that of
the polymer. In addition, the energy barrier at the interface of CNT and PANI may play an important
role [122-126]. Theoretical study suggests that the power factor can be remarkably improved by
imposing an energy barrier at the interface of conjugated carbon structures [118,127,128].

m m-cresol  solvent synergetic effects of # normal layer
process solvent and CNTs interface layer
g ——— — SWNT
PANI  molecules  with PANI  molecules  with Highly ordered PANI interface layer on

compacted  conformation expanded conformation CNT surface

and random arrangement
Figure 13. Schematic representation of the formation of an ordered PANI interface layer induced by
the synergistic effects of the solvent process and the -7 interactions conjugation between CNTs and
PANI. Reproduced with permission from Ref. [119]. Copyright © Royal Society of Chemistry, 2014.
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Figure 14. (a) Electrical conductivity and Seebeck coefficient of CNT-PANI composites as a function
of CNT concentration. (b) The corresponding power factors of the composite. DWCNT: double wall
carbon nanotube. PANI-CSA: polyaniline-camphorsulfonic acid. Reproduced with permission from
Ref. [121]. Copyright © American Chemical Society, 2015.

Table 3. TE properties of the CNT-polymer-based composite at room temperature.

Electrical Seebeck Power Factor Thermal
Materials Conductivity = Coefficient LW m—1 K2 Conductivity T Ref.
[S em—1] [wV K1 H Wm—1K-1]
Hydrophilic
pyridinium salt 159 63.3 46.4 - - [110]
polymer/SWCNTs
Poly-Schiff
base/SWCNT 411.8 +18.7 43407 777 £5.8 - - [111]
PEDOT:SWCNT 1444.5 £ 86.9 539429 253.7 +10.4 - - [112]
Segregated-network
CNT—polymer 48 38 6.9 0.34 0.006 [114]
CNT-PEDOT:PSS 400 18.3 13.4 0.2-0.4 0.02 [116]
SWNT/PANI 769 65 176 0.43 0.12 [119]

CNT/PANI-CSA 610 61 220 - - [121]
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A novel non-percolated structure has been prepared to further increase the TE properties of
CNT-polymer composites as shown in Figure 15, in which CNTs serves as a high carrier mobility
quantum well And the CNT-polymer-CNT junctions are formed, leading to a significantly reduced
thermal conductivity [38]. The non-percolated CNT networks are prepared on a glass substrate
by the spray method. Then the monomer is spin-coated on the CNT sample, followed by in
situ polymerization. Finally, the sample is reduced by TDAE to have a high Seebeck coefficient.
The maximum power factor obtained by this method is up to 1050 uW/m K2, with a thermal
conductivity of ~0.65 W/m K. The obtained ZT is about 0.5, which is considered the highest ZT
value among organic TE materials [129].

(b) 200 g 1
O OO0 o F o & 0
150, I B
x % ] X
A T 23
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0 3 10 15  CNT
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Figure 15. (a) Atomic force microscope image of non-percolated CNT network on a glass
substrate.  (b) Characterization of electrical properties of the composite before and after
tetrakis(dimethylamino)ethylene (TDAE) reduction. Empty dots are for samples before TDAE
treatment. Solid dots are for samples after TDAE treatment. Reproduced with permission from
Ref. [121]. Copyright © John Wiley and Sons, 2015.

5. Conclusions

CNTs are one-dimensional conductors that might have higher TE performance than bulk and 2D
materials in theory. In the past decade, progress has been made in developing high TE performance
organic materials with CNTs. In this review, CNT-based and CNT-polymer-based TE materials have
been discussed in detail, including the intrinsic TE properties of CNTs, strategies for tuning the TE
properties of CNTs, and the development of CNT-polymer composites. CNT is a very promising TE
material. The ease of making both n-type and p-type TE modules with CNTs provides a potentially
simple fabrication method to prepare full CNT devices, which have a broader operating temperature
(above 200 °C) than traditional polymers. In addition, there is still room to improve the properties of
CNTs since a high Seebeck coefficient—up to 2000 1V /K in theory—is still unachievable in experiments.
A promising result has been reported recently with a ZT value of 0.5 for CNT-polymer composites.
Impressive results have been achieved in the past decade, which indicates the promising future of
CNT- and CNT-polymer composite-based TE generators as power sources for sensors, sophisticated
medical devices, and in the security and environmental sectors.

Author Contributions: X.W. and H.W. constructed the structure of the paper and prepared the draft. B.L. helped
to improve the quality of the paper.

Funding: This research was funded by the National Natural Science Foundation of China (grant number 51876151)
and the start-up funding from Xi’an Jiaotong University (grant number: PY3A010, QY1J003).

Acknowledgments: The authors acknowledge financial support from the National Natural Science Foundation
of China (grant number: 51876151), as well as the start-up funding from Xi’an Jiaotong University (grant number:
PY3A010, QY1J003).

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2018, 10, 1196 17 of 22

References

1.  Zhu, T, Liu, Y,; Fu, C.; Heremans, J.P.; Snyder, ].G.; Zhao, X. Compromise and synergy in high-efficiency
thermoelectric materials. Adv. Mater. 2017, 29, 1605884. [CrossRef] [PubMed]

2. He, ], Tritt, TM. Advances in thermoelectric materials research: Looking back and moving forward. Science
2017, 357, 1369. [CrossRef] [PubMed]

3. Zhang, Q.H.; Huang, X.Y.; Bai, S.Q.; Shi, X.; Uher, C.; Chen, L.D. Thermoelectric devices for power generation:
Recent progress and future challenges. Adv. Eng. Mater. 2016, 18, 194-213. [CrossRef]

4. Bell, L.E. Cooling, heating, generating power, and recovering waste heat with thermoelectric systems. Science
2008, 321, 1457-1461. [CrossRef] [PubMed]

5. Zebarjadi, M.; Esfarjani, K.; Dresselhaus, M.S.; Ren, Z.E; Chen, G. Perspectives on thermoelectrics:
From fundamentals to device applications. Energy Environ. Sci. 2012, 5, 5147-5162. [CrossRef]

6. Yang, L.; Chen, Z.-G.; Dargusch, M.S.; Zou, J. High performance thermoelectric materials: Progress and their
applications. Adv. Energy Mater. 2017, 8, 1701797. [CrossRef]

7. Wang, C; Niu, Y; Jiang, J.; Chen, Y.; Tian, H.; Zhang, R.; Zhou, T.; Xia, J.; Pan, Y.; Wang, S. Hybrid
thermoelectric battery electrode FeS, study. Nano Energy 2018, 45, 432—438. [CrossRef]

