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ABSTRACT: This paper presents the development of thermo-
electric properties in nanocomposites comprising donor−acceptor
random conjugated copolymers and single-walled carbon nano-
tubes (SWCNTs). The composition of the conjugated polymers,
specifically the ratio of diketopyrrolopyrrole (DPP) to isoindigo
(IID), is manipulated to design a series of random conjugated
copolymers (DPP0, DPP5, DPP10, DPP30, DPP50, DPP90,
DPP95, and DPP100). The objective is to improve the dispersion
of SWCNTs into smaller bundles, leading to enhanced thermo-
electric properties of the polymer/SWCNT nanocomposite. This
dispersion strategy promotes an interconnected conducting
network, which plays a critical role in optimizing the thermo-
electric performance. Accordingly, the effects of morphologies on
the thermoelectric properties of the nanocomposites are systematically investigated. The DPP95/SWCNT nanocomposite exhibits
the strongest interaction, resulting in the highest power factor (PF) of 711.1 μW m−1 K−2, derived from the high electrical
conductivity of 1690 S cm−1 and Seebeck coefficient of 64.8 μV K−1. The prototype flexible thermoelectric generators assembled
with a DPP95/SWCNT film achieve a maximum power output of 20.4 μW m−2 at a temperature difference of 29.3 K. These findings
highlight the potential of manipulating the composition of random conjugated copolymers and incorporating SWCNTs to efficiently
harvest low-grade waste heat in wearable thermoelectric devices.
KEYWORDS: thermoelectrics, conjugated polymers, carbon nanotubes, nanocomposite, donor−acceptor

■ INTRODUCTION
Thermoelectric materials have garnered significant attention in
recent years due to their potential for use in power generation
and refrigeration applications.1−7 However, traditional in-
organic thermoelectric materials have limitations such as high
cost, brittleness, toxicity, and complexity in processing, despite
their excellent thermoelectric properties.8−10 To address these
challenges, organic thermoelectric materials have emerged as a
promising alternative, thanks to their cost-effectiveness, low
thermal conductivity (κ), and mechanical flexibility, which
make them suitable for use in wearable thermoelectric
generators (TEGs).11−16 The thermoelectric figure of merit
(ZT = σ S2 T/κ) is a crucial metric for evaluating
thermoelectric performance, taking into account electrical
conductivity (σ), Seebeck coefficient (S), κ, and absolute
temperature (T). Organic-based materials are known for their
low κ, and as such, enhancing the thermoelectric power factor
(PF = σ S2) has been a primary focus of research on organic
thermoelectric materials.17−20

However, most existing organic thermoelectric materials
suffer from a trade-off between σ and κ, which limits their
overall efficiency. To address this limitation, conjugated
polymers and carbon nanotubes (CNTs) have been developed
as thermoelectric nanocomposites, creating specific charge
carrier pathways that enhance S without compromising σ.21−30

While various conjugated polymers such as poly(3,4-ethyl-
enedioxythiophene) (PEDOT),31−33 polyaniline (PANI),34,35

polypyrrole (PPy),36 and poly(3-hexylthiophene) (P3HT)37,38

have been investigated for their thermoelectric properties in
composites with CNTs, donor−acceptor (D−A) conjugated
polymers are considered particularly promising due to their
stronger intermolecular interaction and higher electron affinity.
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Wang et al. conducted a study in which they designed a novel
donor−acceptor conjugated polymer, based on benzo-[1,2-
b:4,5-b′]-dithiophene (BDP), named PBDTDTffBT, and
investigated its effect on thermoelectric properties by varying
the mass ratios of PBDTDTffBT to SWCNTs. The nano-
composite films obtained at a mass ratio of 1:10 between
PBDTDTffBT and SWCNTs demonstrated a maximum PF of
80.9 μW m−1 K−2.39 Wan et al. proposed that the insertion of
platinum acetylides into π-conjugated polymers can effectively
enhance the S and lead to a PF of 130.7 μW m−1 K−2 for
polymer/SWCNT hybrid thermoelectric systems.40 Kang et al.
discovered that planar-shaped poly(diketopyrrolopyrrole-sele-
nophene) (PDPPSe), which exhibits strong π−π interaction,
can align with CNTs in an in-plane direction, leading to a
dense surface microstructure that enhances σ and yields higher
PF values of 210 μW m−1 K−2.41 Chen et al. conducted a study
where they incorporated polar ethylene glycol ether side chains
into the backbone of an indacenodithiophene-benzothiodazole
conjugated polymer to construct thermoelectric polymer/
SWCNT nanocomposites, exhibiting a high PF value of 161.3

