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Achieving High zT with Carbon Nanotube/Conjugated
Microporous Polymer Thermoelectric Nanohybrids by
Meticulous Molecular Geometry Design

Meng-Hao Lin, Mohamed Gamal Mohamed, Chih-Jung Lin, Yu-Jane Sheng,

Shiao-Wei Kuo,* and Cheng-Liang Liu*

Conjugated microporous polymers (CMPs) are characterized by high physical
and chemical stabilities along with low thermal conductivities due to their
conjugated microporous frameworks, making them promising candidates for
thermoelectric application. However, the advancement of CMPs within the
thermoelectric field is considerably hampered by their inadequate electrical
conductivity and unfavorable processability. Herein, highly-conducting carbon
nanotubes (CNTs) are dispersed in two solvents (1,2-dichlorobenzene and

the utilization of renewable energy and the
advancement of eco-friendly energy mate-
rials. Notably, thermoelectric materials that
are capable of directly converting waste
heat into electricity have great promise for
meeting future energy demands.l!! The ef-
ficacy of energy conversion in these mate-
rials is commonly assessed through the di-
mensionless figure of merit (z1), given by:

N-methyl-2-pyrrolidone) to fabricate p- and n-type CNT/CMP nanohybrids.

Additionally, two unique CMPs are synthesized to elucidate the impacts of the
chemical structures and pore architectures on the thermoelectric properties of
the nanohybrids. Finally, due to the differing steric hindrance effects of the
two CMPs, the thermoelectric performance can be tuned under varying
circumstances. The synergetic effects of low thermal conductivity and efficient
dispersion capability of the CMPs yield optimized figure of merit (zT) values of
0.053 and 0.13 at 303 K for the p- and n-type thermoelectric nanohybrids,
respectively. This investigation presents an alternative approach to building
high zT p- and n-type thermoelectric CNT/CMP nanohybrids operating near
ambient temperature via the solvent doping effect and chemical structure
design of the CMPs, thereby establishing CMP-based materials as promising

candidates for thermoelectric application.

1. Introduction

Due to the rapid global growth of industry, heightened concerns
over the energy crisis and environmental pollution have spurred

2T = S 6Tk ™! (1)

where S is the Seebeck coefficient, ¢ is
the electrical conductivity, k is the ther-
mal conductivity, and T is the working
temperature.l?)  Accordingly, optimizing
the zT necessitates the concurrent en-
hancement of the electrical conductivity
and Seebeck coefficient and mitigation
of the thermal conductivity However,
achieving this optimization presents a
dilemma, as these thermoelectric pa-
rameters are intrinsically interrelated.l’]
Consequently, extensive efforts have been
directed towards mitigating this trade-
off and enhancing the thermoelectric
properties. In particular, the integration of organic/inorganic
nanohybrids has emerged as a promising strategy for increasing
2T values, especially for applications that require flexibility and
wearability.!*]
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By combining organic and inorganic constituents, synergis-
tic advantages can be harnessed to offset individual shortcom-
ings, thereby yielding marked improvements in the thermoelec-
tric characteristics.

Recently, the incorporation of porosity into materials to in-
duce the phonon scattering phenomenon has been recognized
as an effective method for diminishing the thermal conductivity
and enhancing the zT value.l’! Porous organic polymers (POPs),
which are generally connected by covalent bonds, have attracted
considerable attention as next-generation functional materials.[%]
These encompass distinct variants such as hyper-crosslinked
polymers (HCPs),I”) covalent organic frameworks (COFs),!8] and
conjugated microporous polymers (CMPs),°! each of which are
endowed with tailored properties to suit diverse applications.
Among these, the CMPs are distinct from other porous poly-
mers due to their particular z-conjugated frameworks and mi-
croporous characteristics. Moreover, the CMPs have attracted sig-
nificant interest due to advantages such as excellent physical
and chemical stability, high specific surface areas, and tunable
n-conjugated porous architectures.'%! Furthermore, the CMPs
have the potential to be synthesized on a large scale by using re-
newable raw materials, at low temperatures, and with minimal
waste.[') In comparison to conventional porous counterparts
such as metal-organic frameworks (MOFs), CMPs exhibit unique
properties, including robust high-temperature endurance, large
pore sizes, permanent nanopores, chemical inertness, amor-
phous characteristics, and enhanced electrical conductivity.!?]
The amorphous characteristic will endow CMP lower thermal
conductivity than crystalline porous materials and the fully con-
jugated framework will help enhance their charge transfer ca-
pabilities. These distinctive features make the CMPs inherently
advantageous for future thermoelectric applications, offering a
competitive edge over MOFs. Nonetheless, a present limitation
hindering the widespread adoption of CMPs in thermoelectric
contexts pertains to their relatively low electrical conductivity. As
a result, combining conducting carbon materials such as carbon
nanotubes (CNTs) and graphene with CMPs is regarded as a po-
tential strategy for enhancing their electrical conductivity and im-
proving their thermoelectric performance.!'*]

Single-walled CNTs are renowned for their outstanding elec-
trical characteristics, especially their high electrical conductivity
(hundreds to thousands of S cm™!). Therefore, they have been ex-
tensively integrated into thermoelectric hybrid systems.[*] How-
ever, challenges associated with CNT dispersion and interfacial
contact have been regarded as crucial aspects in improving ther-
moelectric performance." Various surface modifications have
been made to overcome the issue of severe physical entangle-
ment and improve the CNT dispersion. For example, although
covalently functionalized CNTs are effective in improving disper-
sion, their use may lead to partial degradation of the extended
z-conjugated network, thereby diminishing the electrical con-
ductivity. By contrast, noncovalent modifications offer a promis-
ing avenue for preserving the inherent z-electronic characteris-
tics of the CNTs.I"*! For instance, the use of z-conjugated poly-
mers facilitates the effective dispersion of CNTs due to the in-
teractions between the polymers’ z-rings and the CNTs.[* Thus,
the CMPs and CNTI5 are able to complement each other in ther-
moelectric applications, with the highly conjugated CMP frame-
work helping to facilitate CNT dispersion in various solvents and