8.  Zheng, Y.; Zeng, H.; Zhu, Q.; Xu, ]. Recent advances in conducting poly(3,4-ethylenedioxythiophene):
Polystyrene sulfonate hybrids for thermoelectric applications. J. Mater. Chem. C 2018, 6, 8858-8873. [CrossRef]

9. Oh, ].Y;; Lee, .H.; Han, S.W.; Chae, S.S; Bae, E.J.; Kang, Y.H.; Choi, W.].; Cho, S.Y.; Lee, ].O.; Baik, HK.; et al.
Chemically exfoliated transition metal dichalcogenide nanosheet-based wearable thermoelectric generators.
Energy Environ. Sci. 2016, 9, 1696-1705. [CrossRef]

10. Tan, G.; Zhao, L.D.; Kanatzidis, M.G. Rationally designing high-performance bulk thermoelectric materials.
Chem. Rev. 2016, 116, 12123-12149. [CrossRef] [PubMed]

11. Bahk, J.-H.; Fang, H.; Yazawa, K.; Shakouri, A. Flexible thermoelectric materials and device optimization for
wearable energy harvesting. J. Mater. Chem. C 2015, 3, 10362-10374. [CrossRef]

12. Chen, Y;; Zhao, Y.; Liang, Z. Solution processed organic thermoelectrics: Towards flexible thermoelectric
modules. Energy Environ. Sci. 2015, 8, 401-422. [CrossRef]

13. Wang, X.; Meng, F,; Tang, H.; Gao, Z; Li, S; Jin, S.; Jiang, Q.; Jiang, F.; Xu, J. Design and fabrication of
low resistance palm-power generator based on flexible thermoelectric composite film. Synth. Met. 2018,
235, 42-48. [CrossRef]

14. Wang, Y.; Zhang, S.M.; Deng, Y. Flexible low-grade energy utilization devices based on high-performance
thermoelectric polyaniline/tellurium nanorod hybrid films. J. Mater. Chem. A 2016, 4, 3554-3559. [CrossRef]

15. Wu, G; Gao, C.; Chen, G.; Wang, X.; Wang, H. High-performance organic thermoelectric modules based on
flexible films of a novel n-type single-walled carbon nanotube. J. Mater. Chem. A 2016, 4, 1-7. [CrossRef]

16. Zhao, L.D.; Lo, S.H.; Zhang, Y.; Sun, H; Tan, G.; Uher, C.; Wolverton, C.; Dravid, V.P.; Kanatzidis, M.G.
Ultralow thermal conductivity and high thermoelectric figure of merit in SnSe crystals. Nature 2014,
508, 373-377. [CrossRef] [PubMed]

17. Wu, H]J.; Zhao, L.D.; Zheng, F.S.; Wu, D.; Pei, Y.L.; Tong, X.; Kanatzidis, M.G.; He, ].Q. Broad temperature
plateau for thermoelectric figure of merit ZT > 2 in phase-separated PbTe ysg 3. Nat. Commun. 2014, 5, 4515.
[CrossRef] [PubMed]

18. Venkatasubramanian, R.; Siivola, E.; Colpitts, T.; O’Quinn, B. Thin-film thermoelectric devices with high
room-temperature figures of merit. Nature 2001, 413, 597-602. [CrossRef] [PubMed]

19. Chen, Z.-G; Shi, X.; Zhao, L.-D.; Zou, J. High-performance SnSe thermoelectric materials: Progress and
future challenge. Prog. Mater. Sci. 2018, 97, 283-346. [CrossRef]

20. Zhao, X.B.; Ji, X.H.; Zhang, Y.H.; Zhu, T.J.; Tu, ].P.; Zhang, X.B. Bismuth telluride nanotubes and the effects
on the thermoelectric properties of nanotube-containing nanocomposites. Appl. Phys. Lett. 2005, 86, 062111.
[CrossRef]

21. Lee, HJ.; Anoop, G.; Lee, HJ; Kim, C; Park, J-W,; Choi, J; Kim, H,; Kim, YJ; Lee, EJ;
Lee, S.-G.; et al. Enhanced thermoelectric performance of PEDOT:PSS/PANI-CSA polymer multilayer
structures. Energy Environ. Sci. 2016, 2806—2811. [CrossRef]

22. Poudel, B.; Hao, Q.; Ma, Y,; Lan, Y.; Minnich, A.; Yu, B.; Yan, X.; Wang, D.; Muto, A.; Vashaee, D.; et al.

High-thermoelectric performance of nanostructured bismuth antimony telluride bulk alloys. Science 2008,
320, 634-638. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/adma.201605884
http://www.ncbi.nlm.nih.gov/pubmed/28262991
http://dx.doi.org/10.1126/science.aak9997
http://www.ncbi.nlm.nih.gov/pubmed/28963228
http://dx.doi.org/10.1002/adem.201500333
http://dx.doi.org/10.1126/science.1158899
http://www.ncbi.nlm.nih.gov/pubmed/18787160
http://dx.doi.org/10.1039/C1EE02497C
http://dx.doi.org/10.1002/aenm.201701797
http://dx.doi.org/10.1016/j.nanoen.2018.01.025
http://dx.doi.org/10.1039/C8TC01900B
http://dx.doi.org/10.1039/C5EE03813H
http://dx.doi.org/10.1021/acs.chemrev.6b00255
http://www.ncbi.nlm.nih.gov/pubmed/27580481
http://dx.doi.org/10.1039/C5TC01644D
http://dx.doi.org/10.1039/C4EE03297G
http://dx.doi.org/10.1016/j.synthmet.2017.11.010
http://dx.doi.org/10.1039/C6TA01140C
http://dx.doi.org/10.1039/C6TA05120K
http://dx.doi.org/10.1038/nature13184
http://www.ncbi.nlm.nih.gov/pubmed/24740068
http://dx.doi.org/10.1038/ncomms5515
http://www.ncbi.nlm.nih.gov/pubmed/25072798
http://dx.doi.org/10.1038/35098012
http://www.ncbi.nlm.nih.gov/pubmed/11595940
http://dx.doi.org/10.1016/j.pmatsci.2018.04.005
http://dx.doi.org/10.1063/1.1863440
http://dx.doi.org/10.1039/C5EE03063C
http://dx.doi.org/10.1126/science.1156446
http://www.ncbi.nlm.nih.gov/pubmed/18356488

Polymers 2018, 10, 1196 18 of 22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Jiang, F; Xu, J; Lu, B Xie, Y; Huang, R; Li, L. Thermoelectric performance of Poly(3,4-
ethylenedioxythiophene): Poly(styrenesulfonate). Chin. Phys. Lett. 2008, 25, 2202-2205.

