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ARTICLE INFO ABSTRACT

Keywords: Porous organic polymers (POPs), characterized by intrinsic porosity, structural tunability, and low thermal
Thermﬂdear'ic conductivity, offer promising potential for thermoelectric (TE) applications. Herein, a porphyrin-pyrene-based
Pomﬁs organic polymers POP (Por-Py POP) is designed to integrate the extended r-conjugation and metal-coordination capability of
Porphyrin porphyrins with the planar n-rich architecture of pyrene, thereby promoting charge transport. Post-synthetic
Carbon nanotubes . . 2t 2 2 . . . . .

Composite metalation with Fe“", Cu®", or Zn“" further introduces d,-m orbital interactions, thereby strengthening the

interfacial coupling with single-walled carbon nanotubes (CNTs) and facilitating efficient charge transfer. Among
the resulting composites, the ZnPor-Py POP/CNT exhibits a power factor (PF) of 55.8 + 6.3 pW m ™! K2, which
represents a 40% improvement over the non-metalated analogue and is attributed to an enhanced electrical
conductivity (o) via d,-n orbital interactions. Meanwhile, the porous POP framework contributes to suppressing
lattice thermal transport relative to pristine CNTSs, resulting in a thermal conductivity (<) of 8.8 +£ 0.2 Wm™ K™}
for the ZnPor-Py POP/CNT composite and an improved figure of merit (2T) of 1.89 x 1072 + 0.22 x 10~ at 300
K, corresponding to a 8.6% enhancement over pristine CNTs. Overall, this work demonstrates a synergetic design
strategy that combines metal coordination for ¢ enhancement and porous frameworks for x suppression, thus
providing a versatile pathway toward next-generation high-performance porous composite TE materials.

Metal coordination

1. Introduction To address this problem, various energy conversion technologies have

emerged, with thermoelectric (TE) systems offering a particularly

In the era of rapid artificial intelligence (AI) development, global
electricity demand is experiencing unprecedented growth. According to
the International Energy Agency (IEA), this surge is primarily driven by
expanding industrial activity, the electrification of transportation, the
rapid growth of data centers, and Al-driven computing [1]. However, as
nearly 67% of electricity is still being generated from fossil fuels with
limited conversion efficiency, a large proportion of primary energy is
inevitably lost as waste heat [2]. In particular, low-grade thermal energy
(with temperatures below 100 °C) accounts for more than 30% of global
primary energy consumption but remains underutilized, corresponding
to an estimated 85 petawatt-hours (PWh) of wasted energy annually [3].
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compelling solution by directly converting waste heat into electricity
without the need for moving parts and without greenhouse gas emis-
sions. Moreover, continuous advances in material design are expanding
the potential of TE systems for sustainable energy harvesting [4]. In the
pursuit of high efficiency TE materials, their performance is typically
evaluated by using the figure of merit (2T), which is defined by Eq. (1):

zZT =8% Tk ! (¢

where S is the Seebeck coefficient, ¢ is the electrical conductivity, T is
the absolute temperature, and « is the thermal conductivity. The term
5% is commonly referred to as the power factor (PF). Achieving a high
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2T, therefore, requires simultaneous optimization of these interdepen-
dent parameters, which is a challenging task due to the inherent trade-
offs [5]. For instance, enhancing the electrical conductivity often leads
to a higher thermal conductivity and diminished Seebeck coefficient [6].
Consequently, composites that decouple charge and phonon transport
have emerged as a promising design strategy for high-performance TE
materials [5-7]. Inorganic alloy TE materials such as BipTes, PbTe, and
SiGe [8] have demonstrated high 2T at mid-to-high temperatures, but
their limited performance near room temperature (2T < 1), combined
with drawbacks such as toxicity, high cost, rigidity, and poor process-
ability, restricts their practical application in flexible TE devices [9]. To
address these challenges, carbon-based nanomaterials (particularly
single-walled carbon nanotubes, CNTs) have gained attention due to
their high electrical conductivity, mechanical flexibility, and one-
dimensional charge transport characteristics [10-11]. However, their
intrinsically low Seebeck coefficient (<30 pV K’l) and high thermal
conductivity still limit their TE performance [9,12]. Moreover, their
processability and scalability are impeded by poor CNT dispersion in
solution. Hence, various conducting polymers have been incorporated to
form polymer/CNT composites via solution processing to enhance the
CNT dispersion, interfacial interactions, and TE performance [13]. For
instance, composites such as poly(3,4-ethylenedioxythiophene): poly
(styrene sulfonate) (PEDOT: PSS)/CNTs (PF = 300 pW m ! K2) [14],
poly(3-hexylthiophene) (P3HT)/CNTs (PF = 49 pW m K% [15], and
polyaniline (PANI)/CNTs (PF = 401 pW m~! K2) [16] have been re-
ported. In addition, the present research group has developed several
polythiophene-derivative/CNT composite systems with comparable or
improved performance [17-19].

Despite these advances, the thermal conductivity of such polymer/
CNT composites is often overlooked, thereby limiting their true 2T po-
tential. To mitigate this issue, recent strategies have incorporated porous
structures into CNT-based systems in order to enhance phonon scat-
tering and introduce structural disorder, thereby reducing the thermal
conductivity [20-22]. In particular, crystalline metal-organic frame-
works (MOFs) have been widely studied due to their tunable nanoporous
architectures, coordinated transition metal centers, and organic ligands,
which make them promising platforms for thermal conductivity sup-
pression [23-24]. For example, Chen et al. demonstrated the in-situ
growth of ZIF-67/carboxylated CNT composites with a thermal con-
ductivity of 41 Wm ™! K~! and a 2T of 0.02 [25]. Similarly, the present
research group previously developed ZrBTB-BA10/CNT composites with
a thermal conductivity of 4.3 W m™! K™! and an optimal zT of 0.029
[26]. More recently, porous organic polymers (POPs), including crys-
talline covalent organic frameworks (COFs) and amorphous conjugate
microporous polymers (CMPs) [27-28], have emerged as attractive al-
ternatives due to their low weight, high structural tunability, and
enhanced chemical/thermal stability. The amorphous nature of POPs
further promotes phonon scattering, which can potentially suppress
lattice thermal conductivity more effectively than their crystalline an-
alogues [28-30]. Nevertheless, despite their extensive use in super-
capacitors [31], photovoltaics [32], electrocatalysts [33], and sensors
[34], their inherently low electrical conductivity remains a limitation
for TE applications.