Adv. Funct. Mater. 2024, 34, 2406165

2406165 (2 of 12)

www.afm-journal.de

potentially mitigating the high thermal conductivity of the CNTs,
while the CNTs serve to enhance the electrical conductivity within
the nanohybrid system.['”] Furthermore, the robust mechanical
properties inherent to the CNT network contribute to the over-
all flexibility of the nanohybrid, even without the need for other
additives.[**]

In addition, the control of polarity in thermoelectric materials
is vital for the development of practical thermoelectric genera-
tors (TEGs).['®] In this context, the CNTs inherently act as p-type
materials due to oxygen molecule doping from the surrounding
environment.['?) However, CNTs are surface-sensitive materials,
and modifying the solvent environment can easily influence the
charge-carrier type in the CNTs. Specifically, the utilization of
polar protic solvents (e.g., alcohols) and nonpolar or weakly po-
lar solvents (e.g., chlorinated compounds) typically yields a pos-
itive Seebeck coefficient, whereas polar aprotic solvents such as
nitrogen-containing compounds or carbonyl compounds tend to
induce a negative Seebeck coefficient.!?’! This intriguing phe-
nomenon underscores the potential for achieving both p- and n-
type characteristics in CNTs through judicious selection of the
dispersion solvent, thereby enabling tailored control over the
thermoelectric polarity.

In the present study, CNTs are used to enhance the elec-
trical conductivity and improve the mechanical properties of
CMPs. Furthermore, the selection of solvents, specifically 1,2-
dichlorobenzene (DCB) and N-methyl-2-pyrrolidone (NMP), is
strategically utilized to disperse the CNT solution, thereby realiz-
ing p- and n-type thermoelectric nanohybrids. To investigate the
relationship between the structural characteristics of the CMPs
and their thermoelectric behaviors, two distinct CMPs are syn-
thesized from a common pyrene (Py) core, and attached by triple
bond (T) with different ligands (namely, anthracene (A) or thi-
anthrene (T)), to obtain the samples designated as PyT-A and
PyT-T, respectively. Further, the weight ratios of the CNT/CMP
nanohybrids are systematically altered to achieve the desired ther-
moelectric properties. The unique steric hindrance effects inher-
ent to the two CMPs afford flexibility in modulating the doping
level through dispersion solvents and weight ratios, consequently
fine-tuning the thermoelectric performance of the nanohybrids.
The highest recorded zT values obtained in this work are 0.053
and 0.13 for the respective p-type CNT/PyT-A nanohybrid dis-
persed in DCB and the n-type CNT/PyT-T nanohybrid dispersed
in NMP. Furthermore, these optimized p- and n-type nanohy-
brids demonstrate utility in constructing a flexible TEG with a
maximum open-circuit voltage (V,.) of 15.6 mV and a maximum
power output (P,,,,) 0of 196.6 nW. This study not only introduces a
methodology for achieving high zT p- and n-type thermoelectric
nanohybrids via precise control of the molecular geometry but
also presents the first CMP-based thermoelectric applications.

2. Results and Discussion

2.1. Synthesis of the CMP and Fabrication of the CNT/CMP
Nanohybrids

The chemical structure design approach of the CMPs in-
vestigated in this study is shown in Figure la. Two distinct
CMPs were synthesized via the Sonogashira coupling reac-
tion of tetraethynylpyrene (Py-T) with 9,10-dibromoanthracene
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Figure 1. a) Schematic synthesis pathways of PyT-A and PyT-T CMP. b) Preparation process of CNT/CMP nanohybrid solution. c) Procedure for the

fabrication steps of the CNT/CMP nanohybrid thin films.

(An—Br,) to obtain PyT-A, or with 2,8-dibromothianthrene
(Th—Br,) to obtain PyT-T, using dimethyl formamide/
triethylamine ~ (DMF/Et;N)  as  the  solvent and
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh,),) as the
catalyst. The detailed synthesis procedures of the CMPs and
their precursors are provided in the Experimental Section
and Supporting Information (Figures S1—S6, Supporting
Information). In addition, a schematic representation of the
thermoelectric nanohybrid fabrication process is provided in
Figure 1b,c, with additional details in the Supporting Informa-
tion. Briefly, in nanohybrid preparation process, a fixed weight of
2 mg for the CNT component will be added to each nanohybrid.
To achieve different nanohybrid compositions, the amount of
CMP was adjusted accordingly. For instance, in the case of
CNT2/CMP1, the weight of CMP was set at 1 mg, resulting in
a CMP weight ratio of ~33%. After weighting suitable amounts
of CMPs and CNTs, they were introduced to the dispersion
solvents (DCB and NMP), followed by ball-milling to produce a
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homogeneous solution. The CNT/CMP nanohybrid thin films
were then obtained by drop-casting followed by an appropriate
thermal annealing method. The resulting nanohybrid thin films
are denoted hereafter as CNTx/CMPy, where x and y represent
the relative weight ratios of the CNTs and CMPs.

The room-temperature Fourier transform infrared (FTIR)
spectra of the PyT-A and PyT-T CMPs are provided in Figure S7,
(Supporting Information), where the typical absorption signals
associated with the C=C aromatic groups (1590-1630 cm™1), ter-
minal alkynyl groups (2200 cm™), and C—H aromatic groups
(3030-3055 cm™!) are observed. Notably, the disappearance of
the absorption band corresponding to the C—Br group after
the reaction indicates the successful formation of cross-linked
networks.?!l For further characterization, the solid-state 3C
NMR spectra of the CMPs are given in Figure S8 (Supporting
Information). There, the typical carbon signals associated with
phenyl groups are observed in the range of 129.34-142.61 ppm
for all samples, along with resonance peaks at 77.59-80.26 ppm
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Figure 2. a) Optimized molecular structure of PyT-A and PyT-T utilized for MD simulation, with four ligands marked with a number to evaluate the
distance between CNT and CMP. b) Analysis of distance between CMP and COM of CNT. c¢) Comparison illustration of the different wrapping behavior

of CNT/PyT-A and CNT/PyT-T.

due to the alkyne groups. Moreover, the thermal stabilities of the
PyT-A and PyT-T are indicated by the thermogravimetric anal-
ysis (TGA) results in Figure S9 (Supporting Information), with
weight residues of 69% and 70%, respectively, at 800 °C, and
degradation temperatures (T;) of 321.4 °C and 346.0 °C for the
PyT-A and PyT-T, respectively, indicating a high level of thermal
stability for both CMPs.