Yue, R; Xu, J. Poly(3,4-ethylenedioxythiophene) as promising organic thermoelectric materials:
A mini-review. Synth. Met. 2012, 162, 912-917. [CrossRef]

Li, J.; Tang, X; Li, H.; Yan, Y.; Zhang, Q. Synthesis and thermoelectric properties of hydrochloric acid-doped
polyaniline. Synth. Met. 2010, 160, 1153-1158. [CrossRef]

Zhu, Z.; Liu, C,; Jiang, F; Xu, J.; Liu, E. Effective treatment methods on PEDOT:PSS to enhance its
thermoelectric performance. Synth. Met 2017, 225, 31-40. [CrossRef]

Park, T.; Park, C.; Kim, B.; Shin, H.; Kim, E. Flexible pedot electrodes with large thermoelectric power factors
to generate electricity by the touch of fingertips. Energy Environ. Sci. 2013, 6, 788-792. [CrossRef]

Singh, D.; Kutbee, A.T.; Ghoneim, M.T.; Hussain, A.M.; Hussain, M.M. Strain-induced rolled thin films for
lightweight tubular thermoelectric generators. Adv. Mater. Technol. 2018, 3, 1700192. [CrossRef]

Du, Y,; Cai, K,; Chen, S.; Wang, H.; Shen, S.Z.; Donelson, R.; Lin, T. Thermoelectric fabrics: Toward power
generating clothing. Sci. Rep. 2015, 5, 6411. [CrossRef] [PubMed]

Palumbiny, C.M.; Liu, E; Russell, T.P.; Hexemer, A.; Wang, C.; Muller-Buschbaum, P. The crystallization of
PEDOT:PSS polymeric electrodes probed in situ during printing. Adv. Mater. 2015, 27, 3391-3397. [CrossRef]
[PubMed]

See, K.C.; Feser, ].P; Chen, C.E; Majumdar, A.; Urban, ]J.J.; Segalman, R.A. Water-processable
polymer-nanocrystal hybrids for thermoelectrics. Nano Lett. 2010, 10, 4664—4667. [CrossRef] [PubMed]
Xiong, J.; Jiang, E.; Zhou, W.; Liu, C.; Xu, J. Highly electrical and thermoelectric properties of a PEDOT:SS
thin-film via direct dilution—filtration. RSC Adv. 2015, 5, 60708-60712. [CrossRef]

Kaloni, T.P.; Giesbrecht, PK.; Schreckenbach, G.; Freund, M.S. Polythiophene: From fundamental
perspectives to applications. Chem. Mater. 2017, 29, 10248-10283. [CrossRef]

Cowen, L.M.; Atoyo, ].; Carnie, M.].; Baran, D.; Schroeder, B.C. Review-organic materials for thermoelectric
energy generation. ESC J. Solid State Sci. Technol. 2017, 6, N3080-N3088. [CrossRef]

Ferhat, S.; Domain, C.; Vidal, J.; Noél, D.; Ratier, B.; Lucas, B. Organic thermoelectric devices based on a
stable n-type nanocomposite printed on paper. Sustain. Energy Fuels 2018, 2, 199-208. [CrossRef]

Cho, C.; Wallace, K.L.; Tzeng, P.; Hsu, J.-H.; Yu, C.; Grunlan, ].C. Outstanding low temperature thermoelectric
power factor from completely organic thin films enabled by multidimensional conjugated nanomaterials.
Adv. Energy Mater. 2016, 6, 1502168. [CrossRef]

Shindo, T.; Nakatani, Y.; Oishi, T. Thermoelectric generating system for effective use of unutilized energy.
Toshiba Rev. 2008, 63, 7-10.

Wang, H.; Hsu, J.-H; Yi, S.-I; Kim, S.L.; Choi, K;; Yang, G.; Yu, C. Thermally driven large
n-type voltage responses from hybrids of carbon nanotubes and poly(3,4-ethylenedioxythiophene) with
tetrakis(dimethylamino)ethylene. Adv. Mater. 2015, 27, 6855-6861. [CrossRef] [PubMed]

Li, C; Jiang, E; Liu, C.; Wang, W.; Li, X.; Wang, T.; Xu, J. A simple thermoelectric device based on
inorganic/organic composite thin film for energy harvesting. Chem. Eng. J. 2017, 320, 201-210. [CrossRef]
Bubnova, O.; Khan, Z.U.; Malti, A.; Braun, S.; Fahlman, M.; Berggren, M.; Crispin, X. Optimization of the
thermoelectric figure of merit in the conducting polymer poly(3,4-ethylenedioxythiophene). Nat. Mater.
2011, 10, 429-433. [CrossRef] [PubMed]

Kim, G.H,; Shao, L.; Zhang, K.; Pipe, K.P. Engineered doping of organic semiconductors for enhanced
thermoelectric efficiency. Nat. Mater. 2013, 12, 719-723. [CrossRef] [PubMed]

Song, H.; Liu, C.; Xu, J.; Jiang, Q.; Shi, H. Fabrication of a layered nanostructure PEDOT:PSS/SWCNTs
composite and its thermoelectric performance. RSC Adv. 2013, 3, 22065-22071. [CrossRef]

Bubnova, O.; Crispin, X. Towards polymer-based organic thermoelectric generators. Energy Environ. Sci.
2012, 5, 9345-9362. [CrossRef]

Poehler, T.O.; Katz, H.E. Prospects for polymer-based thermoelectrics: State of the art and theoretical analysis.
Energy Environ. Sci. 2012, 5, 8110-8115. [CrossRef]

Kroon, R.; Mengistie, D.A; Kiefer, D.; Hynynen, J.; Ryan, ].D.; Yu, L.; Muller, C. Thermoelectric plastics: From
design to synthesis, processing and structure-property relationships. Chem. Soc. Rev. 2016, 45, 6147-6164.
[CrossRef] [PubMed]