μW m−1 K−2. The inclusion of polar side chains is attributed to
the stronger bond energy and formation of enhanced van der
Waals forces, contributing to the improved performance of the
nanocomposites.42 Jung et al. discovered that the strong
intermolecular interaction forces and high backbone planarity
of the cyclopentadithiophene (CDT) donor, in conjugation
with the acceptor units of pyridyl-thiadiazole, known as
PCDTPT, facilitated an efficient debundling of few-walled
carbon nanotubes (FWCNTs) by wrapping around their
surface. This interaction resulted in significantly reduced
bundle sizes of the FWCNTs. Consequently, the PCDTPT/
FWCNT composite films showed superior thermoelectric
performances with an improved PF of up to 459 μW m−1

K−2.43 Figure S1 illustrates the progress made in enhancing PF
values for donor−acceptor conjugated polymer/SWCNT
nanocomposites, and Table 1 summarizes the various
processing methods used to prepare nanocomposite films
and their thermoelectric performance.39−48 However, few
studies have investigated the carrier-filtering effect in nano-
composites consisting of low bandgap polymers.49−58 There-

Table 1. Summary of Thermoelectric Parameters of the D−A Conjugated Polymer/SWCNT Nanocomposites Investigated in
This Work and Those Reported in Recent Literature39−48

nanocomposite casting method σ [S cm−1] S [μV K−1] PF [μW m−1 K−2] ref

PDPPSe/SWCNT mold 538 62.5 210 43
PBDTDTffBT/SWCNT drop-casting 529 68.1 80.9 44
PCDTPT/FWCNT drop-casting 760 76.0 459.1 45
PCDTFBT/FWCNT drop-casting 798 69.9 397.5 45
CDTBTZ/FWCNT drop-casting 782 71.7 409 45
IDTBT/CNT spin-coating 854 90.9 697 46
CF3−SAM/SWCNT drop-casting 825 58.8 285 47
P(DTCBT)/SWCNT drop-casting 187 50 44 48
P(DTSiBT)/SWCNT drop-casting 294 54 77 48
P(DTOBT)/SWCNT drop-casting 245 58.9 85 48
PBDT-EDOT/SWCNT drop-casting 360 40 60.8 49
PBDT-C-BT/SWCNT drop-casting 110 68 56 50
P(IDTBT-EG)/SWCNT drop-casting 3393 23 161.3 51
P(IDTBT)/SWCNT drop-casting 3283 20 139 51
P(TBT-Pt)/SWCNT drop-casting 666 44.3 130.7 52
P(TBT)/SWCNT drop-casting 864.4 26.2 59.5 52
DPP100/SWCNT spin-coating 397.7 60.7 147.5 this work
DPP95/SWCNT spin-coating 1689.7 64.8 711.1 this work
DPP90/SWCNT spin-coating 1135.8 63.5 459.2 this work
DPP50/SWCNT spin-coating 811.4 61.2 305.0 this work
DPP30/SWCNT spin-coating 712.2 61.1 266.7 this work
DPP10/SWCNT spin-coating 278.7 66.3 170.7 this work
DPP5/SWCNT spin-coating 212.2 68.3 111.4 this work
DPP0/SWCNT spin-coating 470.9 59.9 173.8 this work

Figure 1. (a) Molecular structures of the random conjugated copolymers containing DPP and IID moieties with different X:Y compositions. (b)
Energy level diagrams comparing the investigated random conjugated copolymers and SWCNTs.
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fore, it is essential to develop D−A conjugated polymers with
appropriate energy levels for use in thermoelectric nano-
composite systems in order to investigate the impact of
efficient carrier filtering on thermoelectric properties.

In this study, a series of D−A random conjugated
copolymers consisting of diketopyrrolopyrrole (DPP) and
isoindigo (IID) conjugated moieties were designed, and eight
different polymers were prepared by varying the IID contents
from 0 to 100%. The polymers were named DPP100 to
DPP95, DPP90, DPP50, DPP30, DPP10, DPP5, and DPP0,
with IID contents of 0 to 5, 10, 30, 50, 90, 95, and 100%,
respectively.59 The chemical structures of the random
conjugated copolymers used for their thermoelectric nano-
composite with SWCNTs are shown in Figure 1a. DPP and
IID are similar in the dimensions of chemical structures,
thereby providing decent compatibility with each other during
random copolymerization and solid-state stacking. Previous
reports have shown that random conjugated copolymers with
low IID content, such as DPP95 and DPP90, exhibit superior
electrical properties due to the improved interchain packing
and solid-state aggregation compared to DPP100,59 making
them highly desirable for thermoelectric applications. The
energy level of the DPP/IID-based random conjugated
copolymers can be tailored by varying the IID content.
Furthermore, the introduction of a low IID content increases
the π−π interaction between copolymers (DPP95 and DPP90)
and SWCNTs, leading to high PF values of up to 711.1 μW
m−1 K−2. Finally, the flexible TEGs consisting of a four-leg p-
type DPP95/SWCNT nanocomposite were fabricated, which
showed a maximum power output of 20.4 μW m−2 when the
temperature difference (ΔT) was set to 29.3 K.