As depicted in Figure 1a, the CMPs investigated herein share
a common pyrene (Py) core but are linked by triple bond (T)
to different ligands (anthracenes (A) or thianthrenes (T)), thus
suggesting potential variations in molecular shapes and pore
behaviors. Hence, the pore structures of the PyT-A and PyT-T
samples are revealed by the Brunauer-Emmett-Teller (BET) re-
sults in Figures S10 and S11 (Supporting Information). Here, the
BET surface areas of the PyT-A and PyT-T are 127 and 494 m?
g1, respectively, and the corresponding pore volumes are 0.29
and 0.61 cm® g!, respectively. The rationale behind the supe-
rior pore capacity and surface area of the PyT-T is elucidated by
the density functional theory (DFT) calculations were performed
at the B3LYP/6-31G(d) level using the Gaussian 09 W software
to investigate the relationship between molecular structure and
pore geometry. The results, depicted in Figure S12 (Supporting
Information), illustrate front and side views of the PyT-A and
PyT-T structures, along with the corresponding highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular or-
bital (LUMO). Analysis of their molecular structures reveals that
the PyT-A possesses a highly planar configuration, which can be
attributed to its well-conjugated feature and all-carbon structure.
Conversely, while the PyT-T maintains a highly conjugated struc-
ture, the introduction of sulfur heteroatoms significantly distorts
the molecular structure, thereby disrupting its planarity. This
steric hindrance is postulated to influence the molecular packing,
thereby determining the macroscopic pore geometry. Specifically,
the enhanced planarity of the PyT-A may lead to tighter molecular
packing, potentially reducing the specific surface area and pore
volume. These BET result differences are well explained by their
different molecular geometry in DFT calculation. This molecular
geometry difference will not only influence their mixing behav-
ior with CNTs but also further impact the overall thermoelectric
performance of the nanohybrids. Further insights into the pore
geometries of the two CMPs in different dispersion solvents are
provided by the scanning electron microscope (SEM) images in
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Figure S13 (Supporting Information). There, the PyT-A exhibits
a flake-like morphology indicative of stronger self-aggregation,
whereas the PyT-T appears as spherical clusters. This further
demonstrates the correlation between molecular structure and
pore geometry.

2.2. Molecular Dynamics Simulation of CNT/CMP Nanohybrids

Molecular dynamics (MD) simulations were conducted using
the Nanoscale Molecular Dynamics (NAMD) simulation pack-
age to examine the CMP wrapping behavior within a CNT/CMP
nanohybrid system.[?2] As depicted in Figure 2, the extent of
CMPs coverage on the CNT surface is influenced by the struc-
tural disparities between the CMPs.[23] The center of mass (COM)
positions of four CMP ligands relative to the center of the CNT
serve as a metric for discerning the various interactions in the
PyT-A and PyT-T,1?*] as depicted in Figure 2a. Due to strong z—n
interactions, both the PyT-A and PyT-T adhere to the CNT surface
via their pyrene core structures. However, the wrapping behavior
differs due to the different molecular geometries of the PyT-A
and PyT-T. An examination of the PyT-A wrapped on the CNT re-
veals that the relative distances between the four ligands are com-
parable (Figure 2b), thereby indicating similar positions near the
CNT surface. Additionally, the COM of the PyT-A is located at the
pyrene core, thereby exhibiting the minimum distance from that
of the CNT. This, in turn, suggests attachment to the CNT surface
via the pyrene core. By contrast, while the PyT-T exhibits a simi-
lar distance between its COM and that of the CNT, the distances
of the four ligands vary significantly (Figure 2c). This suggests
less effective adhesion of the PyT-T to the CNT surface. Further-
more, half of the ligands in the PyT-T exhibit a greater distance
from the CNT surface than those of the PyT-A.

The disparate wrapping phenomena of the PyT-A and PyT-T
originate from their differing molecular geometries. The non-
planar thianthrene structure of PyT-T causes it to move away
from the CNT surface, thereby resulting in a larger distance be-
tween the PyT-T and CNT. Although the MD simulation only es-
timates the monomeric structures of the two CMPs, it can be pre-
dicted that the differences in relative distance between the CNT
and the two CMPs would be more pronounced when extended
to the polymer form. Eventually, due to the imperfect wrapping
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Figure 3. Thermoelectric performance assessment of CNT/CMP nanohybrids. a) Seebeck coefficient. b) Electrical conductivity. c) PF value. d) Thermal

conductivity and resulting zT value.

behavior of the PyT-T, distinct interspaces emerge between the
PyT-T and CNTs. Given the high environmental sensitivity of the
CNT surface, these interspaces may have additional impacts on
the thermoelectric properties of the nanohybrid system