Zhang, Q.; Sun, Y.; Xu, W.; Zhu, D. Organic thermoelectric materials: Emerging green energy materials
converting heat to electricity directly and efficiently. Adv. Mater. 2014, 26, 6829-6851. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.synthmet.2012.04.005
http://dx.doi.org/10.1016/j.synthmet.2010.03.001
http://dx.doi.org/10.1016/j.synthmet.2016.11.011
http://dx.doi.org/10.1039/c3ee23729j
http://dx.doi.org/10.1002/admt.201700192
http://dx.doi.org/10.1038/srep06411
http://www.ncbi.nlm.nih.gov/pubmed/25804132
http://dx.doi.org/10.1002/adma.201500315
http://www.ncbi.nlm.nih.gov/pubmed/25903292
http://dx.doi.org/10.1021/nl102880k
http://www.ncbi.nlm.nih.gov/pubmed/20923178
http://dx.doi.org/10.1039/C5RA07820B
http://dx.doi.org/10.1021/acs.chemmater.7b03035
http://dx.doi.org/10.1149/2.0121703jss
http://dx.doi.org/10.1039/C7SE00313G
http://dx.doi.org/10.1002/aenm.201502168
http://dx.doi.org/10.1002/adma.201502950
http://www.ncbi.nlm.nih.gov/pubmed/26427006
http://dx.doi.org/10.1016/j.cej.2017.03.023
http://dx.doi.org/10.1038/nmat3012
http://www.ncbi.nlm.nih.gov/pubmed/21532583
http://dx.doi.org/10.1038/nmat3635
http://www.ncbi.nlm.nih.gov/pubmed/23644522
http://dx.doi.org/10.1039/c3ra42414f
http://dx.doi.org/10.1039/c2ee22777k
http://dx.doi.org/10.1039/c2ee22124a
http://dx.doi.org/10.1039/C6CS00149A
http://www.ncbi.nlm.nih.gov/pubmed/27385496
http://dx.doi.org/10.1002/adma.201305371
http://www.ncbi.nlm.nih.gov/pubmed/24687930

Polymers 2018, 10, 1196 19 of 22

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Blackburn, J.L.; Ferguson, A.J.; Cho, C.; Grunlan, J.C. Carbon-nanotube-based thermoelectric materials and
devices. Adv. Mater. 2018, 30, 1704386. [CrossRef] [PubMed]

Wang, X.; Meng, F; Wang, T.; Li, C.; Tang, H.; Gao, Z.; Li, S.; Jiang, F; Xu, ]J. High performance of
PEDOT:PSS/SiC-NWs hybrid thermoelectric thin film for energy harvesting. J. Alloys Compd. 2018,
734, 121-129. [CrossRef]

Xu, K.; Chen, G.; Qiu, D. Convenient construction of poly(3,4-ethylenedioxythiophene)-graphene pie-like
structure with enhanced thermoelectric performance. . Mate. Chem. A 2013, 1, 12395-12399. [CrossRef]
Rowe, D.M. Thermoelectric Handbook: Macro to Nano; CRC Press: Boca Raton, FL, USA, 2005.

MacDonald, D.K.C. Thermoelectricity: An Introduction to the Principles; Dover Publications: Mineola, NY,
USA, 2006.

Sung, ] H.; Heo, H.; Hwang, I.; Lim, M.; Lee, D.; Kang, K.; Choi, H.C.; Park, ].H.; Jhi, S.H.; Jo, M.H. Atomic
layer-by-layer thermoelectric conversion in topological insulator bismuth/antimony tellurides. Nano Lett.
2014, 14, 4030-4035. [CrossRef] [PubMed]

Bubnova, O.; Khan, Z.U.; Wang, H.; Braun, S.; Evans, D.R.; Fabretto, M.; Hojati-Talemi, P; Dagnelund, D.;
Arlin, ].B.; Geerts, Y.H.; et al. Semi-metallic polymers. Nat. Mater. 2014, 13, 190-194. [CrossRef] [PubMed]
Shi, H.; Liu, C.; Jiang, Q.; Xu, J. Effective approaches to improve the electrical conductivity of pedot:Pss:
A review. Adv. Electron. Mater. 2015, 1, 1500017. [CrossRef]

Sun, J.; Yeh, M.L.; Jung, B.J.; Zhang, B.; Feser, J.; Majumdar, A.; Katz, H.E. Simultaneous increase in
Seebeck coefficient and conductivity in a doped poly(alkylthiophene) blend with defined density of states.
Macromolecules 2010, 43, 2897-2903. [CrossRef]

Shi, W.; Qu, S.; Chen, H.; Chen, Y.; Yao, Q.; Chen, L. One-step synthesis and enhanced thermoelectric
properties of polymer-quantum dot composite films. Angew. Chem. Int. Ed. 2018, 57, 8037-8042. [CrossRef]
[PubMed]

Tseng, F; Li, S.; Wu, C,; Pan, Y,; Li, L. Thermoelectric and mechanical properties of ZnSb/SiC nanocomposites.
J. Mater. Sci. 2016, 51, 5271-5280. [CrossRef]

Chen, G. Thermal conductivity and ballistic-phonon transport in the cross-plane direction of superlattices.
Phys. Rev. B 1998, 57, 14958. [CrossRef]

Kittel, C. Introduction to Solid State Physics; Wiley: Hoboken, NY, USA, 2004.

Pei, Y.; Wang, H.; Snyder, G.J. Band engineering of thermoelectric materials. Adv. Mater. 2012, 24, 6125-6135.
[CrossRef] [PubMed]

Tan, D.; Zhao, J.; Gao, C.; Wang, H.; Chen, G.; Shi, D. Carbon nanoparticle hybrid aerogels: 3d double-
interconnected network porous microstructure, thermoelectric, and solvent-removal functions. ACS Appl.
Mater. Interfaces 2017, 9, 21820-21828. [CrossRef] [PubMed]

lijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56-58. [CrossRef]

Hicks, L.D.; Dresselhaus, M.S. Thermoelectric figure of merit of a one-dimensional conductor. Phys. Rev. B
1993, 47, 16631-16634. [CrossRef]

Landolt, H.H.; Bornstein, R. Numerical Data and Functional Relationships in Science and Technology; Springer:
Berlin, Germany, 1983; pp. 272-278.

Tian, M.; Li, F; Chen, L.; Mao, Z.; Zhang, Y. Thermoelectric power behavior in carbon nanotubule bundles
from 4.2 to 300 k. Phys. Rev. B 1998, 58, 1166-1168. [CrossRef]

Grigorian, L.; Sumanasekera, G.U.; Loper, A.L.; Fang, S.L.; Allen, J.L.; Eklund, P.C. Giant thermopower in
carbon nanotubes: A one-dimensional kondo system. Phys. Rev. B 1999, 60, R11309-R11312. [CrossRef]
Hone, J.; Ellwood, I.; Muno, M.; Mizel, A.; Cohen, M.L,; Zettl, A.; Rinzler, A.G.; Smalley, R.E. Thermoelectric
power of single-walled carbon nanotubes. Phys. Rev. Lett. 1998, 80, 1042-1045. [CrossRef]

Collins, P.G.; Bradley, K.; Ishigami, M.; Zettl, A. Extreme oxygen sensitivity of electronic properties of carbon
nanotubes. Science 2000, 287, 1801-1804. [CrossRef] [PubMed]