Although POPs can be synthesized from diverse building blocks,
thereby enabling control over their electronic structure and function-
ality, precise structural tailoring remains a critical challenge for per-
formance optimization [29]. Among various molecular motifs,
porphyrins are especially appealing due to their 18 n-electron aromatic
macrocycles, four pyrrolic nitrogen-donor sites, and versatile metal co-
ordination capability. These features allow for tunable redox properties
and stable electronic structures in porous frameworks with extended
conjugation [35-37]. Simulations have further revealed that coordi-
nated metal ions modulate conductance in porphyrin molecular wires
and that Zn-porphyrin nanotubes with asymmetric bandgaps can boost
the thermopower and electronic performance [38-39]. Meanwhile, the
polycyclic aromatic hydrocarbon pyrene features a planar, n-rich
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architecture that is conducive to strong n-n stacking and effective charge
transport [40-42]. Moreover, study has shown that metalloporphyrin
monomers can strengthen the d,-n orbital interactions with CNTs in
order to facilitate charge transfer and enhance the electrical conduc-
tivity [43]. Consequently, the incorporation of metalloporphyrin and
pyrene into a single n-conjugated POP provides a collaborative platform
for improving the interfacial interactions and charge transport in CNT-
based TE materials for enhanced electrical conductivity.

To integrate the above concepts, the present study reports the design
and synthesis of a porphyrin-pyrene-based POP (Por-Py POP) via Schiff-
base condensation, followed by post-synthetic metalation with Fe?",
Cu®*, or Zn**. The resulting metalated Por-Py POPs (designated MPor-
Py POPs) are then hybridized with CNTs to enhance the electrical con-
ductivity via n-n and d,-m orbital interactions. The amorphous and
intrinsically porous structure further promotes phonon scattering and
reduces the thermal conductivity. Density functional theory (DFT) cal-
culations are conducted to assess the metal binding energies within the
porphyrin core and evaluate potential interactions with the CNTs.
Among the as-prepared composites, the ZnPor-Py POP/CNT achieves the
highest PF of 55.8 pW m~' K2, which is attributed to the enhanced
electrical conductivity via efficient metal-CNT d,-r orbital interactions.
In addition, its porous framework contributes to a reduced thermal
conductivity of 8.84 W m™! K™%, thereby resulting in an improved zT of
1.89 x 107 at 300 K, representing a 9.8% enhancement over the pris-
tine CNTs. Furthermore, this composite is successfully integrated into a
flexible TE generator (TEG), demonstrating both excellent mechanical
stability and reliable thermal-to-electric energy conversion. Overall, this
work highlights a synergistic approach that combines metal coordina-
tion for enhanced electrical conductivity with a porous framework for
the suppression of thermal conductivity, thereby advancing the design
of next-generation porous composite TE materials.

2. Experimental section
2.1. Materials

Anhydrous ethanol (EtOH, 99.8%), 5,10,15,20-tetrakis(4-bromo-
phenyl)porphyrin (porphyrin-4Br), and zinc acetate (Zn(OAc)2, 99%)
were purchased from Acros Organic. 1,2-dichlorobenzene (DCB, anhy-
drous 99%) and N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%) were
acquired from Sigma-Aldrich. Copper(Il) acetate anhydrous (Cu(OAc),,
98%) and iron(II) chloride anhydrous (FeCly, 99.5%) were obtained
from Alfa Aesar. Single-walled carbon nanotubes (CNTs, purity >95%,
diameter 1-2 nm, length 5-30 pm) were supplied by XFNANO. All
chemicals were used as received without further purification. 1,3,6,8-
tetrabromopyrene (Py-4Br), and 1,3,6,8-tetrakis((4-aminophenyl)ethy-
nyl)pyrene (Py-4NH,) were carried out according to previously re-
ported procedures, with slight modifications [41,44,45].

2.2. Syntheses of 4,4",4",4""-(porphyrin-5,10,15,20-tetrayDtetrakis
(([1,1-biphenyl]-4-carbaldehyde)) (Por-4CHO)

Porphyrin-4Br (0.67 g, 0.73 mmol), the appropriate co-reactant 4-
formylphenylboronic acid (0.87 g, 5.10 mmol), Pd(PPhs)s4 (45 mg,
0.04 mmol), and KoCO3 (1.00 g, 7.28 mmol) were introduced into a 100
mL round-bottom flask. The flask was degassed under vacuum for 20
min and subsequently purged with nitrogen. Anhydrous DMF (40 mL)
was added under an inert atmosphere, and the reaction mixture was
stirred at 110 °C for 72 h under nitrogen. Upon completion of the re-
action, as confirmed by TLC, the mixture was cooled to ambient tem-
perature and poured into ice-cold water (400 mL). The formation of a
violet solid was observed immediately. The precipitate was isolated by
filtration and thoroughly washed with water, methanol, and dichloro-
methane to remove KyCOs3 and residual organic impurities. The final
product was dried under reduced pressure to yield Por-4CHO as a violet
powder.
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2.3. Synthesis of Por-Py POP

As shown in Scheme 1(a), to prepare Por-Py POP, PT-4NH, (0.06 g,
0.09 mmol) and Por-4CHO (0.09 g, 0.09 mmol) were combined in a 10
mL Schlenk tube, with n-butanol (4.5 mL), 1,2-dichlorobenzene (DCB,
4.5 mL), and acetic acid (0.9 mL, 6 M). After degassing by three
freeze—pump-thaw cycles under vacuum, the sealed vessel was heated at
115 °C for 180 h. The resulting solid was isolated by filtration and pu-
rified by Soxhlet extraction with DMF and acetone. The final product, a
dark reddish-brown powder, was identified as Por-Py POP. Solid-state
13C NMR analysis: 151.4 ppm (C=N), 111.4-147.1 ppm (aromatic car-
bon atoms), 88.0 and 98.3 ppm (C=C).

2.4. Metalation of Por-Py POP (MPor-Py POP)

As shown in Scheme 1(b), Por-Py POP (40 mg) and EtOH (4 mL) were
placed in a 50 mL round-bottom flask and dispersed by ultrasonication
for 5 min. The mixture was then stirred at 400 rpm at room temperature.
Subsequently, the metal salt solution, 40 mg of FeCl, (or Cu(OAc)3 or Zn
(OAc),) dissolved in 4 mL of EtOH, was added dropwise into the flask.
The final reaction mixture was heated to 60 °C and maintained for 24 h.
After the metalation, the mixture was cooled to room temperature,

(a)

Schiff base
condensation

FeCl, or
Cu(OAc), or
Zn(OAc),

Et(OH)

Scheme 1. (a) Synthetic route of Por-Py POP via the Schiff-base condensation. (b) Post-synthetic metalation of the Por-Py POP using divalent metal salts (Fe
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followed by purification through vacuum filtration and rinsing with
EtOH. The final product was dried in a vacuum oven at 85 °C overnight
to ensure the residual solvent was removed. Yield: FePor-Py POP (60
mg), CuPor-Py POP (58 mg), ZnPor-Py POP (28 mg).