2.3. Thermoelectric Performance of CNT/CMP Nanohybrids

The thermoelectric characteristics of the pristine CNT sample
and the CNT/CMP nanohybrids are presented in Figure 3, Figure
S14, and Table S1 (Supporting Information). As detailed in the
Experimental Section, DCB was used as a p-type solvent, and
NMP was used as an n-type solvent, in order to fabricate the
p- and n-type nanohybrids. As shown in Figure 3a and Figure
S14a (Supporting Information), the introduction of CMP has a
significant influence on the Seebeck coefficient, with all of the
CNT/PyT-A nanohybrids exhibiting a higher p-type Seebeck co-
efficient compared to the pristine CNT sample within the DCB
dispersion group (28.41 uV K7'). Moreover, the CNT1/PyT-A1l
nanohybrid exhibits a noteworthy Seebeck coefficient of 71.7
pV K1, which can be attributed to the mitigation of the over-
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doping phenomenon facilitated by oxygen molecules. Specifi-
cally, the superior planar structure of the PyT-A may facilitate a
more intimate attachment to the CNT surface, thereby shielding
it from attack by oxygen molecules, thus leading to a higher See-
beck coefficient and a slightly diminished electrical conductivity
(226.55 S cm™') compared to pristine CNT (539.42 S cm™)
due to a reduced degree of p-type doping (Figure 3b). For both
higher and lower weight ratios of PyT-A, the Seebeck coeffi-
cient is seen to decrease, while the electrical conductivity in-
creases. This reduction can be attributed to two distinct rea-
sons for CNT2/PyT-Al and CNT1/PyT-A2 nanohybrids. Firstly,
in the case of CNT2/PyT-Al nanohybrid, the insufficient con-
tent of CMPs fails to adequately protect all CNT surfaces, leav-
ing some areas vulnerable to oxygen attack. Conversely, for the
CNT1/PyT-A2 nanohybrid, an excess amount of CMPs leads to
self-aggregation, rendering some CMPs ineffective in guarding
the CNT surfaces. Consequently, both these results in a rela-
tively strong p-type doping effect compared to the CNT1/PyT-
Al nanohybrid. Conversely, the less planar structure of the PyT-
T potentially exposes several interspaces to oxygen molecules,
so the Seebeck coefficient of the CNT/PyT-T nanohybrid is
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expected to be marginally lower than that of a pure CNT sample.
In fact, the Seebeck coefficient of the CNT1/PyT-T1 nanohybrid
is found to be 8.02 uV K. This is because the PyT-T improves
the CNT dispersion, thereby creating a denser CNT network by
decreasing the CNT bundle size. This, in turn, increases the ex-
posure area of oxygen molecules on the CNT surface, thus re-
sulting in a more severe oxygen p-type doping impact. Indeed,
a similar scenario occurs in the CNT/PyT-A; however, the PyT-A
can adhere securely to the CNT surface, thereby preventing oxy-
gen exposure. Simultaneously, the stronger p-type doping effect
of the CNT/PyT-T nanohybrid is expected to enhance its electri-
cal conductivity. Consequently, all of the CNT/PyT-T nanohybrids
exhibit better electrical conductivity than either the pristine CNT
sample or the CNT/PyT-A nanohybrids (Figure 3b; Figure S14b,
Supporting Information). Thus, the CNT1/PyT-T1 nanohybrid
dispersed in DCB achieves the greatest electrical conductivity of
681.20 S cm™' owing to its strong p-type doping effect. Combin-
ing the findings of the Seebeck coefficient and electrical conduc-
tivity, these results indicate that the CNT1/PyT-A1 nanohybrid
has a maximum power factor (PF) of 118.5 pW m~' K2 due to
its high Seebeck coefficient.

In the case of the n-type solvent (NMP) group (Figure 3a
and Figure S14a, Supporting Information), the opposite trend
is observed due to the opposing n-type doping effect induced
by the NMP solvent. Notably, the CNT/PyT-T nanohybrids ex-
hibit higher Seebeck coefficients than both the pristine CNTs
(—42.30 uV K1) and the CNT/PyT-A nanohybrids. In CNT/PyT-
T nanohybrids, the superior thermoelectric performance com-
pared to CNT/PyT-A nanohybrids can be attributed to a stronger
n-type doping effect. The addition of CMPs into CNTs aids in
their dispersion, promoting debundling and the formation of a
denser CNT network, thereby increasing the exposed surface area
to the outer environment. However, the crucial difference be-
tween PyT-T and PyT-A lies in their molecular geometry, partic-
ularly the steric hindrance effect. This difference will influence
their wrapping behavior, as observed in the results of MD sim-
ulation (Figure 2). While both PyT-T and PyT-A aid in dispers-
ing CNTs in NMP solvent, the close wrapping behavior of PyT-
A leaves little excess surface area exposed to NMP, resulting in
a weaker n-type doping effect. In contrast, PyT-T can create in-
terspacing between itself and the CNT surface, allowing for in-
creased exposure to NMP and consequently inducing a higher
n-type doping effect. As a result, the CNT1/PyT-T1 nanohybrid
dispersed in NMP exhibits a Seebeck coefficient of —59.1 pV K~}
and an electrical conductivity of 901.2 S cm™! which is much
higher than pristine CNT (594.99 S cm™), giving the highest PF
0f 315.3 uW m~! K2, By contrast, the tight wrapping behavior of
PyT-A impedes the CNT exposure to the NMP solvent, thus re-
sulting in a poorer n-type doping effect and, hence, a lower See-
beck coefficient and electrical conductivity were achieved by the
CNT/PyT-A nanohybrids. In summary, the molecular geometry
difference of PyT-A and PyT-T will influence the wrapping behav-
ior and further change the doping levels of nanohybrids. Further-
more, the molecular packing and self-aggregation phenomenon
will also be influenced by their molecular geometry, resulting in
different pore characteristics, which further affect their thermal
transport property due to the different pore architecture. Subse-
quently, the thermal conductivity and zT values of the pristine
CNTs and the CNT/CMP nanohybrids with the highest PF values
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are compared in Figure 3c. Here, the introduction of CMPs into
the CNTs significantly reduces the thermal conductivity, thus re-
sulting in a notable improvement in the zT value. Although direct
measurement of the thermal conductivity of pristine CMPs still
poses challenges in this work, theoretical evaluations can offer
insights into the effects that CMP can decrease thermal conduc-
tivity. At first, thermal conductivity comprises two main contri-
butions: electronic contribution (k) and lattice contribution (k).
The former can be estimated using the Wiedemann-Franz law,
which suggests that materials with high electrical conductivity
typically exhibit high thermal conductivity. Conversely, materi-
als with low electrical conductivity contribute minimally to over-
all thermal conductivity through the electronic pathway. Thus,
for low electrical conductivity materials, thermal conductivity is
primarily governed by k. To reduce k), strategies such as intro-
ducing porosity, grain boundaries, and interface barriers can im-
pede phonon transport, thereby decreasing thermal conductivity.
In the case of CMPs, their porous structure and amorphous na-
ture severely hinder phonon transport, leading to significantly
low thermal conductivity. Owing to the low thermal conductivity
of CMPs, previous studies have utilized CMPs for thermal in-
sulation applications,!'?*?°! underscoring their potential for low
thermal conductivity in this regard. Specifically, due to the low
thermal conductivity and the suitable PF value, the maximum
p- and n-type zT values are 0.053 and 0.13 for the CNT1/PyT-
Al in DCB and the CNT1/PyT-T1 in NMP. Although measuring
the intrinsic thermoelectric properties of pristine CMPs poses
challenges due to their high electrical resistance, the addition of
CMPs to CNTs significantly impacts thermoelectric performance
in the present work, influencing all thermoelectric parameters.
Due to the distinct steric hindrance effect characterized by BET
analysis and MD simulation, introducing CMPs allows for easy
tuning of PF value with two different CMPs under different dis-
persion solvents. Furthermore, the pore structure in CMPs plays
a significant role in decreasing the overall thermal conductivity
of nanohybrids due to the more heterostructure interfaces and
weaker molecular-molecular interaction; thereby enhancing the
overall thermoelectric performance of CNT/CMP nanohybrids.
Consequently, to achieve a comprehensive understanding of the
relationship between the thermoelectric performance and the
chemical structures of the two CMPs in these nanohybrids, the
following analysis focuses on the doping phenomenon and inter-
actions between the CN'Ts, CMPs, and solvents.