■ EXPERIMENTAL SECTION
Materials. The conjugated polymer samples, including DPP100,

DPP90, DPP95, DPP90, DPP50, DPP30, DPP10, DPP5, and DPP0,
were prepared using previously established synthetic protocols.59

Tuball SWCNTs, obtained from OCSiAl, with a radius below 2 nm
and a length greater than 5 μm and a purity of approximately 80%
were used in this study.
Preparation of Random Conjugated Copolymers/SWCNT

Nanocomposite Solution. To prepare the nanocomposite
solutions, 1.5 mg of each conjugated copolymer was placed in
individual 4 mL vials. Anhydrous 1,4-dichlorobenzene (DCB) was
added to the vials to obtain predispersed solutions with a uniform
concentration of 0.5 mg mL−1 for all samples. The solutions were
heated overnight at 75 °C on a hot plate to ensure the complete
dissolution of the polymers before ball milling. Next, 1.5 mg of
SWCNTs was added to each vial at a 1:1 weight ratio with respect to
the polymers. The resultant mixtures were dispersed by using a ball
mill (Restch MM440) at 30 Hz for 20 min to obtain random
conjugated copolymer/SWCNT nanocomposite solutions with well-
dispersed SWCNTs.
Fabrication and Measurement of p-Type Nanocomposite

Thermoelectrics. To prepare the random conjugated copolymers/
SWCNT nanocomposite films, we spin-coated the nanocomposite
solutions onto glass substrates at 1000 rpm for 10 s. The films were
then vacuum-treated overnight at 50 °C to evaporate any residual
solvents and subsequently annealed at 190 °C in an N2-filled
glovebox. Before spin-coating, the glass substrates were sequentially
cleaned with deionized water, acetone, and isopropyl alcohol and then
blown dry with N2. The thickness of the resulting random conjugated
copolymer/SWCNT nanocomposite films spanned the range of 60−
100 nm. The S and σ of the nanocomposite samples were measured
using a thermoelectric tester ZEM-3 (Advance Riko) at a temperature
of 323 K, in the in-plane direction, where the charge transport channel
is parallel to the sample surface. The experiment was conducted under

a helium atmosphere to minimize any interference from oxygen or
other gases.
Fabrication and Measurement of Flexible Nanocomposite

Thermoelectric Generators. The flexible TEGs were fabricated
through a series of manufacturing steps according to an established
procedure. A DPP95/SWCNT nanocomposite solution was em-
ployed, and a blade-coating technique was utilized to deposit the
solution onto a poly(ethylene terephthalate) (PET) substrate. A
shadow mask was employed to define the desired dimensions and
shape of each TEG. The TEGs were designed with four rectangular
thermoelectric legs with 0.5 and 1.5 cm in length. These legs were
interconnected in series through the thermal evaporation of silver. To
achieve the desired thickness of 2−3 μm, the blade-coating and
vacuum annealing processes were iterated ten times, ensuring the
appropriate layer thickness and structural integrity of the TEGs. A
thorough evaluation of the TEG performance was conducted using a
customized measurement system, which adhered to the standard
environmental conditions. To generate the necessary ΔT, a water-
cooling system was employed to control the temperatures at both the
heat source and the heat sink. The heat sink temperature was
meticulously maintained at a constant 298 K, while the temperature of
the heat source was systematically adjusted to establish varying ΔT.
For precise monitoring of the temperature of TEGs, a K-type
thermocouple was affixed to their surfaces. The temperature
measurements were acquired by using the Keithley DAQ 6510
multimeter system, ensuring accurate and reliable data collection. The
output voltage and current of the TEGs were measured by using
copper wires connected to copper probes. These measurements were
recorded with the aid of a Keithley 2182A nanovoltmeter and a
Keithley 2400 sourcemeter, respectively.