2.5. Preparation of composite thin film

The composite thin films fabrication process is illustrated in Scheme
S1. All Por-Py POPs or MPor-Py POPs and CNTs were pre-dried in a
vacuum oven at 100 °C overnight to remove residual moisture. Subse-
quently, 1.5 mg of Por-Py POP (or MPor-Py POP) was dispersed in 1.5
mL of anhydrous DCB via ultrasonication for 1 h. The dispersion was
then transferred into a ball mill jar containing grinding balls, 1.5 mg of
CNTs, and an additional 1.5 mL of DCB. The mixture was homogenized
using a Retsch MM440 ball mill operating at 30 Hz for 15 min. This
yielded 3 mL of a homogeneous composite dispersion with a 1/1 weight
ratio of MPor-Py POP to CNTs. Similarly, dispersions with weight ratios
of 1/2 and 2/1 (MPor-Py POP/CNT) were also prepared following the
same protocol. Each composite solution (70 pL) was drop-casted twice
onto the 7 x 15 mm? Og-plasma-treated glass substrate. The films were
dried at 120 °C in a nitrogen-filled glovebox and subsequently annealed
at 190 °C for 15 min under a nitrogen atmosphere to ensure complete

MPor-Py POP
(M =Fe?* or Cu?* or Zn?*

2+, Cu2+,

or Zn**) to yield MPor-Py POPs with coordinated metal centers embedded within the porphyrin macrocycles.
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removal of residual solvent. The resulting composite films exhibited
uniform thicknesses of approximately 5-6 pm.

2.6. Fabrication of the thermoelectric generator

To fabricate the TEG device, the ZnPor-Py POP/CNT composite so-
lution was drop-casted twice (140 pL per cast) onto eight polyimide
strips (7 x 30 mm?), each pre-treated with O3 plasma. The films were
dried at 120 °C inside a nitrogen glovebox and subsequently adhered to
a flexible polyethylene terephthalate (PET) substrate (10 x 5 cm?) with
a 5 mm spacing between adjacent strips. Silver paste was applied to both
ends of each strip to form electrical contacts, and copper wires were used
to interconnect the strips for integration into an external circuit.

2.7. Characterization of thermoelectric properties

A ZEM-3 thermoelectric measurement system (Advance Riko) was
employed to determine the in-plane Seebeck coefficient (S) and elec-
trical conductivity (o) of drop-cast non-metalated and metalated Por-Py
POP/CNT composite films at 303 K within a helium-filled chamber. Film
thicknesses were determined using a KLA Alpha-Step® D-300 surface
profilometer. Thermal diffusivity () was measured in the in-plane di-
rection using a TA-3 thermowave analyzer (Bethel Co., Ltd., Japan) on
freestanding films (1.2 x 1.2 mm?). Specific heat capacity (Cp) of the
composites was determined via a differential scanning calorimetry
(DSC25, TA Instruments) at a scan rate of 10 °C min ™, utilizing sapphire
for calibration. Subsequently, the thermal conductivity (k) was derived
from the formula x = p-a-Cp, where p denotes the density of the com-
posite films. All thermoelectric parameters, including Seebeck coeffi-
cient (S), electrical conductivity (), and thermal conductivity (x), were
measured using at least three independent specimens (n = 3) for each
composition. The performance of the thermoelectric generators (TEGs)
was evaluated by recording the output voltage through a Keithley 2182A
nanovoltmeter (Tektronix, USA) equipped with probe tips. To establish
controlled temperature gradients, Peltier plates were utilized, with their
respective temperatures monitored via thermocouples integrated into
the probes. Data collection, including the calculation of temperature
differentials, was handled by a Keithley DAQ6510 multimeter system.
Furthermore, a FLIR A50 thermal infrared camera (Teledyne FLIR LLC,
USA) was employed to track the temperature gap between human skin
and the ambient environment for practical application assessments.

3. Results and discussion

3.1. Synthesis and characterization of porous organic polymer (Por-Py
POP)

The synthetic route for the novel imine-linked Por-Py POP is depicted
in Scheme 1(a) and described in detail in the Experimental section
(Synthesis of Por-Py POP). The starting monomer, Por-4CHO, was
characterized by Fourier-transform infrared (FTIR) spectroscopy and 'H
and '3C nuclear magnetic resonance (NMR) spectroscopy, as shown in
Figs. S1 and S2. As presented in Fig. S1, Por-4CHO exhibits characteristic
vibrational bands at 3028 cm ™!, corresponding to sp?> C—H stretching,
and at 2725-2812 cm™!, which are attributed to the C—H stretching
vibrations of the aldehyde group. In addition, distinct absorption bands
at 1600 cm™! and 1702 cm™! are assigned to G=C stretching of the
conjugated porphyrin framework and the C=O0 stretching of the alde-
hyde functionality, respectively. The 'H NMR spectrum of Por-4CHO
[Fig. S2(a)] exhibits a characteristic resonance at 10.16 ppm assigned
to the aldehyde proton (H-C=O0), while the signals at 8.94 ppm are
attributed to the g-pyrrolic protons of the porphyrin ring. In addition, a
set of resonances in the range of 7.77-8.34 ppm corresponds to the ar-
omatic protons. Furthermore, the 3¢ NMR spectrum [Fig. S2(b)] reveals
resonances in the range of 125.6-135.9 ppm associated with aromatic
carbons, as well as a distinct signal at 191.9 ppm corresponding to the
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aldehyde carbon. These spectroscopic features collectively confirm the
successful synthesis of Por-4CHO and demonstrate its suitability as a
highly conjugated building block for constructing POP via Schiff-base
condensation. In brief, Py-4NH; and Por-4CHO undergo a catalyst-free
[4 + 4] Schiff-base condensation to afford the targeted Por-Py POP.
The reaction was conducted in a mixed solvent system of n-butanol and
1,2-dichlorobenzene (DCB), with 6 M acetic acid serving as a promoter,
thereby resulting in the successful formation of the imine-linked Por-Py
POP framework. The successful Schiff-base condensation is confirmed
by the solid-state '>C nuclear magnetic resonance (NMR) spectrum of
the Por-Py POP in Fig. S3, which displays distinct resonances at
111.4-147.1, 151.4 and 190.7 ppm, corresponding to extended aro-
matic carbons C=N units and terminal group derived from Por-4CHO
monomer, respectively, along with characteristic signals at 88.0 and
98.3 ppm due to the C=C bonds of the pyrene moiety [41].