2.4. Photoluminescence Spectroscopy, Morphologies, and
Microstructures of CNT/CMP Nanohybrids

The interactions between the CNTs and CMPs are elucidated by
the solution-state photoluminescence (PL) spectra in Figure S15
(Supporting Information).?®! Here, both CMPs exhibit distinct
PL peaks that are notably quenched upon the addition of CNTs.
The PL quenching efficiency (PLQE) can be quantified by using
the formula:

PLQE (%) = (I, — I/1,) x 100 (2)
where I, is the pristine CMP peak intensity, and I is the

corresponding peak intensity of the CNT/CMP nanohybrid.
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Figure 4. SEM images of CNT/CMP nanohybrids: a) CNT (DCB), b) CNT1/PyT-A1 (DCB), ) CNT1/PyT-T1 (DCB), d) CNT (NMP), ) CNT1/PyT-Al

(NMP), and f) CNT1/PyT-T1 (NMP). (scale bar = 200 nm).

Remarkably, both the CNT/PyT-A and CNT/PyT-T nanohybrids
exhibit high PLQE values of over 90%, thereby indicating a pro-
nounced wrapping of the CMPs around the CNT5.27]

The surface morphologies of the various CNT/CMP nanohy-
brids are revealed by SEM, atomic force microscopy (AFM), and
transmission electron microscopy (TEM) images in Figures 4 and
S16-S21 (Supporting Information). Notably, the morphologies of
the nanohybrids that were prepared using the DCB and NMP sol-
vents (Figure 4 and Figure S16, Supporting Information) each
exhibit a noticeable reduction in bundle size relative to the pure
CNT samples upon the addition of CMPs, thereby indicating ef-
fective enhancement of the CNT dispersion. Furthermore, the
TEM images in Figure S17 (Supporting Information) reveal that
the CNT/PyT-T nanohybrids have smaller bundle sizes of 20—
30 nm compared to 20-40 nm for the CN'T/PyT-A nanohybrids.
Consistently with the SEM observations, the AFM images in
Figures S18-S21 (Supporting Information) indicate that the addi-
tion of CMPs to the CNT5s results in a more pronounced fiber-like
morphology, along with a decrease in surface roughness due to
the improved dispersion properties and reduced bundle aggrega-
tion. Moreover, in comparison to the PyT-A, the more non-planar
structure of the PyT-T alleviates the strong self-aggregation phe-
nomenon of the CMP, thereby resulting in a slightly smaller bun-
dle size and smoother surface.

The microstructures of the CNT/CMP nanohybrids in the two
different solvents are further revealed by the grazing incidence X-
ray diffraction (GIXRD) in Figures S22 and S23 (Supporting In-
formation). Here, the pristine CMPs reveal distinct powder ring
signals in PyT-A under both DCB and NMP solvents, while no
such signals are observed in the PyT-T patterns. This can be at-
tributed to differences in the molecular structures of the PyT-
A and PyT-T. Specifically, the pronounced self-aggregation ten-
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dency of the PyT-A (due to its substantial planarity) results in a
relatively ordered molecular packing, which leads to multiple sig-
nals in PyT-A’s GIXRD pattern. The introduction of CNT into the
PyT-A nanohybrid disrupts the strong self-aggregation of PyT-A,
resulting in the disappearance of PyT-A’s characteristic ring sig-
nals. Instead, a broad CNT signal emerges. Conversely, for PyT-
T, the steric hindrance effect prevents the observation of any dis-
tinct signals, and the difference after the introduction of CNT can
only be discerned through the numerous CNT rings. Comparing
the two nanohybrids, it becomes evident that the CNT signals in
CNT/PyT-T are slightly more prominent than those in CNT/PyT-
A. This difference may be attributed to the superior dispersion
capability of PyT-T compared to PyT-A, which may likely be due
to the absence of a self-aggregation phenomenon in PyT-T. The
better dispersed CNTs may have a more ordered arrangement.
Therefore, leading to a prominent diffraction signal. Further-
more, a comparison between CNT/PyT-T in DCB and CNT/PyT-T
in NMP reveals that the latter exhibits more pronounced signals.
This observation is possibly attributed to NMP being a superior
dispersion solvent compared to DCB.