Kong, J.; Franklin, N.R.; Zhou, C.; Chapline, M.G.; Peng, S.; Cho, K.; Dai, H. Nanotube molecular wires as
chemical sensors. Science 2000, 287, 622-625. [CrossRef] [PubMed]

Ryu, Y,; Yin, L.; Yu, C. Dramatic electrical conductivity improvement of carbon nanotube networks by
simultaneous de-bundling and hole-doping with chlorosulfonic acid. J. Mater. Chem. 2012, 22, 6959-6964.
[CrossRef]


http://dx.doi.org/10.1002/adma.201704386
http://www.ncbi.nlm.nih.gov/pubmed/29356158
http://dx.doi.org/10.1016/j.jallcom.2017.11.013
http://dx.doi.org/10.1039/c3ta12691a
http://dx.doi.org/10.1021/nl501468k
http://www.ncbi.nlm.nih.gov/pubmed/24937706
http://dx.doi.org/10.1038/nmat3824
http://www.ncbi.nlm.nih.gov/pubmed/24317188
http://dx.doi.org/10.1002/aelm.201500017
http://dx.doi.org/10.1021/ma902467k
http://dx.doi.org/10.1002/anie.201802681
http://www.ncbi.nlm.nih.gov/pubmed/29736959
http://dx.doi.org/10.1007/s10853-016-9830-x
http://dx.doi.org/10.1103/PhysRevB.57.14958
http://dx.doi.org/10.1002/adma.201202919
http://www.ncbi.nlm.nih.gov/pubmed/23074043
http://dx.doi.org/10.1021/acsami.7b04938
http://www.ncbi.nlm.nih.gov/pubmed/28573853
http://dx.doi.org/10.1038/354056a0
http://dx.doi.org/10.1103/PhysRevB.47.16631
http://dx.doi.org/10.1103/PhysRevB.58.1166
http://dx.doi.org/10.1103/PhysRevB.60.R11309
http://dx.doi.org/10.1103/PhysRevLett.80.1042
http://dx.doi.org/10.1126/science.287.5459.1801
http://www.ncbi.nlm.nih.gov/pubmed/10710305
http://dx.doi.org/10.1126/science.287.5453.622
http://www.ncbi.nlm.nih.gov/pubmed/10649989
http://dx.doi.org/10.1039/c2jm16000e

Polymers 2018, 10, 1196 20 of 22

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Kim, KK;; Bae, ].J.; Park, HK.; Kim, S.M.; Geng, H.-Z.; Park, K.A.; Shin, H.-J.; Yoon, S.-M.; Benayad, A.;
Choi, J.-Y.; et al. Fermi level engineering of single-walled carbon nanotubes by AuCl3 doping. ]. Am.
Chem. Soc. 2008, 130, 12757-12761. [CrossRef] [PubMed]

Erickson, K.J.; Leonard, E; Stavila, V.; Foster, M.E.; Spataru, C.D.; Jones, R.E.; Foley, B.M.; Hopkins, PE.;
Allendorf, M.D.; Talin, A.A. Thin film thermoelectric metal-organic framework with high seebeck coefficient
and low thermal conductivity. Adv. Mater. 2015, 27, 3453-3459. [CrossRef] [PubMed]

Ramesh, S.; Ericson, L.M.; Davis, V.A,; Saini, R.K,; Kittrell, C.; Pasquali, M.; Billups, W.E.; Adams, WW.;
Hauge, R.H.; Smalley, R.E. Dissolution of pristine single walled carbon nanotubes in superacids by direct
protonation. J. Phys. Chem. B 2004, 108, 8794-8798. [CrossRef]

Zhao, W,; Fan, S.; Xiao, N.; Liu, D.; Tay, Y.Y.; Yu, C.; Sim, D.; Hng, H.H.; Zhang, Q.; Boey, F; et al. Flexible
carbon nanotube papers with improved thermoelectric properties. Energy Environ. Sci. 2012, 5, 5364-5369.
[CrossRef]

Ryu, Y.; Freeman, D.; Yu, C. High electrical conductivity and n-type thermopower from double-/single-wall
carbon nanotubes by manipulating charge interactions between nanotubes and organic/inorganic
nanomaterials. Carbon 2011, 49, 4745-4751. [CrossRef]

Cho, C.; Culebras, M.; Wallace, K.L.; Song, Y.; Holder, K.; Hsu, J.-H.; Yu, C.; Grunlan, J.C. Stable n-type
thermoelectric multilayer thin films with high power factor from carbonaceous nanofillers. Nano Energy
2016, 28, 426-432. [CrossRef]

Shim, M; Javey, A.; Shi Kam, N.W.; Dai, H. Polymer functionalization for air-stable n-type carbon nanotube
field-effect transistors. J. Am. Chem. Soc. 2001, 123, 11512-11513. [CrossRef] [PubMed]

Zhou, Y.; Gaur, A.; Hur, S.-H.; Kocabas, C.; Meitl, M.A.; Shim, M.; Rogers, J.A. P-channel, n-channel thin film
transistors and p—n diodes based on single wall carbon nanotube networks. Nano Lett. 2004, 4, 2031-2035.
[CrossRef]

Siddons, G.P.; Merchin, D.; Back, J.H.; Jeong, ] K.; Shim, M. Highly efficient gating and doping of carbon
nanotubes with polymer electrolytes. Nano Lett. 2004, 4, 927-931. [CrossRef]

Kim, S.M.; Jang, ].H.; Kim, K.K; Park, HK.; Bae, ].].; Yu, W.J.; Lee, LH.; Kim, G.; Loc, D.D.; Kim, U .J.; et al.
Reduction-controlled viologen in bisolvent as an environmentally stable n-type dopant for carbon nanotubes.
J. Am. Chem. Soc. 2009, 131, 327-331. [CrossRef] [PubMed]

Wu, G,; Zhang, Z.-G.; Li, Y.; Gao, C.; Wang, X.; Chen, G. Exploring high-performance n-type thermoelectric
composites using amino-substituted rylene dimides and carbon nanotubes. ACS Nano 2017, 11, 5746-5752.
[CrossRef] [PubMed]

An, CJ,; Kang, YH.; Song, H.; Jeong, Y.; Cho, S.Y. High-performance flexible thermoelectric generator
by control of electronic structure of directly spun carbon nanotube webs with various molecular dopants.
J. Mater. Chem. A 2017, 5, 15631-15639. [CrossRef]