To evaluate the porosity of the Por-Py POP, the N, adsorption/
desorption isotherms were measured at 77 K, and the results are shown
in Fig. 1(a). At a low relative pressure (P/Py < 0.1), the isotherm exhibits
a sharp uptake with a convex upward profile attributed to micropore
filling, thereby indicating strong van der Waals interactions between Ny
molecules and the porous framework [46,47]. The isotherm displays a
typical type IV profile with capillary condensation behavior, which is
characteristic of mesoporous materials as defined by the International
Union of Pure and Applied Chemistry (IUPAC) [47]. Further, a H3 or H4
type hysteresis loop is observed, thereby suggesting the presence of slit-
shaped mesopores with a broad pore size distribution [48,49]. These
observations confirm the hierarchical porous nature of the Por-Py POP.
The specific surface area (SApgr) is calculated to be 182 m? g’l, with a
total pore volume (Vi) of 0.21 cm® g’l. The pore size distribution,
derived via the non-local density functional theory (NLDFT) model [50],
is shown in Fig. 1(b). This reveals a bimodal distribution with ranges of
0.80-1.96 nm and 2.04-3.42 nm, thereby indicating the coexistence of
both micropores and mesopores, respectively, within the polymer ma-
trix. The scanning electron microscopy (SEM) image in Fig. 1(c) reveals
a particulate morphology composed of interconnected, irregularly sha-
ped nanoscale spheres, forming a rough but continuous network that
may enhance the interfacial interactions in composite formulations.
Further, the energy-dispersive X-ray spectroscopy (EDS) elemental
mappings in Fig. 1(d)—(f) confirm the homogeneous spatial distributions
of carbon (C; white), nitrogen (N; red), and oxygen (O; blue) atoms
throughout the Por-Py POP polymeric framework, which is consistent
with the proposed chemical structure and successful incorporation of the
porphyrin and pyrene units. Moreover, the XPS analysis yields elemental
concentrations of C (95.11%), N (1.40%), and O (3.49%) in Fig. S4 and
Table S1. The alignment between XPS and EDS results validates the
elemental distribution and compensates for the technical constraints of
SEM-EDS mapping.

3.2. Synthesis and characterization of metalated porous organic polymers

As illustrated in Scheme 1(b), the metalation of the porphyrin core is
achieved via coordination of Fe?*, Cu?*, or Zn®>" ions with the electron-
donating nitrogen atoms, where FeCly, Cu(OAc),, or Zn(OAc), respec-
tively react with Por-Py POP in the presence of ethanol (EtOH) to form
stable metalloporphyrin units, in accordance with previous reports [51-
54]. The successful metalation of the Por-Py POP is confirmed by the
Fourier-transform infrared (FTIR) spectroscopy, thermogravimetric
analysis (TGA), ultraviolet-visible-near-infrared (UV-vis-NIR) spectros-
copy, inductively coupled plasma-mass spectrometry (ICP-MS), and X-
ray photoelectron spectroscopy (XPS) results in Fig. 2. Thus, in Fig. 2(a),
the FTIR spectrum of the non-metalated Por-Py POP exhibits prominent
vibrational features at 3300 cm ! and 1465-1513 cm™?, corresponding
to the N—H stretching and pyrrole ring vibrations of the porphyrin
moiety [35]. In addition, a distinct C=C band at 2194 cm " is attributed
to the pyrene unit, while the presence of a sharp C=N stretching band at
1619 cm™! confirms successful imino group formation via Schiff base
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Fig. 1. (a) N, adsorption/desorption isotherm, (b) pore size distribution, and (c¢) SEM image of Por-Py POP. SEM-EDS elemental mapping images of Por-Py POP
showing the distribution of: (d) C, (e) N, and (f) O. All scale bars correspond to 1 pm.

condensation. Further, the intense peak at 1600 cm ™! corresponds to the
aromatic C—=C stretching vibration, indicating the extended n-conju-
gated framework. Upon metalation, these characteristic peaks remain
unchanged, indicating that the POP backbone is well preserved.
Notably, the N—H vibration of the inner pyrrole ring disappears, while a
pronounced metal-nitrogen (M-N) vibrational feature appears near
1000 cm™! (highlighted in Fig. S5), thereby confirming the coordination
of metal ions with the porphyrin core [55,56]. The excellent thermal
stability of the Por-Py POP is demonstrated by the TGA results in Fig. 2
(b), where the 5% and 10% weight loss temperatures (T45 and Tyq10) are
433 and 508 °C, respectively, and the char yield reaches 58.9 wt% at
700 °C. Following metalation, the residual mass increases to 72.6, 69.6,
and 62.1 wt% for the FePor-Py POP, CuPor-Py POP, and ZnPor-Py POP,
indicating enhanced thermal robustness due to metal incorporation into
the porphyrin framework [53,54]. A similar trend is also observed in
TGA measurements conducted under air, as shown in Fig. S6. The degree
of metalation was quantified by ICP-MS analysis (Tables S2-S4). Among
the three metal ions, Fe>" displays the highest coordination efficiency,
with 77.2% metalation of the porphyrin units, followed by Cu®* (52.3%)