2.5. Validation of the Doping Phenomenon in CNT/CMP
Nanohybrids

In this section, the interspacing phenomena in the CNT/CMP
nanohybrids under various conditions are investigated to deter-
mine the resulting impacts on their thermoelectric behaviors.
First, the pristine Raman spectra of PyT-A and PyT-T are shown
in Figure S24 (Supporting Information). Furthermore, the Ra-
man spectra of the various CNT/CMP nanohybrids in Figure 5
each exhibit two prominent peaks due to the CNTs, including

© 2024 Wiley-VCH GmbH
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the defect-originated D-band at ~1350 cm™' and the graphite-
originated G-band ~1590 cm™'.128) Combination the observation
in Figure 5a,b (Raman spectra of the various CNT/CMP nanohy-
brids), it becomes apparent that upon the incorporation of CMPs
into CNTs, alterations are observed solely in the position of the
G-band, with no emergence of new peaks discernible. This phe-
nomenon may be attributed to the absence of distinctive peaks
formed by the interaction between CNTs and CMPs. Further-
more, the relatively low intensity of the Raman peaks of CMPs
and their proximity to the 1500 cm™! region further let them be
covered by the strong CNT G-band peak. Consequently, within
Figure 5a,b, there are no additional peaks corresponding to CMPs
that can be notable. The doping level of the CNTs is revealed
by the amount of displacement in the G-band.??! Thus, in the
DCB solvent group, the G-band of the CNT/PyT-A nanohybrid
(Figure 5a) exhibits a red shift relative to the pristine CNTs,
thereby indicating a relatively weak p-type doping effect, while
that of the CNT/PyT-T nanohybrid exhibits a blue shift, signify-
ing a stronger p-type doping effect (Figure 5b). In particular, the
CNT1/PyT-A1 exhibits the strongest G-band redshift, thereby in-
dicating the weakest p-type doping effect. Within the NMP sol-
vent group, however, the CNT/PyT-A nanohybrids exhibit a blue
shift relative to the pure CNTs, thereby indicating weak n-type
doping due to the NMP solvent, while the CNT1/PyT-T1 nanohy-
brids exhibit an obvious red shift, thereby indicating a much
stronger n-type doping effect. These results are consistent with
the above discussion on the Seebeck coefficients.
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Next, the work function (W}) of each nanohybrid can be de-
termined from the ultraviolet photoelectron spectra (UPS) in
Figures S25 and S26 (Supporting Information), and the results
are summarized in Table S2 (Supporting Information). Here, sig-
nificant alterations in W; are observed after introducing CMPs
into the CNT5. In the case of the DCB solvent group (Figure
S25, Supporting Information), the W; of the CNT/PyT-A nanohy-
brid is decreased relative to that of the pristine CNTs, thereby
indicating a reduction in the p-type doping effect after PyT-
A addition.?) Moreover, the W; of CNT1/PyT-A1 nanohybrid
will drop to the deepest value of 4.20 eV, thereby indicating
the smallest p-type doping effect. Meanwhile, the CNT2/PyT-Al
and CNT1/PyT-A2 nanohybrids exhibit slightly higher W; values
due to a slightly stronger p-type doping effect. By contrast, the
CNT1/PyT-T1 nanohybrids exhibit the highest W; values due to
the strongest p-type doping effects. In the NMP solvent group,
however, the CNT1/PyT-T1 nanohybrid exhibits the substantially
lowest W; of 3.46 eV, thereby indicating a significant n-type dop-
ing effect from the NMP solvent (Figure S26, Supporting In-
formation), while the CNT2/PyT-T1 and CNT1/PyT-T2 nanohy-
brids have slightly higher W values due to a lesser n-type doping
effect. Nevertheless, the highest W; and, hence, the lowest n-type
doping impact, is observed for the CNT1/PyT-Al nanohybrid,
thereby indicating the combined effect of solvent and molecular
geometry.

In addition, Hall effect measurements were used to determine
the carrier concentration in each nanohybrid, and the results are
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presented in Table S3 (Supporting Information). Thus, in the
DCB solvent, all samples exhibit p-type characteristics, indica-
tive of a hole transport mechanism. The carrier concentrations
align with the doping levels indicated by the Raman G-band dis-
placements and by the W; values determined by UPS. The in-
troduction of PyT-A into the CNTs results in a reduction in car-
rier concentration and electrical conductivity due to the weaker
oxygen p-type doping effect. Conversely, the CNT/PyT-T nanohy-
brids exhibit higher carrier concentrations due to the stronger
p-type doping effect. In the NMP solvent, however, all samples
exhibit n-type carrier characteristics, thereby denoting an elec-
tron transport mechanism. Moreover, the CNT/PyT-T nanohy-
brids exhibit higher carrier concentrations due to the stronger
n-type doping effect, while the CNT/PyT-A nanohybrids exhibit
lower carrier concentrations.

In conclusion, by integrating the results of Raman spec-
troscopy, UPS, and Hall effect measurements, the various dop-
ing levels and charge-carrier types of the CNT/CMP nanohybrids
are confirmed. Moreover, the reasons for these various charac-
teristics are explained by DFT computation and MD simulation.
Owing to the difference in molecular geometry between the PyT-
A and PyT-T, along with the different CMP weight ratios, the
shielding behavior can be modulated to expose the CNT surface
to the external environment to varying degrees, as illustrated in
Figure 5c. As a result, the Seebeck coefficient changes as the
doping concentration of the nanohybrid varies. For the p-type
nanohybrids, the trend in the Seebeck coefficient is revealed by
the right-hand region of the curve in Figure 5d.*!l Here, because
CNTs are normally overdoped with oxygen molecules under at-
mospheric conditions, the shielding of the PyT-A can minimize
the doping concentration and therefore achieve the greatest See-
beck coefficient. By contrast, in the case of the n-type nanohybrids
(left-hand region, Figure 5d), the n-type property is derived from
the NMP solvent. Consequently, the more open structure caused
by the larger distance between the non-planar PyT-T and CNT
can act to boost the NMP doping effect to convert the CNTs from
p-type to n-type.32! In other words, the introduction of PyT-T can
enhance the exposure of the CNT surface to the NMP, thus re-
sulting in a higher n-type Seebeck coefficient.

