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Organic redox-active polymers offer a potentially sustainable and cost-effective alternative to conven-
tional inorganic electrode materials in rechargeable batteries, yet they struggle with low conductivity and
stability. Here, we present a novel porous polymer with dual functionality to overcome these challenges.
This polymer incorporates carbonyl (C=O) groups as redox-active units and azo (N=N) groups as linkers,
enhancing ion/electron transport and electrode stability by extending conjugation and reducing unused
mass. Additionally, carbon nanotubes (CNTs) are integrated into these composites to further increase
conductivity, leveraging their exceptional electrical properties. We synthesized azo-linked pyrene-tetra-
one porous polymers with varying CNT loadings (0%, 30%, and 50%), termed Azo-PTP, Azo-PTP30, and

Received 22nd October 2024, Azo-PTP50, respectively, as cathode materials for organic lithium-ion batteries. Our study demonstrates

Accepted 20th December 2024
DOI: 10.1039/d4lp00320a

that Azo-PTP50, with 50% CNTs, achieves a two-fold increase in specific capacity compared to its CNT-
free counterpart and maintains superior capacity retention over 200 cycles and 93% retention over 1000
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1. Introduction

The adoption of lithium-ion batteries for energy storage has
attracted attention around the globe." However, commercially
available lithium-ion batteries rely on transition metal cath-
odes, which contain elements such as nickel, cobalt, and
manganese. This raises environmental concerns due to the
generation of CO, during the extraction processes of these
elements as well as complex and costly post-treatment pro-
cesses for its disposal and recycling.>* Additionally, these tran-
sition metal electrodes are prone to exothermic reactions when
overcharged, posing a potential safety risk.” In pursuit of sus-
tainable development goals, there is a pressing need for
cathode materials that are both performant and environmen-
tally benign. Organic cathode materials offer a promising
alternative to transition metal cathodes due to their molecular
and structural tunability, low cost, and environmental
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cycles, displaying its enhanced performance and stability.

sustainability.* ® Despite promising advancements in organic
electrode materials,'®"'" significant challenges remain. These
include the dissolution of redox-active species into electrolytes,
resulting in reduced stability and efficiency.'®> Furthermore,
poor ionic and electronic conductivity limited their overall per-
formance and rate capabilities.”*™*

One prevalent approach for addressing the solubility chal-
lenge of small-molecular organic electrode materials involves
utilizing polymeric materials."®™® Porous organic polymers
(POPs) represent a distinctive category of polymers character-
ized by the fusion of n-conjugated structures with permanent
porosity.’® POPs have emerged as a robust platform for fabricat-
ing functional polymers that demonstrate exceptional perform-
ance in various applications, including catalysis,”® sensors,>"
and CO, capture.”” Due to their unique properties, POPs with
designable = frameworks and porous structures are fascinating
for developing energy-storage devices.”>>> However, in the
context of battery applications, the inactive and high molecular
weight linkers introduced during polymerization decrease the
weight ratio of active units in polymer electrode materials, con-
sequently reducing their theoretical capacity. Certain redox-
active linkages have been incorporated into the polymer chain
to enhance the specific capacity of polymer electrodes.>®®

Among these, azo groups (N=N) have emerged as ideal
redox-active linkages for porous organic polymers (POPs),
offering a combination of structural and electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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advantages. Their incorporation into the polymer framework
enhances the specific capacity of electrodes by serving as
active sites that facilitate rapid Li-ion diffusion. Azo linkers
also enable structural diversity, allowing for the tailored
design of molecular architectures to optimize battery perform-
ance. The incorporation of azo groups into molecular struc-
tures significantly reduces the HOMO-LUMO gap, thereby
enhancing charge transfer properties. When integrated into
POPs, azo groups contribute to excellent cycling stability, a
rich network of redox-active sites, and tunable pore structures,
which  enhance lithium-ion storage and transport.
Furthermore, the robust framework of azo-linked POPs
ensures structural stability, minimizing volume expansion
during cycling and supporting long-term durability.>** In
2015, Arab et al. synthesized four new porous azo-linked poly-
mers via copper(1)-catalyzed oxidative homocoupling of 2D and
3D aniline-like monomers and evaluated their performance for
selective CO, capture.*® Building on this, a study was con-
ducted on TPA-based azo-porous organic polymers (Azo-POPs)
as cathodes for lithium-ion batteries, demonstrating more
than 30% retention of their initial capacity even at a high
current density of 20000 mA g~'.** In 2022, Yang and co-
workers employed a heterocoupling condensation reaction of
tris(4-aminophenyl)amine and p-phenylenediamine in the
presence of CNTs to prepare NHP@CNT polymers. The
NHP@CNTSs exhibited a reversible capacity of 145 mA h g™ at
0.05 A g, improved rate capability (68.1 mA h g”* at 1.0 A
g™"), and enhanced cycling stability, retaining 85 mA h g
over 160 cycles, outperforming pure NHP cathodes.*®