and Zn?* (29.9%). This trend is visually corroborated by the degree of
fluorescence quenching observed under 365 nm UV irradiation in
Fig. S7, where the FePor-Py POP exhibits the most pronounced
quenching behavior, attributed to efficient photoinduced electron or
energy transfer between the Fe ions and porphyrin n-system. All meta-
lated variants display varying degrees of fluorescence quenching
(Fig. S8), reflecting differences in coordination strength and charge
redistribution, which are expected to influence thermoelectric perfor-
mance upon CNT hybridization, as discussed in Section 3.4. The UV-vis
absorption spectra of the POPs are presented in Fig. 2(c). All samples
exhibit the characteristic porphyrin features, including a distinctive B
(Soret) band at around 425 nm and four weak Q bands at 509, 555, 598,
and 655 nm associated with n-n* transitions of the electrons in the
porphyrin structure from the ground state to the second excited state (Sp
— Sp) and from the ground state to the first excited state (So — S;)
[57,58]. Additionally, absorption peaks are observed at 378 and 358 nm
due to the pyrene moiety, which contributes to the extended n-conju-
gation within the framework [59]. Upon metalation, however, the four
Q bands decrease in intensity relative to the non-metalated Por-Py POP,
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consistent with successful incorporation of metal ions into the porphyrin
structure [60]. Notably, the ZnPor-Py POP exhibits a more pronounced
red shift of the B band, indicative of enhanced n-delocalization and
electron density redistribution induced by Zn?* coordination within the
porphyrin ring [60,61]. These spectral changes are not only consistent
with successful metalation but also have significant implications for TE
applications. The enhanced n-delocalization and modified electronic
structures can facilitate more efficient charge transfer by improving both
the charge carrier mobility and density. In particular, the observed red
shift and band broadening in the ZnPor-Py POP indicate enhanced
n-conjugation within the porphyrin ring, which facilitates more efficient
charge transport upon hybridization with CNTs, as discussed in Section
3.4 below.

XPS analysis further confirms metal incorporation and coordination
displays in Figs. 2(d), S9, and Table S1. Thus, the full survey spectra of
the various MPor-Py POPs exhibit peaks due to C 1s, N 1s, and O 1s,
along with the selected metal species (Fe 2p, Cu 2p, and Zn 2p)
(Table S1). Further, the high-resolution C 1s spectra in Fig. 2(d) display
five deconvoluted peaks at 284.8, 285.4, 286.5, 288.3, and 292.9 eV,
corresponding to C-C/C=C, C=C, C—N, C=N, and the n-t* shake-up
satellite, respectively, which are characteristic of aromatic and conju-
gated systems [62,63]. Meanwhile, the N1s spectra in Fig. S9(a) reveal

two main peaks at 398.7 and 400.4 eV, which are attributed to the
respective -NH- and = N- groups [60]. Notably, upon metalation, the
intensity of the -NH- peak decreases, particularly for the FePor-Py POP,
confirming metal coordination. Further validation of metal oxidation
states is provided by the high-resolution Fe 2p, Cu 2p, and Zn 2p spectra
in Fig. S9(b)-(d) [64,65]. Importantly, the absence of satellite features
in the Zn 2p spectrum is consistent with the closed-shell d'° configura-
tion of Zn** [65]. The SEM images of the MPor-Py POPs in Fig. S10
reveal the presence of spherical clusters, which likely result from self-
assembly driven by strong z-n interactions and the inherent porosity
of these samples. Importantly, no significant morphological degradation
is observed after metalation, thereby indicating that the overall frame-
work remains intact. Furthermore, the TEM images in Fig. S11 confirm
the amorphous nature of the MPor-Py POPs, as evidenced by PXRD
shown in Fig. S12 displayed the absence of any long-range order or
crystalline lattice fringes.

3.3. Theoretical calculation of non-metalated and metalated porous
organic polymers

Critical insights into the reactive sites, charge distribution, and
electronic behavior of the investigated system are provided by the
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molecular electrostatic potential (MESP) maps in Fig. 3. As detailed in
the Supporting Information, the polymeric structure was simplified to a
representative monomeric repeating unit consisting of one porphyrin
moiety and one pyrene moiety for computational efficiency. Thus, while
the non-metalated Por-Py POP exhibits distinct, well-defined charge
distributions across its conjugated framework, the metal incorporation
redistributes the electron density to result in a more balanced and
delocalized charge distribution (Fig. 3), which is expected to facilitate
efficient charge transport and, hence, an enhanced electrical conduc-
tivity. Among the various MPor-Py POPs, the ZnPor-Py POP, featuring a
redox-inactive Zn center, shows a more uniform and less strongly bound
electrostatic potential within the porphyrin ring. The calculated binding
energies of the investigated MPor-Py POPs at the B3LYP/6-31g (d, p)
level follow the order: ZnPor-Py POP (—34.16 eV) < CuPor-Py POP
(—35.73 eV) < FePor-Py POP (—36.59 eV). This trend is consistent with
the experimentally determined metalation efficiencies obtained from
ICP-MS analysis, where stronger binding energies correspond to higher
degrees of metal incorporation (Tables S2-S4). The relatively weaker
Zn-porphyrin coordination arises from the closed-shell configuration of
Zn?" ions. Due to the low energy of the Zn d, orbitals, zinc exerts only a
subtle effect on the porphyrin n-n* energy gap. Nevertheless, these low-
energy d, orbitals can effectively interact with the © orbitals of CNTs,
thereby enhancing both the d,-n and n-n interactions between the Zn-
porphyrin moieties and the CNTs. Such strengthened interfacial in-
teractions are expected to influence the charge transport and thereby
impact the overall TE behavior [43].

To provide insight into the electronic restructuring induced by metal
incorporation, the HOMO-LUMO orbitals of non-metalated Por-Py POP
and its metalated derivatives (MPor-Py POP, M = Fe2+, Cu2+, and Zn")
are illustrated in Fig. S13. Thus, in the pristine Por-Py POP, the frontier
orbitals are primarily localized on the conjugated aromatic backbone
and porphyrin peripheral arms. The LUMO is extensively delocalized,
spanning both the porphyrin periphery and adjacent aromatic rings,
whereas the HOMO orbitals are primarily localized on the pyrene
branches. Upon metalation, the electron-deficient metal centers perturb
the electronic distribution, thereby generating more pronounced LUMO
features in the CuPor-Py POP and ZnPor-Py POP. Notably, in the FePor-
Py POP complex, the Fe-centered orbital interacts strongly with the
porphyrin core, which results in LUMO localization predominantly at
the metal center and along the porphyrin peripheral arms, with no
localization in the adjacent aromatic rings. This LUMO localization is
unique to the FePor-Py POP and aligns well with its highest binding
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energy, thereby indicating the strongest metal-porphyrin coordination
among the various complexes. Furthermore, the bandgap evolution
among the metalated derivatives follows the order: FePor-Py POP <
ZnPor-Py POP < CuPor-Py POP, which can be attributed to variations in
the LUMO energy levels and metal-ligand interactions within the
complexes.