2.6. Stability Test and Performance Comparison of CNT/CMP
Nanohybrids

The long-term storage stabilities of the various CNT/CMP
nanohybrids are compared with that of the pristine CNT in
Figure S27a,b (Supporting Information) for the DCB and NMP
groups, respectively. Here, the CNT1/PyT-Al dispersed in DCB
and the CNT1/PyT-T1 dispersed in NMP each exhibit notable
stability compared to the pristine CNT samples. This can be at-
tributed to the effective protection of the CNTs by the CMPs. In
the case of the CNT1/PyT-Al in DCB, the tight wrapping of the
CNTs by the PyT-A serves as a barrier against oxygen molecules
from the surrounding environment, while the looser wrapping
of the CNTs by the PyT-T in NMP facilitates exposure of the CNT
surface to more NMP molecules while still protecting the surface
from the external environment.

The thermoelectric performances of the optimized CNT1/PyT-
Al (DMB) and CNT1/PyT-T1 (NMP) nanohybrids are com-
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pared with those of previously reported porous materials (e.g.,
MOF-based thermoelectrics) in Figure 6 and S4 (Supporting
Information).**] Here, the distinctive fully-conjugated porous
structures of the CNT/CMP nanohybrids lead to acceptable PF
values and low thermal conductivity, thereby providing superior
zT values.

2.7. Demonstration of a Prototype CNT/CMP Thermoelectric
Generator

A prototype thermoelectric generator (TEG) was constructed us-
ing six pairs of p-n junctions connected in series, as detailed
in the Experimental section. The p- and n-type legs were fabri-
cated from the CNT1/PyT-Al (DCB) and CNT1/PyT-T1 (NMP)
nanohybrids, which were chosen for their greatest zT values. The
layout of the TEG was designed as a flexible lateral-type device,
suitable for wearable thermoelectric applications, as shown in
Figure 7a. The TEG was easily affixed to a polyethylene tereph-
thalate (PET) substrate, as depicted in Figure 7c. The theoretical
output voltage (V,.) values of the device at temperature differ-
ences (AT) of 5, 10, 15, and 20 K are determined by taking the
Seebeck coefficients of the p-type leg (71.7 pV K1) and n-type
leg (—59.1 pV K7') and multiplying by the number of leg pairs
and the specific temperature difference. For example, ata AT of
20 K, the ideal V,_ is calculated to be (71.7 + 59.1) uV K™* X 6 %
20 K= 15.7 mV. As shown in Figure 7b, the measured V,_values
(with the heat sink set at 298 K) are 3.4, 7.5, 11.4, and 15.6 mV, re-
spectively, which are closely aligned with theoretical V,_ values.
This can be attributed to the low thermal conductivities of the
CNT/CMP nanohybrids, which facilitate the maintenance of the
applied AT across the TEG. Consequently, the actual AT closely
approximates that between the heat source and heat sink. Com-
bining these findings with the measured currents, the maximum
power (P,,.) values at AT =5, 10, 15, and 20 K are found to be
10.1, 50.6, 106.6, and 196.6 nW, respectively.

In addition, the bending properties of the TEG are thoroughly
demonstrated in Figure 7c,d, and Figure S28 (Supporting Infor-
mation). Here, the TEG’s internal resistance and V. are well
maintained under bending ratios of 0% (full length = 14 cm),
30% (10 cm), 50% (7 cm), and 80% (3 cm). Additionally, a
cyclic bending test conducted at the highest bending ratio (80%)
demonstrates minimal deterioration in internal resistance and
V.. after a thousand bending cycles (Figure S28c, Supporting In-
formation), thereby indicating remarkable adaptability for wear-
able applications. Furthermore, the environmental stability of the
TEG is demonstrated in Figure S28d (Supporting Information),
where the output performance remains stable after one month of
storage under ambient conditions.

3. Conclusions

In summary, this work elucidates the pioneering use of conju-
gated microporous polymer (CMP)-based materials in thermo-
electric applications. Specifically, highly-conducting carbon nan-
otubes (CNTs) were dispersed in 1,2-dichlorobenzene (DCB) or
N-methyl-2-pyrrolidone (NMP)) to fabricate respective p- and n-
type CNT/CMP nanohybrids. Furthermore, through a meticu-
lous chemical structure design strategy, the molecular geometry
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Figure 6. Comparative analysis of thermoelectric performance between the current study and previous investigations focused on porous-based thermo-
electric materials: Evaluation of a) P-type and b) N-type thermoelectric studies.

and the pore structures were altered to achieve an enhanced ther-
moelectric performance. As well as manipulating the choice of
dispersion solvent, the doping level was modulated via distinct
steric hindrance effects of CMPs with different ligands (namely,
thianthrene (T) or anthracene (A)) on the pyrene (Py) core, giv-
ing optimal p- and n-type zT values of 0.053 and 0.13 for the

CNT/PyT-A nanohybrid in DCB and the CNT/PyT-T nanohybrid
in NMP, respectively. Additionally, a flexible thermoelectric gen-
erator with six pairs of the as-fabricated p-n junctions in series
presented an open-circuit voltage (V, ) of 15.6 mV and maximum
power (P,..) of 196.6 nW. The present study not only diversifies
the application scope of innovative CMP-based materials but also
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Figure 7. Illustration of a prototype CNT/CMP-based TEG: a) Schematic representation of CNT/CMP-based TEG. b) Output characteristics of the TEG
consisting of 6 pairs of legs under different temperature differences. c) Photographic images of the TEG under the flat condition and bending test. d)

Analysis of the internal resistance under different bending ratios and cycles.
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exhibits a high-performance thermoelectric nanohybrid, thereby
contributing significantly to the advancement of thermoelectric
research.