Inspired by this previous work, we present the synthesis of
novel porous organic polymers featuring an azo group as a
linkage and pyrenetetraone (PTO) as a redox-active building
block. A key factor in developing high-performance organic
cathode materials is the selection of suitable redox-active
units. PTO has gained significant attention in electrochemical
applications, including lithium-ion batteries (LIBs), due to its
four carbonyl groups, which serve as effective redox-active sites
capable of multiple reversible reactions.’’*® These carbonyl
groups enable PTO to achieve a high theoretical capacity of
409 mA h g~* for lithium storage,’® making it a promising can-
didate for energy storage devices. PTO-based materials have
shown potential as cathode materials in LIBs, with PTO-based
covalent organic frameworks (COFs) demonstrating high
capacities and excellent rate performance.®?”3%°

In this work, we synthesized an azo-linked pyrenetetraone
polymer (Azo-PTP) via in situ copper(i)-catalyzed oxidative
coupling condensation of 2,7-diaminopyrene-4,5,9,10-tetraone
(DAPTO) and tris(4-aminophenyl)amine (TAPA). Azo-PTP was
tested as a cathode material for lithium-ion batteries (LIBs).
Given the inherently poor conductivity of porous organic poly-
mers (POPs), prior studies often integrated POPs with conduc-
tive additives such as carbon nanotubes (CNTs).*"** To
improve the conductivity of the polymer and examine its
impact on LIB performance, we varied the carbon nanotube
(CNT) content, synthesizing Azo-PTP, Azo-PTP30, and Azo-
PTP50 with 0%, 30%, and 50% CNTs by weight, respectively.
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The Azo-PTP50 composite, containing 50% CNTs, demon-
strated the best performance, delivering a capacity of 174 mA h
¢! at 50 mA ¢~" and retaining 98% of its initial capacity after
200 cycles and 93% after 1000 cycles.

2. Experimental section

2.1. Materials

All chemicals were procured from Sigma-Aldrich and Fisher
Scientific (TCI America) and utilized without further purifi-
cation. Multi-walled carbon nanotubes (>95%) with 30-50 nm
outer diameter and 10-20 pm length were purchased from
Cheap Tubes Inc.

2.2. Material synthesis

The synthesis of azo-linked pyrenetetraone porous polymers,
both with and without CNTs, was conducted via a metal-cata-
lyzed oxidative coupling condensation reaction, as outlined in
detail in the ESL.}

2.3. Electrode preparation and coin cell assembly

The cathode electrodes were prepared according to the follow-
ing procedure: PVDF was stirred in N-methyl-2-pyrrolidone
(NMP) in a small vial equipped with a stirrer bar until comple-
tely dissolved. The active material (Azo-PTP, Azo-PTP30, or
Azo-PTP50) was then added and stirred for 15 minutes.
Subsequently, Super P was added and stirred for another
15 minutes to form a slurry with a concentration of 125 mg
mL~". The slurries were stirred overnight and then sonicated
for 6 hours, with stirring every one hour for 5 min to ensure
homogeneity. The mass ratio of active materials, carbon
black, and PVDF was maintained at 60:30:10. The slurries
were cast onto an aluminum foil current collector (15 pm
thickness) using a notch bar with a height of 200 pm. The
cast electrodes were air-dried on a hot plate at 120 °C, fol-
lowed by overnight drying in a vacuum antechamber at 80 °C.
The active mass loadings of the electrodes ranged from 0.2 to
0.25 mg cm >, with detailed values provided in Table S1.}
CR2025-type coin cells (MTI Corporation) were assembled
within an argon-filled glovebox. Electrodes were cut from the
film using a 16 mm electrode punch (DPM Solutions Inc.).
Lithium foil (0.38 mm thickness; 16 mm diameter), copper
foil (25 pm thickness, 16 mm diameter), and a polypropylene
separator (Celgard; 19 mm diameter) were utilized as the
counter electrode, current collector, and separator, respect-
ively. The electrolyte consisted of 80 pL of 1 M lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) in a 1:1 v/v mixture of
1,3-dioxolane (DOL) and dimethoxyethane (DME). A stainless-
steel spacer (0.2 mm thickness) and a spring were included,
and the cell was compressed using a digital pressure-con-
trolled electric crimper (MTI Corporation). Prior to analysis,
cells were allowed to rest for 18 hours at room temperature to
ensure adequate permeation of the electrolyte into the
electrodes.
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3. Results and discussion