3.4. Thermoelectric performance of composite films

The above comprehensive structural and morphological character-
izations confirmed that the MPor-Py POPs possess amorphous, 7-con-
jugated porous frameworks, which are advantageous for TE applications
due to their ability to enhance phonon scattering while offering tunable
electronic properties. Moreover, the roles of the metal-ligand binding
energies were further elucidated through DFT simulations, which
revealed their influence on the interfacial interactions between MPor-Py
POPs and CNTs. Based on those structural and theoretical insights,
composite thin films containing CNTs in combination with either the
pristine Por-Py POP or the various MPor-Py POPs were fabricated to
enable a systematic investigation of how the molecular-level in-
teractions translate into macroscopic TE performance. As shown in
Fig. S14, solvent selection plays a decisive role in regulating the
morphology of the non-metalated Por-Py POP, which in turn governs the
quality of the resulting POP-CNT interface. Thus, the dispersion of Por-
Py POP in 1,2-dichlorobenzene (DCB) exhibits a uniform spherical
morphology, while that in ethanol (EtOH) and N-methyl-2-pyrrolidone
(NMP) exhibits flake-like aggregation due to stronger self-assembly in-
teractions. Based on these observations, DCB was selected as the pro-
cessing solvent to ensure a favorable morphology and interfacial
compatibility in the resulting MPor-Py POP/CNT composite thin films.
The composite thin film fabrication process is detailed in the Experi-
mental section and illustrated in Scheme S1. The influence of compo-
sition on the TE performance is elucidated by the electrochemical
measurements for the composite films with POP/CNT weight ratios of 1/
2,1/1, and 2/1 in Fig. 4 and Table S5. Thus, all samples display positive
Seebeck coefficients [Fig. 4(a)], which are consistent with the p-type
doping behavior typically induced by DCB in CNT-based systems [66].
Notably, the Seebeck coefficient increases with the increase in POP
content, rising from 34.8 + 5.2 pV K~! at a 1/1 POP/CNT ratio to 44.4
+ 4.9 pv K! at 2/1 POP/CNT. This is likely due to enhanced hole
transport enabled by the extended n-conjugated backbone of the
porphyrin and pyrene units. Importantly, differently metalated samples
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with the same weight ratios display comparable Seebeck coefficients.
For example, at a 1/1 weight ratio, the Seebeck coefficient is 34.8 + 5.2,
28.9 + 4.0, 33.0 + 4.1, and 36.2 & 0.7 pV K for the pristine Por-Py
POP/CNT, FePor-Py POP/CNT, CuPor-Py POP/CNT, and ZnPor-Py
POP/CNT, respectively. This suggests that metal coordination has a
limited direct influence on the Seebeck coefficient at a given composi-
tion. Meanwhile, at the same weight ratio of 1/1, electrical conductivity
values of 322.6 + 26.4, 354.7 + 71.3, 307.6 + 26.5, and 425.0 + 47.0 S
cm ™! are measured for the pristine Por-Py POP/CNT, the FePor-Py POP/
CNT, the CuPor-Py POP/CNT, and the ZnPor-Py POP/CNT, respectively
[Fig. 4(b)]. Here, the higher electrical conductivity values for the Fe-
and Zn-containing samples may be attributed to the improved d,-n
orbital interactions between the metal ions and CNTs, which lead to
facilitated charge transfer. Furthermore, the Hall effect measurements in
Table S6 reveal that the inferior electrical conductivity of the Fe- and Cu-
based composites mainly arises from reduced carrier concentration
rather than severely suppressed mobility. In contrast, the ZnPor-Py
POP/CNT composite exhibits a substantially higher carrier concentra-
tion, leading to the highest electrical conductivity despite its slightly
lower mobility. All composites retain p-type behavior, consistent with
the positive Seebeck coefficients and the observed electrical conduc-
tivity trends. Additionally, the PF of the ZnPor-Py POP/CNT composite
is measured as 55.8 + 6.3 pW m K2 [Fig. 4(c)], which represents an
~40% improvement compared to that of its non-metalated Por-Py POP/

CNT counterpart (40.7 + 11.9 pW m ! K~2). This is primarily due to the
significantly enhanced electrical conductivity of the metalated form.
The electronic configuration of zinc likely plays a key role here: as a
closed-shell (dlo) metal with low-energy d orbitals, Zn?t does not
strongly perturb the porphyrin n-system, thereby preserving its elec-
tronic integrity while promoting effective orbital overlap with the =
orbitals of the CNTs. By contrast, Fe?" and Cu?t possess partially filled
and higher-energy d; orbitals that can introduce stronger orbital mixing
and interact with the porphyrin backbone, which potentially disrupts
charge delocalization and limits the charge carrier concentration. To
further elucidate the structure-activity—performance relationship, we
quantitatively correlate metal coordination strength with charge trans-
port parameters obtained from Hall measurements and thermoelectric
properties. The results indicate that power factor enhancement arises
from coordination-induced interfacial electronic modulation that opti-
mizes the balance between carrier concentration and mobility, rather
than from a monotonic increase in metalation degree. To further assess
TE performance, the thermal diffusivity () of each composite thin film
with a 1/1 weight ratio was measured by using a thermal wave analyzer,
and the corresponding specific heat capacity (Cp) was measured via
differential scanning calorimetry (DSC). These measurements were then
used to calculate the thermal conductivity (x) from Eq. (2):

k=apCp (2)
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where p is the density of the thin film. The results are summarized in
Fig. S15 and Table S7.

Thus, the non-metalated Por-Py POP/CNT composite exhibits the
lowest thermal conductivity of 5.1 & 0.3 W m™! K™}, which is attributed
to the inherently porous framework of the POP matrix, which effectively
enhances phonon scattering and suppresses the thermal conductivity.
This thermal suppression contributes to a 34% improvement in 2T (2.41
x 1073 £ 0.72 x 10~3 at 300 K) compared to the pristine CNTs (1.74 x
1073 £ 0.52 x 1073). By contrast, while the ZnPor-Py POP/CNT com-
posite achieves the highest PF, it exhibits a slightly higher thermal
conductivity of 8.8 & 0.2 W m™! K™, primarily due to increased elec-
tronic thermal conductivity (xe) arising from enhanced electrical con-
ductivity, as described by the Wiedemann-Franz law (ke = LoT) [2].
Consequently, the overall TE performance shows a more modest 9.8%
increase in 2T to 1.89 x 10> + 0.22 x 1073, as shown in Fig. 4(d) and
Table S8. When benchmarked against previously reported framework-
based thermoelectric materials (Fig. S16 and Table S9), the MPor-Py
POP/CNT composites developed in this work exhibit only moderate 2T
values. This limitation primarily originates from the intrinsically
coupled increase in electronic thermal conductivity governed by the
Wiedemann-Franz law, as well as differences in thermal conductivity
measurement protocols across studies. Nevertheless, the present system

o ™ -

(c) FePor-Py POP/CNT
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demonstrates a clear synergistic regulation of charge transfer and ther-
mal management through a rational framework and interfacial design.
These results highlight the effectiveness of integrating n-conjugated
networks and metalloporphyrin units into porous organic frameworks to
enhance electrical conductivity while suppressing lattice thermal
transport, offering a viable strategy for fine-tuning thermoelectric
performance.