4. Experimental Section

Synthesis of PyT-A and PyT-T CMPs: For the synthesis of the PyT-A
CMP, Py-T (5 g, 16.6 mmol), An—Br, (11.2 g, 33.2 mmol), Pd(PPh;),
(1.93 g, 1.66 mmol), Cul (2 g, 10.4 mmol), and PPh; (2 g, 7.6 mmol) were
added to a 1:1 mixture of Et;N and DMF in a flame-dried Schlenk tube,
and the mixture was refluxed at 90 °C for 3 days under an atmosphere of
nitrogen (N,).134] The resulting black precipitate was filtered and purified
by using Soxhlet extraction in THF. To synthesize the PyT-T CMP, Py-T (5 g,
16.6 mmol), Th—Br, (12.33 g, 33 mmol), Pd(PPh;), (1.93 g, 1.66 mmol),
Cul (2 g, 10.4 mmol), and PPh; (2 g, 7.6 mmol) were introduced to a
1:1 mixture of EtN/DMF in a flame-dried Schlenk tube, and the mixture
was similarly refluxed at 90 °C for 3 days under an N, atmosphere. The
solid was then dried at 60 °C overnight to afford PyT-T CMP as a dark red
powder.[2]

Preparation of CNT/CMP Nanohybrid Solution: ~ For this procedure, the
as-synthesized PyT-A and PyT-T CMPs powders were pre-heated in a vac-
uum oven at 100 °C for 12 h to eliminate any adsorbed solvent or gas
molecules. In the solution preparation process, a fixed weight of 2 mg for
the CNT component was added to each nanohybrid. To achieve different
nanohybrid compositions, the amount of CMP was adjusted accordingly.
For instance, in the case of CNT2/CMP1, the weight of CMP was set at
1 mg, resulting in a CMP weight ratio of ~33%. Similarly, for CNT1/CMP1,
the weight of CMP was 2 mg (CMP% = 50%), and for CNT1/CMP2, the
weight of CMP was 4 mg (CMP% = 67%). Additionally, a total solid con-
centration of 1 mg mL™" throughout the experiment was maintained. Then,
solutions of the different amounts of PyT-A and PyT-T powders in both
DCB and NMP solvents were prepared. Each solution was stirred at 100 °C
for 3 h to ensure complete dissolution. Next, 2 mg of CNTs were added
to each solution and thoroughly mixed using a ball mill (Restch MM440)
at 30 Hz for 15 min. In addition, a pure CNT solution was prepared by a
similar procedure, but without adding the CMP powder.

Fabrication and Measurement of Nanohybrid Thermoelectric Film:  First,
the glass substrates (7.5 x 15 mm?) would be cleaned with acetone, iso-
propanol, and deionized water in an ultrasonic bath. After that, the glass
substrates were subjected to additional cleaning by O; plasma cleaning
treatment. Next, the glass substrates were pre-heated on a hot plate for
the following drop-casting process with DCB solvent applied at 100 °C
and NMP solvent applied at 150 °C. After the pre-heating stage, a 30 uL
of nanohybrid solution was drop-casted onto the pre-heated substrates
three times. The wet film was subjected to a drying process under the
heating conditions. The thicknesses of the resulting nanohybrid films were
~10 um. Before measuring the thermoelectric properties, the nanohybrid
thin films were subjected to an annealing process at 190 °C for 15 min
to promote better interfacial contact between the CNTs and the CMPs. All
the thin film casting and heating procedures were conducted in an N,-
filled glove box. The thermoelectric properties of the nanohybrid films,
including the Seebeck coefficient and electrical conductivity, were evalu-
ated using commercial thermoelectric performance test equipment (ZEM-
3, ADVANCE RIKO Inc., Japan) at a temperature of 303 K under a helium
atmosphere. The experiments will include three different temperature dif-
ferences between the hot and cold sides of the samples. By systematically
varying these temperature gradients, a regression line of Seebeck coeffi-
cient can be obtained. The silver paste was applied to both ends of the
device for better electrical conductance during thermoelectric measure-
ment. The thermal conductivities of the pristine CNT film and the nanohy-
brid films were measured using a Hot Disk TPS 2500S thermal constant
analyzer equipped with a thin film module via the transient plane source
(TPS) method at a constant temperature of 25 °C controlled by an air con-
ditioner. To meet the criteria of the thin film measurement module, the
pristine CNT film and the nanohybrid films would be fabricated by vac-
uum infiltration method to get thicker and larger samples. The test method
for low thermal conductivity thin films was according to the previously re-
ported procedure.[3’]

Adv. Funct. Mater. 2024, 34, 2406165

2406165 (11 of 12)

www.afm-journal.de

Fabrication and Measurement of the Thermoelectric Generator: The
nanohybrid films with the highest zT values were selected for fabricating
the thermoelectric generator device. Specifically, the CNT1/PyT-A1 (DCB)
and CNT1/PyT-T1 (NMP) were selected for the p- and n-type legs, respec-
tively. The thermoelectric legs were fabricated by drop-casting the solution
on a polyimide substrate. The casting condition is identical to the preced-
ing phase. The films were then sliced into rectangular shapes with a width
of 7mm, alength of 30 mm, and a thickness of 10 um. Each thermoelectric
leg was then affixed to a flexible polyethylene terephthalate (PET) substrate
using a double-sided tape. Consecutive p-n junctions were established by
employing conducting silver paint, resulting in a total of 6 junctions in se-
ries. Finally, copper wires were employed to establish connections to an ex-
ternal circuit, ensuring optimal electrical contact. The performance of the
thermoelectric generator was measured using a custom-built system un-
der an ambient environment. The temperature gradient was controlled by
water-cooling systems at both the heat source and the heat sink. The tem-
perature of the heat sink was fixed at 298 K, and various temperature gra-
dients were realized by adjusting the temperature of the heat source. The
K-type thermocouple was attached to the thermoelectric generator surface
to monitor the real device temperature using a Keithley DAQ 6510 multi-
meter system. The output voltage and short-circuit current were measured
by connecting the Cu wires with Cu probes and collected using a Keithley
2182A nanovoltmeter and Keithley 2400 sourcemeter, respectively.

Statistical Analysis:  Descriptive statistics were used to derive the mean
and standard deviation in the analysis of quintuplicate measurements of
electrical conductivity, thermal conductivity, and Seebeck coefficient. All
computations were performed using the OriginLab software.
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