Biswas, C.; Lee, S.Y,; Ly, TH.; Ghosh, A.; Dang, Q.N.; Lee, Y.H. Chemically doped random network carbon
nanotube p-n junction diode for rectifier. ACS Nano 2011, 5, 9817-9823. [CrossRef] [PubMed]

Yu, C.; Murali, A.; Choi, K.; Ryu, Y. Air-stable fabric thermoelectric modules made of #n- and p-type carbon
nanotubes. Energy Environ. Sci. 2012, 5, 9481-9486. [CrossRef]

Kim, S.L.; Choi, K.; Tazebay, A.; Yu, C. Flexible power fabrics made of carbon nanotubes for harvesting
thermoelectricity. ACS Nano 2014, 8, 2377-2386. [CrossRef] [PubMed]

Zhou, W.; Fan, Q.; Zhang, Q.; Cai, L.; Li, K; Gu, X; Yang, FE; Zhang, N.; Wang, Y.; Liu, H.; et al.
High-performance and compact-designed flexible thermoelectric modules enabled by a reticulate carbon
nanotube architecture. Nat. Commun. 2017, 8, 14886. [CrossRef] [PubMed]

Ito, M.; Koizumi, T.; Kojima, H.; Saito, T.; Nakamura, M. From materials to device design of a thermoelectric
fabric for wearable energy harvesters. J. Mater.Chem. A 2017, 5, 12068-12072. [CrossRef]

Saito, T.; Ohshima, S.; Okazaki, T.; Ohmori, S.; Yumura, M.; Iijima, S. Selective diameter control of
single-walled carbon nanotubes in the gas-phase synthesis. ]. Nanosci. Nanotechnol. 2008, 8, 6153—6157.
[CrossRef] [PubMed]

Dresselhaus, M.S.; Chen, G.; Tang, M.Y.; Yang, R.G.; Lee, H.; Wang, D.Z.; Ren, Z.F; Fleurial, ].P.; Gogna, P.
New directions for low-dimensional thermoelectric materials. Adv. Mater. 2007, 19, 1043-1053. [CrossRef]
Hicks, L.D.; Harman, T.C.; Sun, X.; Dresselhaus, M.S. Experimental study of the effect of quantum-well
structures on the thermoelectric figure of merit. Phys. Rev. B 1996, 53, R10493-R10496. [CrossRef]


http://dx.doi.org/10.1021/ja8038689
http://www.ncbi.nlm.nih.gov/pubmed/18729358
http://dx.doi.org/10.1002/adma.201501078
http://www.ncbi.nlm.nih.gov/pubmed/25925161
http://dx.doi.org/10.1021/jp036971t
http://dx.doi.org/10.1039/C1EE01931G
http://dx.doi.org/10.1016/j.carbon.2011.06.082
http://dx.doi.org/10.1016/j.nanoen.2016.08.063
http://dx.doi.org/10.1021/ja0169670
http://www.ncbi.nlm.nih.gov/pubmed/11707143
http://dx.doi.org/10.1021/nl048905o
http://dx.doi.org/10.1021/nl049612y
http://dx.doi.org/10.1021/ja807480g
http://www.ncbi.nlm.nih.gov/pubmed/19055401
http://dx.doi.org/10.1021/acsnano.7b01279
http://www.ncbi.nlm.nih.gov/pubmed/28511002
http://dx.doi.org/10.1039/C7TA02509B
http://dx.doi.org/10.1021/nn203391h
http://www.ncbi.nlm.nih.gov/pubmed/22040293
http://dx.doi.org/10.1039/c2ee22838f
http://dx.doi.org/10.1021/nn405893t
http://www.ncbi.nlm.nih.gov/pubmed/24517397
http://dx.doi.org/10.1038/ncomms14886
http://www.ncbi.nlm.nih.gov/pubmed/28337987
http://dx.doi.org/10.1039/C7TA00304H
http://dx.doi.org/10.1166/jnn.2008.SW23
http://www.ncbi.nlm.nih.gov/pubmed/19198357
http://dx.doi.org/10.1002/adma.200600527
http://dx.doi.org/10.1103/PhysRevB.53.R10493

Polymers 2018, 10, 1196 21 of 22

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Hung, N.T.; Nugraha, AR.T.; Hasdeo, E.H.; Dresselhaus, M.S.; Saito, R. Diameter dependence of
thermoelectric power of semiconducting carbon nanotubes. Phys. Rev. B 2015, 92, 165426. [CrossRef]
Samsonidze, G.G.; Saito, R.; Kobayashi, N.; Gruneis, A.; Jiang, J.; Jorio, A.; Chou, S.G.; Dresselhaus, G.;
Dresselhaus, M.S. Family behavior of the optical transition energies in single-wall carbon nanotubes of
smaller diameters. Appl. Phys. Lett. 2004, 85, 5703-5705. [CrossRef]

Yanagi, K.; Kanda, S.; Oshima, Y.; Kitamura, Y.; Kawai, H.; Yamamoto, T.; Takenobu, T.; Nakai, Y.; Maniwa, Y.
Tuning of the thermoelectric properties of one-dimensional material networks by electric double layer
techniques using ionic liquids. Nano Lett. 2014, 14, 6437—-6442. [CrossRef] [PubMed]

Javey, A.; Guo, J.; Paulsson, M.; Wang, Q.; Mann, D.; Lundstrom, M.; Dai, H. High-field quasiballistic
transport in short carbon nanotubes. Phys. Rev. Lett. 2004, 92, 106804. [CrossRef] [PubMed]

Nakai, Y.; Honda, K.; Yanagi, K.; Kataura, H.; Kato, T.; Yamamoto, T.; Maniwa, Y. Giant seebeck coefficient in
semiconducting single-wall carbon nanotube film. Appl. Phys. Express 2014, 7, 025103. [CrossRef]

Piao, M.; Joo, M.-K.; Na, J.; Kim, Y.-J.; Mouis, M.; Ghibaudo, G.; Roth, S.; Kim, W.-Y; Jang, H.-K,;
Kennedy, G.P; et al. Effect of intertube junctions on the thermoelectric power of monodispersed single
walled carbon nanotube networks. J. Phys. Chem. C 2014, 118, 26454-26461. [CrossRef]

Tu, X.; Manohar, S.; Jagota, A.; Zheng, M. DNA sequence motifs for structure-specific recognition and
separation of carbon nanotubes. Nature 2009, 460, 250-253. [CrossRef] [PubMed]

Arnold, M.S.; Green, A.A.; Hulvat, ].F,; Stupp, S.I.; Hersam, M.C. Sorting carbon nanotubes by electronic
structure using density differentiation. Nat. Nano 2006, 1, 60-65. [CrossRef] [PubMed]