■ RESULTS AND DISCUSSION
Polymer Characterization. DPP/IID-based random

conjugated copolymers are reported to have outstanding
charge transport properties due to their monomer similarity
and high crystallinity. These polymers were prepared with a
high molecular weight (Mn) spanning the range of 50−90 kDa
and demonstrated good solubility in organic solvents. This
study aims to investigate the effect of different ratios of DPP/
IID units in a series of random conjugated copolymers and
their SWCNT nanocomposites on thermoelectric properties.
The nanocomposite solutions of random conjugated copoly-
mers and SWCNTs were prepared by dispersing the polymers
and SWCNTs in dichlorobenzene (DCB). Figure 1b illustrates
a relative energy diagram of the DPP/IID-based random
conjugated copolymers and SWCNTs, revealing that the
highest occupied molecular orbitals (HOMOs) of all random
conjugated copolymers (approximately −5.20 to −5.39 eV) are
positioned higher than that of pristine SWCNTs (−5.10 eV).
The elevated HOMO levels of the conjugated polymers
facilitate efficient charge transport across the polymer/
SWCNT junctions, primarily due to the successful charge
separation.60,61 This effect selectively scatters carriers with a
lower thermal energy while permitting those with higher
energy to traverse the interface. Consequently, this phenom-
enon leads to an increase in the average energy of the carriers
and enhances the S values of the thermoelectric materials.
Optical Spectroscopic Analysis. Figures 2, S2 and S9

display the UV−vis absorption spectra of the random
conjugated copolymers and their SWCNT nanocomposites
in the solution state. The absorption maximum (λmax) of
DPP100 (Figure 2a) was observed at 692 nm with a prominent
shoulder at 778 nm. Similarly, for DPP0 (Figure 2d), the λmax
value occurred at 641 nm, accompanied by a strong shoulder at
704 nm. These spectral features indicate the presence of a
highly conjugated system with a strong D−A interaction
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between the conjugated moieties. These two vibrational peaks
(0−0 and 0−1) between 600 and 800 nm are attributed to the
intermolecular vibrational coupling between the donor and
acceptor moieties, where the absorption band across 400−500
nm originates from the π−π* transition. Upon addition of
SWCNTs, the absorption peaks of the conjugated polymers
were observed to red-shift by approximately 5−20 nm in the
nanocomposite solutions, indicating the formation of inter-
actions between the interface of random conjugated copoly-
mers and the SWCNTs.62 Furthermore, the nanocomposites
exhibit a graphitic absorption feature, characterized by a π-
electron plasmonic signal observed around 300 nm. This
feature is attributed to the strong interaction occurring
between the random conjugated copolymers and the surface
of the SWCNTs.63 It can be inferred that random conjugated
copolymers with lower IID content, such as DPP100/
SWCNT, DPP90/SWCNT, DPP95/SWCNT, and DPP50/
SWCNT, exhibit more strongly red-shifted absorption spectra
than those with higher IID content, such as DPP30/SWCNT,
DPP10/SWCNT, DPP5/SWCNT, and DPP0/SWCNT,
thereby indicating stronger intramolecular interactions of the
conjugated polymers. In contrast, the random conjugated
copolymers with a high IID content tend to form self-
aggregates in the solution state, thereby confining their ability
to interact with SWCNTs. These results imply that random
conjugated copolymers with lower IID content are more likely
to wrap around the SWCNTs via interactions and change their
conformations to a more planar structure as they attach along
the SWCNT surfaces.

The interactions between random conjugated copolymers
and SWCNTs were further analyzed by examining their
photoluminescence (PL) spectra in solution (Figures 3 and
S3). PL quenching is observed due to the energy transfer from
photoexcited electrons in the random conjugated copolymers
to SWCNTs, indicating the extent and strength of the
interaction between the two components. Strong interactions
facilitate many polymer chains to wrap around the SWCNTs.

Figure 3 presents the PL spectra of random conjugated
copolymers and their corresponding nanocomposites in DCB,
with each sample excited at the wavelength of maximum
absorbance in the UV−vis spectrum. The PL quenching
efficiency (PLQE) was calculated as PLQE (%) = (I0 − I/I0) ×
100, where I0 and I are the peak intensity of the random
conjugated copolymers and the corresponding random
conjugated copolymer/SWCNT nanocomposites. The results
indicate that the random conjugated copolymer/SWCNT
nanocomposites with a lower IID content exhibited stronger
PL quenching efficiency in comparison to those with a higher
IID content. For instance, the DPP100/SWCNT, DPP95/
SWCNT, DPP90/SWCNT, and DPP50/SWCNT nanocom-
posites show PLQE values of 85, 96, 91, and 92%, respectively,
while the DPP30/SWCNT, DPP10/SWCNT, DPP5/
SWCNT, and DPP0/SWCNT nanocomposites exhibit slightly
lower PLQE values of 85, 77, 73, and 66%, respectively. The
higher PLQE value observed in the DPP95/SWCNT nano-
composite can be attributed to efficient charge separation from
the polymer to the SWCNTs. This suggests a stronger
interaction between these two components, wherein a greater
amount of the DPP95 polymer becomes wrapped around the
SWCNT surfaces.