3.5. Morphologies, microstructures, and spectral properties of composite
films

The surface morphologies of the optimal TE composite thin films
with a mass ratio of 1/1 are characterized by the SEM and AFM images
in Figs. 5 and S17-S19. As revealed in Fig. S17, the MPor-Py POPs are
uniformly entangled with the CNTs, thereby indicating intimate inter-
facial contact. Further, the effects of metal-CNT orbital interactions on
the dispersion behavior are elucidated by the average CNT bundle sizes
for each composite system in Fig. 5. Here, except for pristine CNTs, the
ZnPor-Py POP/CNT composite (Fig. 5(e) and (f)) exhibits the smallest
bundle size, thereby indicating more effective CNT dispersion. This is
attributed to favorable d,-n orbital interactions between the Zn?** cen-
ters (with closed-shell d'° configurations and lower energy d, orbitals)
and the n-electron system of the CNTs. By contrast, Fe2t (Fig. 5(c) and
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Fig. 5. SEM images of (a) CNTs, (b) Por-Py POP/CNT, (c) FePor-Py POP/CNT, (d) CuPor-Py POP/CNT, (e) ZnPor-Py POP/CNT. All SEM images share the same scale
bar (200 nm). (f) Statistical analysis of CNT bundle diameters (100 counts) for each sample.
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() and Cu?* (Fig. 5(d) and (f)), which have partially filled, higher-
energy d, orbitals, tend to preferentially coordinate with the
porphyrin backbone. This interaction may reduce direct interactions
with the CNTs, thus resulting in broader bundle sizes, weaker interfacial
contact, and ultimately reduced electrical conductivity. A similar trend
is observed in the AFM images (Figs. S18 and S19), where hybridization
has resulted in more defined fiber-like morphologies with reduced sur-
face roughness compared to the pristine CNT film, thereby indicating
improved CNT dispersion and less aggregation. Notably, the ZnPor-Py
POP/CNT composite exhibits the smoothest surface and most uniform
topography, with a root-mean-square roughness (R;s) of 9.92 nm
(Fig. S18). This is consistent with the SEM observations in Fig. 5(e). This
morphological uniformity contributes to more efficient charge transport
pathways and explains the superior PF of the ZnPor-Py POP/CNT com-
posite. The microstructures of the various thin films are further revealed
by the grazing incidence X-ray diffraction (GIXRD) results in Figs. S20
and S21. Here, the MPor-Py samples exhibit broad diffraction halos,
which are characteristic of a predominantly amorphous network. Upon
incorporation of CNTs, however, the diffraction halos become broader,
thereby suggesting that the hybridization disrupts the self-aggregated
domains of the polymer while maintaining the disordered microstruc-
ture. The absence of sharp diffraction peaks confirms the lack of long-
range crystallinity, which is consistent with the amorphous nature of
both the MPor-Py POPs and the composite films.

The Raman spectra of the pristine CNTs and various MPor-Py POP/
CNT composites are shown in Fig. 6(a), featuring the characteristic
radial breathing mode (RBM) at 80-240 cm’l), along with the D, G, and
G’ bands at ~1340, 1580, and 2660 cm’l, respectively. The D band
originates from disorder-induced vibrations associated with structural
defects [67], while the G band corresponds to the intrinsic graphite-
related vibrational mode of sp?-hybridized carbon. The intensity ratio
of these two bands (Ip/Is) provides a qualitative measure of structural
defects. Notably, across all composites, the Ip/I; remains comparable to
that of pristine CNTs, thereby indicating that the hybridization process
does not introduce significant additional defects or disrupt the graphitic
structure of the CNTs. In addition, the interfacial electronic interactions
can be probed by examining the spectral shifts in the G band. As shown
in Fig. 6(b), the G band of the ZnPor-Py POP/CNT composite undergoes
a noticeable blue shift, which is indicative of enhanced p-type doping.
This shift implies electron withdrawal from the CNT zn-system by the
ZnPor-Py POP matrix and correlates well with the elevated electrical
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conductivity observed for this composite [68]. Such spectral evidence
reinforces the notion that Zn?* coordination promotes favorable charge
transfer and modulates the electronic structure of the CNTs. Moreover, a
closer analysis of the RBM region at 150-240 cm ! (Fig. S22) reveals a
marked decrease in RBM intensity for all of the MPor-Py POP/CNT
composites compared to the pristine CNTs. This indicates the wrapping
of CNTs by the polymer matrix, which suppresses the RBM signal and
signifies close interfacial contact [69]. Among the samples, the ZnPor-Py
POP/CNT composite exhibits the most pronounced RBM reduction,
which further confirms the enhanced interaction between the POP and
CNT interface. Furthermore, the work function (Wy) of each composite
film, as determined by ultraviolet photoelectron spectroscopy (UPS) and
summarized in Fig. S23 and Table S10, is slightly higher than that of the
pristine CNTs, thereby confirming the p-type doping effect. In particular,
the ZnPor-Py POP/CNT thin film exhibits the highest Wy, in agreement
with its strongest doping effect and effective modulation of the CNT
electronic properties via Zn?* coordination.

The solid-state UV-vis absorption spectra of the Por-Py POPs, MPor-
Py POPs, and their composites are shown in Fig. S24. Here, each
metalated sample exhibits a notable decrease in absorption intensity,
particularly for the characteristic porphyrin-associated bands, upon the
incorporation of CNTs, thereby indicating effective adsorption of the
POP framework onto the CNT surfaces. Additionally, the Q bands of the
various composites display redshifted and broadened features, which
are typically attributed to strong n-n interactions between the porphyrin
macrocycles and CNTs [70]. These broadened and shifted absorption
features reflect increased electronic delocalization and enhanced orbital
overlap, thereby supporting the formation of electronically coupled
nanocomposites with intimate interfacial contact. The electronic in-
teractions between MPor-Py POPs and CNTs are further elucidated by
the solution-state photoluminescence (PL) spectra in Fig. S25. Here, the
pristine MPor-Py POPs each display a primary fluorescence emission
centered at ~524 nm, arising from the pyrene units [41], accompanied
by two longer-wavelength emissions at 658 and 723 nm, corresponding
to the porphyrin moieties [57]. Notably, the ZnPor-Py POP exhibits an
extra emission peak at 602 nm, which can be attributed to the formation
of a Zn-porphyrin coordination complex [71]. Upon hybridization with
CNTs, the PL spectra of the various MPor-Py POP/CNT composites each
reveal complete quenching of the pyrene emission, thereby suggesting
that the pyrene segments preferentially interact with the CNT surfaces,
most likely via n-n stacking. This interaction facilitates non-radiative

(b)

Intensity (a.u.)