Nish, A.; Hwang, ].-Y.; Doig, J.; Nicholas, R.]. Highly selective dispersion of single-walled carbon nanotubes
using aromatic polymers. Nat. Nanotechnol. 2007, 2, 640-646. [CrossRef] [PubMed]

Zhang, S.; Kang, L.; Wang, X; Tong, L.; Yang, L.; Wang, Z.; Qi, K.; Deng, S.; Li, Q.; Bai, X.; et al. Arrays of
horizontal carbon nanotubes of controlled chirality grown using designed catalysts. Nature 2017, 543, 234-238.
[CrossRef] [PubMed]

Avery, AD.; Zhou, B.H,; Lee, ].; Lee, E.-S.; Miller, EM,; Ihly, R.; Wesenberg, D.; Mistry, K.S.; Guillot, S.L.;
Zink, B.L.; et al. Tailored semiconducting carbon nanotube networks with enhanced thermoelectric properties.
Nat. Energy 2016, 1, 16033. [CrossRef]

MacLeod, B.A; Stanton, N.J.; Gould, LE.; Wesenberg, D.; Ihly, R.; Owczarczyk, Z.R.; Hurst, K.E.; Fewox, C.S,;
Folmar, C.N.; Holman Hughes, K.; et al. Large n- and p-type thermoelectric power factors from doped
semiconducting single-walled carbon nanotube thin films. Enerqy Environ. Sci. 2017, 10, 2168-2179.
[CrossRef]

Xiong, J.; Jiang, F.; Shi, H.; Xu, J.; Liu, C.; Zhou, W,; Jiang, Q.; Zhu, Z.; Hu, Y. Liquid exfoliated graphene as
dopant for improving the thermoelectric power factor of conductive PEDOT:PSS nanofilm with hydrazine
treatment. ACS Appl. Mater. Interfaces 2015, 7, 14917-14925. [CrossRef] [PubMed]

Wang, L; Zhang, Z.; Geng, L.; Yuan, T; Liu, Y; Guo, J; Fang, L; Qiu, J;, Wang, S. Solution-
printable fullerene/TiS; organic/inorganic hybrids for high-performance flexible n-type thermoelectrics.
Energy Environ. Sci. 2018, 11, 1307-1317. [CrossRef]

Zhang, B.; Sun, J.; Katz, H.E.; Fang, F.; Opila, R.L. Promising thermoelectric properties of commercial
PEDOT:PSS materials and their Bi;Tes powder composites. ACS Appl. Mater. Interfaces 2010, 2, 3170-3178.
[CrossRef] [PubMed]

Sahu, A.; Russ, B.; Su, N.C; Forster, ].D.; Zhou, P,; Cho, E.S.; Ercius, P.; Coates, N.E.; Segalman, R.A.;
Urban, ]J.J. Bottom-up design of de novo thermoelectric hybrid materials using chalcogenide resurfacing.
J. Mater. Chem. A 2017, 5, 3346-3357. [CrossRef]

Progelhof, R.C.; Throne, J.L.; Ruetsch, R.R. Methods for predicting the thermal conductivity of composite
systems: A review. Polym. Eng. Sci. 1976, 16, 615-625. [CrossRef]

Lee, D.; Sayed, S.Y,; Lee, S.; Kuryak, C.A.; Zhou, J.; Chen, G.; Shao-Horn, Y. Quantitative analyses of enhanced
thermoelectric properties of modulation-doped PEDOT:PSS/undoped Si (001) nanoscale heterostructures.
Nanoscale 2016, 8, 19754-19760. [CrossRef] [PubMed]

Ju, H.; Kim, J. Chemically exfoliated snse nanosheets and their SnSe/poly(3,4-ethylenedioxythiophene):
Poly(styrenesulfonate) composite films for polymer based thermoelectric applications. ACS Nano 2016,
10, 5730-5739. [CrossRef] [PubMed]

Qu, S;; Yao, Q.; Wang, L.; Hua, J.; Chen, L. A novel hydrophilic pyridinium salt polymer/swents composite
film for high thermoelectric performance. Polymer 2018, 136, 149-156. [CrossRef]


http://dx.doi.org/10.1103/PhysRevB.92.165426
http://dx.doi.org/10.1063/1.1829160
http://dx.doi.org/10.1021/nl502982f
http://www.ncbi.nlm.nih.gov/pubmed/25302572
http://dx.doi.org/10.1103/PhysRevLett.92.106804
http://www.ncbi.nlm.nih.gov/pubmed/15089227
http://dx.doi.org/10.7567/APEX.7.025103
http://dx.doi.org/10.1021/jp505682f
http://dx.doi.org/10.1038/nature08116
http://www.ncbi.nlm.nih.gov/pubmed/19587767
http://dx.doi.org/10.1038/nnano.2006.52
http://www.ncbi.nlm.nih.gov/pubmed/18654143
http://dx.doi.org/10.1038/nnano.2007.290
http://www.ncbi.nlm.nih.gov/pubmed/18654390
http://dx.doi.org/10.1038/nature21051
http://www.ncbi.nlm.nih.gov/pubmed/28199307
http://dx.doi.org/10.1038/nenergy.2016.33
http://dx.doi.org/10.1039/C7EE01130J
http://dx.doi.org/10.1021/acsami.5b03692
http://www.ncbi.nlm.nih.gov/pubmed/26090567
http://dx.doi.org/10.1039/C7EE03617E
http://dx.doi.org/10.1021/am100654p
http://www.ncbi.nlm.nih.gov/pubmed/21053917
http://dx.doi.org/10.1039/C6TA09781B
http://dx.doi.org/10.1002/pen.760160905
http://dx.doi.org/10.1039/C6NR06950A
http://www.ncbi.nlm.nih.gov/pubmed/27874117
http://dx.doi.org/10.1021/acsnano.5b07355
http://www.ncbi.nlm.nih.gov/pubmed/27203119
http://dx.doi.org/10.1016/j.polymer.2017.12.048

Polymers 2018, 10, 1196 22 of 22

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Gao, C.; Chen, G. A new strategy to construct thermoelectric composites of swents and poly-schiff bases with
1,4-diazabuta-1,3-diene structures acting as bidentate-chelating units. . Mater. Chem. A 2016, 4, 11299-11306.
[CrossRef]

Fan, W.; Guo, C.-Y,; Chen, G. Flexible films of poly(3,4-ethylenedioxythiophene)/carbon nanotube
thermoelectric composites prepared by dynamic 3-phase interfacial electropolymerization and subsequent
physical mixing. J. Mater. Chem. A 2018, 6, 12275-12280. [CrossRef]