Figures 4 and S4 show the Raman spectra of pristine random
conjugated copolymers and their nanocomposite films of
random conjugated copolymer/SWCNTs. The G band of
SWCNTs appears at 1593 cm−1, which corresponds to the in-
plane vibrations of sp2-hybridized carbon atoms and the
graphite stretching mode.64 Interestingly, all of the nano-
composite films show low D bands and high G/D band ratios,
indicating that the introduction of polymers does not result in
structural defects. This suggests that the random conjugated
copolymer/SWCNT nanocomposites are structurally stable,
which is an important factor for thermoelectric applications.
The pristine conjugated polymer films exhibit distinct peaks at
approximately 1366 and 1420 cm−1, corresponding to the
intraunit C−C and C−N stretches involving the DPP unit.

Figure 2. Normalized UV−vis absorption for the diluted solutions
containing random conjugated copolymers and their SWCNT
nanocomposites: (a) DPP100 and DPP100/SWCNT, (b) DPP95
and DPP95/SWCNT, (c) DPP5 and DPP5/SWCNT, and (d) DPP0
and DPP0/SWCNT.

Figure 3. PL spectra for the diluted solutions containing random
conjugated copolymers and their SWCNT nanocomposites: (a)
DPP100 and DPP100/SWCNT, (b) DPP95 and DPP95/SWCNT,
(c) DPP5 and DPP5/SWCNT, and (d) DPP0 and DPP0/SWCNT.
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Additionally, a peak at around 1516 cm−1 for DPP-rich random
conjugated copolymers and 1532 cm−1 for IID-rich random
conjugated copolymers is attributed to the C�C symmetric
stretching of the intraunit backbone.65,66 In the Raman spectra
of the random conjugated copolymer/SWCNT nanocompo-
site films, the intensity of the characteristic peaks of the
random conjugated copolymers gradually diminishes with the

introduction of SWCNTs, while the peaks representing the
symmetric C�C stretching of the intraunit backbone of all
random conjugated copolymer/SWCNT nanocomposites
exhibit a slight blue-shift. This observation signifies the
presence of strong π−π interactions between the random
conjugated copolymers and SWCNTs. Furthermore, the
DPP95/SWCNT nanocomposite exhibiting the highest
PLQE demonstrates a significant Raman shift of 4 cm−1

compared to other nanocomposites studied. This shift
indicates that the interactions between DPP95 and SWCNTs
are stronger in this particular nanocomposite than in other
random conjugated copolymers examined in this study.
Morphological and Microstructural Analysis. To

investigate the surface morphologies, the conjugated poly-
mer/SWCNT nanocomposite films were characterized using
field scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy
(AFM), as shown in Figures 5 and S5−S7. The surfaces
maintain the fiber-like structures of SWCNT bundles with a
diameter range of 10−30 nm. The conjugated polymers are
tightly attached on the surface of the SWCNTs through the
strong π−π interactions, which can be clearly observed in the
SEM images (Figures 5a−d and S5). The fibers overlapped
with each other, forming interconnected networks that create
electrical pathways in the conjugated polymer/SWCNT
nanocomposite films. The DPP100/SWCNT, DPP5/
SWCNT, and DPP0/SWCNT films showed a higher
occurrence of defects in the nanocomposite, including
interfaces, junctions, and nanopores. These defects could
potentially contribute to the higher S observed in these
nanocomposites.67−69 In comparison to the DPP100/
SWCNT, DPP5/SWCNT, and DPP0/SWCNT films, the
DPP95/SWCNT film shows a more uniform morphology
throughout the entire surface area along with a smaller fiber

Figure 4. Raman spectra for the random conjugated copolymers and
their SWCNT nanocomposite films: (a) DPP100 and DPP100/
SWCNT, (b) DPP95 and DPP95/SWCNT, (c) DPP5 and DPP5/
SWCNT, and (d) DPP0 and DPP0/SWCNT (the wavelength of the
laser used was 532 nm).