1585 1590 1595
Raman shift (cm™)

1600

Fig. 6. (a) Full-range Raman spectra and (b) enlarged view of the G-band region of pristine CNTs and POP/CNT composite thin films.

10



T.-L. Ma et al.

energy or charge transfer from the photoexcited POP backbone to the
CNTs, thereby suppressing fluorescence emission. The degree of this
interfacial interaction is quantitatively assessed by calculating the
photoluminescence quenching efficiency (PLQE), as per Eq. (3): [28]

PLQE(%) = IOI I 100

3

0

where Iy corresponds to the strongest fluorescence peak of the pristine
MPor-Py POP, and I is that of the corresponding composite. As sum-
marized in Table S11, the ZnPor-Py POP/CNT composite exhibits the
highest PLQE value of all, at 73.73%, thereby suggesting the strongest
interaction and most effective wrapping of POP molecules around the
CNTs. These observations are consistent with the above Raman and
morphological analyses, thereby reinforcing the critical role of Zn* in
promoting favorable orbital overlap and intimate interfacial contact
within the composite architecture.

3.6. Demonstration of wearable thermoelectric generator

To demonstrate the practical viability of the ZnPor-Py POP/CNT
composite (which exhibited the highest PF among the composites
studied), an 8-leg thermoelectric generator (TEG) was fabricated. As
shown in Fig. 7(a), the legs were connected in series using copper wires
and silver paste. The resulting device was evaluated under various
temperature gradients (AT), and the measured output voltages (Vp,) are
summarized in Fig. 7(b). Thus, at AT values of 13.2, 17.5, 22.5, 27.6,
and 32.5 K, the device generates output voltages of 3.65, 5.04, 6.50,
7.98, and 15.6 mV, respectively. These experimental voltages closely
match the theoretical voltages (Vi) calculated using Eq. (4):

Vi = SNAT (©)]

where S is the Seebeck coefficient of the ZnPor-Py POP/CNT composite
(36.2 pv K_l), and N is the number of thermoelectric legs (N = 8). For
instance, at AT = 13.2 K, the theoretical voltage is calculated as Vi =
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3.81 mV (Fig. S26), which aligns well with the measured V;, of 3.65 mV.
This linear relationship between V;, and AT indicates efficient thermal-
to-electrical energy conversion, as supported by the intrinsically low
thermal conductivity of the composite material. In addition, the
maximum output power (P,q,) and short-circuit current (I;;) are seen to
increase with the increase in AT [Fig. 7(b)], reaching 65.8 nW and 27.5
A, respectively, at a AT of ~32.5 K. These values indicate the potential
of this composite system for low-power energy harvesting applications.
As key requirements for wearable electronics, the mechanical flexibility
and durability of the system are evaluated by examining the internal
resistance under mechanical deformation. As shown in Fig. 7(c), the TEG
maintains a stable internal resistance when subjected to bending ratios
ranging from 0% (unbent, 10 cm length) to 90% (1 cm radius of cur-
vature). Moreover, even after 1000 bending cycles at a 70% bending
ratio (3 cm), no significant degradation in output voltage or internal
resistance is observed [Fig. 7(d)], thus highlighting the excellent me-
chanical robustness of the composite TEG. Finally, a simulated body-
heat test was conducted to demonstrate real-world applicability. As
shown in Fig. S27, when the TEG is placed on the human forearm with
half of the device being insulated by thermal tape to create a tempera-
ture gradient, a Vp,, of 0.4 mV is generated at a AT of ~2.4 K. This result
confirms the device's practical feasibility for harvesting body heat,
thereby suggesting its potential for integration into self-powered wear-
able systems.

4. Conclusions

Herein, the fabrication and use of metalated porphyrin-pyrene-based
porous organic polymers (MPor-Py POPs) for TE energy harvesting were
demonstrated for the first time. When combined with carbon nanotubes
(CNTs), the ZnPor-Py POP/CNT composite exhibited the most balanced
thermoelectric performance, delivering a power factor (PF) of 55.8 +
6.3 pW m ! K2, which represented a 40% enhancement compared to its
non-metalated counterpart (PF = 40.7 + 11.9 pW m~! K~2). Although
the enhanced electrical conductivity of ZnPor-Py POP/CNT composite
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Fig. 7. Demonstration of TEG based on wearable ZnPor-Py POP/CNT composite: (a) schematic illustration of the 8-leg TEG device architecture fabricated from
ZnPor-Py POP/CNT composite films. (b) Output characteristics of the TEG under various temperature differences. (c) Internal resistance measurements under
different bending ratios, with corresponding photographic images of the TEG in its flat (unbent) state. (d) Internal resistance retention after 1000 mechanical bending
cycles at a 70% bending ratio, accompanied by images of the TEG under 70% bending.
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inevitably increases the electronic contribution to thermal conductivity
(xe), the incorporation of a porous and amorphous POP framework is
expected to promote phonon scattering and moderate lattice heat
transport. As a result, the ZnPor-Py POP/CNT composite exhibits a
thermal conductivity (x) of 8.84 + 0.2 W m ! K ! and an improved
figure of merit (zT) of 1.89 x 1073 4+ 0.22 x 1072 at 300 K, corre-
sponding to a 8.6% enhancement over the pristine CNTs (x = 19.7 + 5.4
and 2T = 1.74 x 1072 + 0.52 x 107>). Importantly, the optimized
ZnPor-Py POP/CNT composite enabled the fabrication of a flexible 8-leg
TEG that maintained a stable electrical output under repeated bending
cycles, and demonstrated a robust performance under simulated body-
heat conditions, thereby highlighting its potential for wearable appli-
cations. These findings not only establish metalated POP/CNT com-
posites as lightweight, flexible, and durable TE materials but also point
to future opportunities in molecular design and nanocomposite engi-
neering for further optimization of the zT and integration into next-
generation self-powered electronic platforms.
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