Hu, M.; Yu, D.; Wei, ]. Thermal conductivity determination of small polymer samples by differential scanning
calorimetry. Polym. Test. 2007, 26, 333-337. [CrossRef]

Yu, C; Kim, Y.S; Kim, D.; Grunlan, J.C. Thermoelectric behavior of segregated-network polymer
nanocomposites. Nano Lett. 2008, 8, 4428-4432. [CrossRef] [PubMed]

Jiang, F.; Liu, C.; Xu, J. The evolution of organic thermoelectric materials based on conducting pedot.
Chin. Sci. Bull. 2017, 62, 2063-2076. [CrossRef]

Kim, D.; Kim, Y.; Choi, K.; Grunlan, ].C.; Yu, C. Improved thermoelectric behavior of nanotube-filled polymer
composites with poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate). ACS Nano 2010, 4, 513-523.
[CrossRef] [PubMed]

Yu, C.; Choi, K;; Yin, L.; Grunlan, J.C. Light-weight flexible carbon nanotube based organic composites with
large thermoelectric power factors. ACS Nano 2011, 5, 7885-7892. [CrossRef] [PubMed]

Choi, J.; Lee, K.; Park, C.R; Kim, H. Enhanced thermopower in flexible tellurium nanowire films doped
using single-walled carbon nanotubes with a rationally designed work function. Carbon 2015, 94, 577-584.
[CrossRef]

Yao, Q.; Wang, Q.; Wang, L.; Chen, L. Abnormally enhanced thermoelectric transport properties of
SWCNT/PANI hybrid films by the strengthened PANI molecular ordering. Energy Environ. Sci. 2014,
7,3801-3807. [CrossRef]

Hsu, ]J.-H.; Choi, W,; Yang, G.; Yu, C. Origin of unusual thermoelectric transport behaviors in carbon nanotube
filled polymer composites after solvent/acid treatments. Org. Electron. 2017, 45, 182-189. [CrossRef]
Wang, H.; Yi, S.-I; Pu, X,; Yu, C. Simultaneously improving electrical conductivity and thermopower of
polyaniline composites by utilizing carbon nanotubes as high mobility conduits. ACS Appl. Mater. Interfaces
2015, 7, 9589-9597. [CrossRef] [PubMed]

Wang, H.; Yi, S.-I; Yu, C. Engineering electrical transport at the interface of conjugated carbon structures to
improve thermoelectric properties of their composites. Polymer 2016, 97, 487-495. [CrossRef]

Wang, X.; Meng, E; Jiang, Q.; Zhou, W.; Jiang, F; Wang, T, Li, X;; Li, S;; Lin, Y,; Xu, J. Simple
layer-by-layer assembly method for simultaneously enhanced electrical conductivity and thermopower of
PEDOT:PSS/ce-MoS; heterostructure films. ACS Appl. Energy Mater. 2018, 1, 3123-3133. [CrossRef]

Liang, Z.; Boland, M.J.; Butrouna, K.; Strachan, D.R.; Graham, K.R. Increased power factors of
organic-inorganic nanocomposite thermoelectric materials and the role of energy filtering. . Mate. Chem. A
2017, 5, 15891-15900. [CrossRef]

Wang, X.; Meng, F; Tang, H.; Gao, Z.; Li, S.; Jiang, F.; Xu, J. An effective dual-solvent treatment for improving
the thermoelectric property of PEDOT:PSS with white graphene. J. Mater. Sci. 2017, 52, 9806-9818. [CrossRef]
Zhao, W.; Liu, Z.; Sun, Z.; Zhang, Q.; Wei, P.; Mu, X.; Zhou, H.; Li, C.; Ma, S.; He, D.; et al. Superparamagnetic
enhancement of thermoelectric performance. Nature 2017, 549, 247-251. [CrossRef] [PubMed]

Coates, N.E.; Yee, S.K.; McCulloch, B,; See, K.C.; Majumdar, A.; Segalman, R.A.; Urban, ].J. Effect of interfacial
properties on polymer-nanocrystal thermoelectric transport. Adv. Mater. 2013, 25, 1629-1633. [CrossRef]
[PubMed]

Xiong, S.; Yin, S.; Wang, Y.; Kong, Z.; Lan, ].; Zhang, R.; Gong, M.; Wu, B.; Chu, J.; Wang, X. Organic/inorganic
electrochromic nanocomposites with various interfacial interactions: A review. Mater. Sci. Eng. B 2017,
221,41-53. [CrossRef]

Song, H.; Cai, K. Preparation and properties of PEDOT:PSS/Te nanorod composite films for flexible
thermoelectric power generator. Energy 2017, 125, 519-525. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/C6TA03988J
http://dx.doi.org/10.1039/C8TA04838J
http://dx.doi.org/10.1016/j.polymertesting.2006.11.003
http://dx.doi.org/10.1021/nl802345s
http://www.ncbi.nlm.nih.gov/pubmed/19367932
http://dx.doi.org/10.1360/N972017-00231
http://dx.doi.org/10.1021/nn9013577
http://www.ncbi.nlm.nih.gov/pubmed/20041630
http://dx.doi.org/10.1021/nn202868a
http://www.ncbi.nlm.nih.gov/pubmed/21899362
http://dx.doi.org/10.1016/j.carbon.2015.07.043
http://dx.doi.org/10.1039/C4EE01905A
http://dx.doi.org/10.1016/j.orgel.2017.03.007
http://dx.doi.org/10.1021/acsami.5b01149
http://www.ncbi.nlm.nih.gov/pubmed/25894982
http://dx.doi.org/10.1016/j.polymer.2016.05.062
http://dx.doi.org/10.1021/acsaem.8b00315
http://dx.doi.org/10.1039/C7TA02307C
http://dx.doi.org/10.1007/s10853-017-1166-7
http://dx.doi.org/10.1038/nature23667
http://www.ncbi.nlm.nih.gov/pubmed/28905895
http://dx.doi.org/10.1002/adma.201203915
http://www.ncbi.nlm.nih.gov/pubmed/23355231
http://dx.doi.org/10.1016/j.mseb.2017.03.017
http://dx.doi.org/10.1016/j.energy.2017.01.037
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Basic Description of the Three Key Parameters for TE Materials 
	TE Properties of CNTs 
	TE Properties of N-Type and P-Type CNTs 
	P-Type CNTs 
	N-Type CNTs 
	CNTs-Based TE Devices 

	TE Performance of Semiconducting CNTs 

	CNT-Polymer Composites 
	In Series and Parallel Models for Composites 
	TE Properties of CNT-Polymer Composite 

	Conclusions 
	References