Figure 5. Surface morphologies of the random conjugated copolymer/SWCNT nanocomposite films: (a−d) SEM, (e−h) AFM, and (i−l) TEM
images.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c11792
ACS Appl. Mater. Interfaces 2023, 15, 56116−56126

56120

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11792/suppl_file/am3c11792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11792/suppl_file/am3c11792_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11792?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11792?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11792?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11792?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c11792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


diameter (10 nm), which is attributed to a better dispersion of
SWCNTs in the solution facilitated by DPP95. The conjugated
polymers with lower IID content, such as DPP95 and DPP90,
interact more strongly with SWCNTs such that they can firmly
and evenly wrap on the SWCNT surface and provide a better
colloidal stability in the solvent, as evidenced by the PL and
Raman results (Figures 3 and 4).

The surface morphologies of the conjugated polymer/
SWCNT nanocomposite films were further examined using an
atomic force microscope. The height images are shown in
Figures 5e−h and S7 where fiber-like structures are clearly
seen, identical to the SEM images (Figure 5a−d). The root-
mean-square surface roughness (Rrms) was estimated from the
AFM images and decreased with the fiber diameter in the
following order: DPP0/SWCNT (7.21 nm) > DPP5/SWCNT
(6.54 nm) > DPP10/SWCNT (6.22 nm) > DPP100/SWCNT
(5.86 nm) > DPP30/SWCNT (5.51 nm) > DPP50/SWCNT
(4.91 nm) > DPP90/SWCNT (4.28 nm) > DPP95/SWCNT
(4.18 nm), as summarized in Figure S4. DPP90 and DPP95 of
stronger interactions with the SWCNT also lead to a smoother
film surface.

The isolated SWCNT bundles wrapped by the polymers
were probed by TEM, as shown in Figures 5i−l and S6, which
were prepared on copper grids from the 1000 times diluted
solutions. The diameters of the SWCNT bundles range from 8
to 15 nm. As the IID content increases, the wrapping of the
polymers on SWCNTs is less uniform, causing the uneven
diameter of the isolated SWCNT bundle. This explains the less
regular distribution of the SWCNT bundles in the DPP50/
SWCNT, DPP30/SWCNT, DPP10/SWCNT, and DPP5/
SWCNT films (Figure S6b,d,k), which consequently leads to a
decrease in the contact area between fibers and a decline in the
potential electrical pathways. In contrast, both DPP95 and
DPP90 with low IID content strongly adhere to the surfaces of
SWCNTs through the π−π interactions, resulting in a smooth
and continuous polymer coverage on the SWCNT surfaces.
The stronger interactions between DPP95/DPP90 and
SWCNTs protect SWCNTs from aggregation, thereby giving
rise to thinner SWCNT bundles that form a network of a more
efficient electrical conduction pathway.

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
was employed to analyze the microstructures of the conjugated
copolymer/SWCNT nanocomposites and investigate the
interplay between the conjugated polymers and SWCNTs.
As shown in Figures 6 and S8, the polymers without SWCNT
form highly regular lamellar structures arranged in an edge-on
manner in the films, evidenced by the high-order diffraction
peaks in the out-of-phase direction. Upon the incorporation of
SWCNTs, the diffractions from the lamellae disappear, and
only a diffraction ring at q ≈ 2.1 Å−1 can be seen, which is
characteristic of the SWCNTs. This indicates that the
conjugated polymers in these nanocomposites are unable to
stack into long-ranged lamellae in the presence of SWCNTs. In
other words, the conjugated polymers and SWCNTs interplay
in a molecular level, and the strong interactions with SWCNTs
hinder the regular packing of the conjugated polymers wrapped
on the SWCNTs. It has been previously reported that a high
fraction of SWCNTs impedes the formation of crystalline
regions within the conjugated polymers.47

Thermoelectric Properties of Nanocomposite Thin
Films. Figure 7 and Table 2 depict the variations in the S, σ,
and PF of the random conjugated copolymer/SWCNT
nanocomposite films at a mass ratio of 1/1 and a temperature

of 323 K. All the random conjugated copolymer/SWCNT
nanocomposites demonstrate p-type transport characteristics,
confirmed by their positive S value, with holes being the
primary charge carrier transported under the ΔT. The S values
of the different random conjugated copolymer/SWCNT
nanocomposite films are shown in Figure 7a. The enhanced
carrier energy scattering between the energy barriers of
random conjugated copolymers and SWCNTs enables the
DPP5/SWCNT nanocomposite to achieve a high peak S value
of approximately 65.8 μV K−1. This achievement is attributed
to the effective creation of the highest energy barrier against
SWCNTs by DPP5, thereby selectively removing accumulated
holes with low energy. As a result, the average energy of the
remaining accumulated holes is increased, leading to an overall
enhancement in the S.70 Moreover, the defects present in the
DPP5/SWCNT nanocomposite may have contributed to the
higher S compared to that in other nanocomposites. Figure 7b
plots the σ values of the random conjugated copolymer/
SWCNT nanocomposite films, with DPP95/SWCNTs achiev-
ing the highest σ of 1553.8 S cm−1. This high performance can
be attributed to the stronger π−π interactions between DPP95

Figure 6. GIWAXS patterns of the random conjugated copolymers
and their SWCNT films: (a) DPP100 and DPP100/SWCNT, (b)
DPP95 and DPP95/SWCNT, (c) DPP5 and DPP5/SWCNT, and
(d) DPP0 and DPP0/SWCNT.
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and SWCNTs, resulting in smaller SWCNT bundles in
comparison to other random conjugated copolymers. There-
fore, the tight binding between the wrapped DPP95 and the
debundled SWCNTs contributes to a larger number of
SWCNT junctions and a lower contact resistance, resulting
in a higher σ in the nanocomposite film. The differences in σ
between the nanocomposites depend on how efficiently each
conjugated polymer mediates charge transport between
adjacent CNTs. Therefore, we perform Hall effect measure-
ments to quantify the carrier mobility (μ) in each nano-
composite film (Figure 7c). The differences between n of all of
the nanocomposites are small because of their identical
compositions (conjugated polymer: SWCNT = 1:1 by
weight); however, the μ of the DPP95/SWCNT nano-
composite is estimated to be 0.53 cm2 V−1 s−1, which is
much higher than that of other random conjugated
copolymer/SWCNT nanocomposites. Based on the relation
of (σ = n e μ, where e is the elementary charge), a high σ in

DPP95/SWCNT may be attributed to the efficient charge
transport properties between DPP95 and SWCNTs, which is
strengthened by strong π−π interfacial interactions. Next, the
calculated PF (= σ S2) in Figure 7d, which is derived from the
S and σ, exhibits a trend similar to that of σ for all
nanocomposites. The σ predominantly influences the thermo-
electric properties of the nanocomposites, outweighing the
slight decrease in S. It is noteworthy that the DPP95/SWCNT
nanocomposite exhibits the highest PF value of 711 μW m−1

K−2 reported thus far among the D−A conjugated polymer/
SWCNT nanocomposites, as shown in Figure S1. This
outperformance indicates that the DPP95/SWCNT nano-
composite has a favorable combination of high σ and S,
resulting in improved thermoelectric performance compared to
those of the other nanocomposites studied. As illustrated in
Figure S10, the DPP95/SWCNT nanocomposite showcases
notable thermal stability, efficiently operating over a temper-
ature spectrum ranging from 293 to 373 K. Upon practical
deployment and meticulous examination, it has been discerned
that the electrical conductivities of these composite materials
sustain a consistent performance with negligible degradation
across numerous heating and cooling cycles. This inherent
thermal resilience significantly augments the enduring efficacy
of the composites in real-world applications, where temper-
ature fluctuations are a common occurrence.
Flexible DPP95/SWCNT Nanocomposite Thermoelec-

tric Generators. After selecting the optimized performance of
the DPP95/SWCNT nanocomposite for further investigation,
planar-type flexible TEGs were fabricated by blade-coating a
nanocomposite solution onto a poly(ethylene terephthalate)
(PET) substrate using a shadow mask. The TEGs consisted of
four rectangular thermoelectric legs with a 0.5 cm width and a
1.5 cm length and were electrically connected in series through
the thermal evaporation of silver. To achieve a thick film with a
thickness of 2−3 μm, the blade-coating and vacuum annealing
processes were repeated ten times. The connected geometric
structure of the thermoelectric legs in the TEGs is illustrated in

Figure 7. Thermoelectric properties of random conjugated copolymer/SWCNT nanocomposite thin films with an optimized mass ratio of 1:1: (a)
S, (b) σ, (c) μ and n, and (d) PF.

Table 2. Thermoelectric Parameters of the Conjugated
Polymer/SWCNT Nanocomposites Studied

nanocomposite
σ (σmax) [S

cm−1]
S (Smax) [μV

K−1]
PF (PFmax) [μW

m−1 K−2]

DPP100/SWCNT 397.7 ± 37.8
(463.8)

60.7 ± 1.3
(63.9)

147.5 ± 41.0
(172.2)

DPP95/SWCNT 1274.2 ± 63.2
(1689.7)

65.8 ± 1.0
(66.0)

549.8 ± 70.4
(711.1)

DPP90/SWCNT 1135.8 ± 33.6
(1178.9)

63.5 ± 1.7
(65.2)

459.2 ± 11.9
(473.3)

DPP50/SWCNT 811.4 ± 18.2
(830.8)

61.2 ± 1.4
(62.4)

305.0 ± 37.4
(342.1)

DPP30/SWCNT 712.2 ± 41.3
(778.9)

61.1 ± 1.5
(62.8)

266.7 ± 20.8
(305.2)

DPP10/SWCNT 278.7 ± 24.8
(321.7)

66.3 ± 1.2
(67.3)

170.7 ± 24.0
(212.1)

DPP5/SWCNT 212.2 ± 67.2
(339.6)

68.3 ± 1.8
(73.2)

111.4 ± 29.3
(158.1)

DPP0/SWCNT 470.9 ± 23.6
(507.7)

59.9 ± 1.1
(61.6)

173.8 ± 33.5
(213.7)
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Figure 7a, and a photograph of the completed flexible TEGs is
shown in Figure 7b.

To evaluate the performance of the TEGs under environ-
mental conditions, a specially designed measurement system
was utilized. This system included a water-cooling setup that
allowed for precise control of ΔT across the generator. The
heat source and heat sink were both equipped with water-
cooling systems to maintain stable and controlled temperature
conditions. By adjustment of the water flow and temperature,
the desired ΔT could be achieved and maintained during the
measurements. This controlled setup ensured accurate and
reliable evaluation of the TEG performance under realistic
operating conditions. The output voltage and output power
density were measured under steady-state ΔT values of 15.0,
19.8, 25.1, and 29.3 K. These measurements were plotted
against the output current, as depicted in Figure 8c. The
output voltage versus current density exhibited stability and
linearity at each tested temperature, with both the output
voltage and current increasing proportionally with an increase
in ΔT. A highest output voltage of 5.03 mV and an output
power density of 20.4 μW m−2 were achieved with a ΔT of
29.3 K. However, it is worth noting that the achieved S value of
approximately 45 μV K−1 from the TEGs corresponded to only
about 70% of the value obtained from a single thermoelectric
cell. This discrepancy may be attributed to measurement
errors, additional internal resistance caused by the electrical
connections between the thermoelectric legs, and film
thickness variations. Indeed, this research demonstrates the
potential application of the prototype TEG by effectively
manipulating the controllable energy levels of random
conjugated copolymers and enhancing their interaction with
SWCNTs. The TEGs show promising performance in
harnessing and using low-grade waste heat. The ability to
convert waste heat into electricity using this approach has
significant implications for energy harvesting and sustainability.
It opens up possibilities for the efficient utilization of
previously untapped energy sources and contributes to the
development of more environmentally friendly and energy-
efficient technologies.

■ CONCLUSIONS
Through our investigation into the thermoelectric properties of
polymer/SWCNT nanocomposites using eight DPP/IID-
based random conjugated copolymers, we have discovered

that tuning the energy levels can effectively manipulate the S
value. Among all of the nanocomposites tested, DPP5/
SWCNT exhibits a slightly higher S due to the presence of
the largest energy barriers against SWCNTs and more defects
present in the nanocomposite. Our spectroscopic and
morphological analyses have revealed that the π-electron
delocalization in the donor−acceptor conjugated polymer
backbone facilitates strong interactions between the polymers
and SWCNTs. In particular, DPP95 with a low IID content
exhibits efficient debundling of SWCNTs by establishing a
strong interaction between conjugated polymers and
SWCNTs. This interaction leads to significant enhancements
in the dispersion and σ. As a result, the DPP95/SWCNT
nanocomposites demonstrate superior thermoelectric perform-
ance, exhibiting the highest PF of 711.1 μW m−1 K−2 based on
S of 64.8 μV K−1 and σ of 1689.7 S cm−1. Furthermore, we
successfully constructed flexible TEGs using four-leg p-type
DPP95/SWCNT nanocomposite films. These TEGs generate
a maximum output voltage of 5.03 mV and an output power of
20.4 μW m−2 at a ΔT of 29.3 K. Our study highlights the
potential of developing TEG devices for effectively harnessing
low-grade waste heat by manipulating the energy levels of
random conjugated copolymers with SWCNTs and improving
their thermoelectric properties.
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