3.1. Synthesis and characterization

Porous organic polymers featuring C=0 groups as redox-active
moieties and N=N as linking units were synthesized through
an oxidative coupling condensation reaction involving mono-
mers containing amino groups. This process entails a stepwise
polymerization mechanism, wherein the amino groups
undergo a condensation reaction, forming covalent bonds and
establishing a polymer network. Similar strategies are com-
monly employed in organic polymer synthesis, yielding well-
defined structures with tailored properties.*® Incorporating
C=O0 groups introduces redox activity to the material, while
the N=N linker participates in n-conjugation, facilitating elec-
tron delocalization along the polymer chain and enhancing
charge transport.”’ The azo-linked pyrene-tetraone polymers
(Azo-PTP) were synthesized through an oxidative coupling con-
densation reaction involving 2,7-diaminopyrene-4,5,9,10-tetra-

A

CuBr, Pyridine, Toluene, DMF_
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one (DAPTO) and tris(4-aminophenyl) amine (TAPA), con-
ducted in a mixture of toluene and DMF (1: 1 v/v) with a CuBr/
pyridine catalyst (Fig. 1A). The full synthetic procedures are
described in the ESIL,} including characterization (Fig. S1-S67).
The successful formation of Azo-PTP was confirmed by *C
CP-MAS solid-state NMR spectroscopy (Fig. S7f), which
revealed a characteristic peak at 152.4 ppm corresponding to
carbon attached to the azo group (C-N=N), along with a peak
at 133.0 ppm representing aromatic carbons.**

Next, we examined the possibility of homocoupling
between the two monomers, TAPA and DAPTO, both of which
possess identical amino groups. Such homocoupling could
impact the chemical structure and ultimately influence the
electrochemical performance of the final product. Control
experiments, conducted under the same conditions as the
target polymer synthesis, ruled out significant DAPTO homo-
coupling, as the product was soluble in DMF, and 'H
NMR (Fig. S8t) confirmed the recovery of the starting material.

N
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Fig. 1
Azo-PTP (red).
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(A) Synthetic scheme of the azo-linked pyrenetetraone polymer (Azo-PTP), (B) pXRD pattern, and (C) FTIR spectra of DAPTO (brown) and
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However, in the case of TAPA, homocoupling resulted in an
insoluble solid, and FTIR analysis (Fig. S9t1) showed the
disappearance of NH, peaks at 3300-3400 cm ', suggesting
that TAPA homocoupling may have occurred during Azo-PTP
synthesis, although this remains inconclusive.

Further structural analysis of Azo-PTP and its monomer,
DAPTO, was performed using powder X-ray diffraction (pXRD;
Fig. 1B). The DAPTO monomer exhibits a diffraction pattern
characteristic of a small molecule. However, Azo-PTP shows
strong crystal peaks (d-spacing = 3.4 A), suggesting a n-1 conju-
gate stacking architecture.’® This structural arrangement is
conducive to enhanced ion diffusion within the electrode
material and accelerated reaction kinetics.*’ Additionally,
weaker high-angle diffraction peaks are observed at 42.5° and
44.5°, corresponding to d-spacings of 2.1 A and 2.0 A, respect-
ively. The formation of Azo-PTP was examined through Fourier
transform infrared (FTIR) spectroscopy (Fig. 1C). The success-
ful synthesis of the polymer was corroborated by the dis-
appearance of the N-H vibrational bands, initially present in
the starting material (DAPTO), within the 3140-3050 cm™*
range, and the emergence of new vibrational bands at
1490 cm™ ", corresponding to the azo (N=N) group.*® The FTIR
spectra of DAPTO and the synthesized polymers revealed a car-
bonyl (C=0) band near 1670 cm™".

In addition, high-resolution X-ray photoelectron spec-
troscopy (XPS) was employed to further characterize Azo-PTP,
providing detailed information on its chemical composition.
The survey spectrum of the polymer confirmed the presence of
carbon (C 1s), oxygen (O 1s), and nitrogen (N 1s) components
(Fig. S10AY). Notably, the N 1s region displayed two distinct
peaks at 400.2 eV and 399.5 eV, which correspond to the C-N
and N=N groups within the Azo-PTP chains, respectively
(Fig. S10B7).%° Additionally, the prominent O 1s peak at 531.3
eV primarily indicates the oxygen from the carbonyl group
(Fig. S10CT).*°

To enhance the properties of the synthesized polymer, such
as conductivity, thermal stability, and mechanical strength, a
composite of Azo-PTP and carbon nanotubes (CNTs) was
prepared. Composites with different CNT loading levels were
synthesized to assess how varying amounts of CNTs affect the
polymer properties and performance in battery applications.
Specifically, Azo-PTP30 and Azo-PTP50 composites were
synthesized using the same method but with the addition of
30 wt% and 50 wt% of CNTs, respectively. This
approach enables a systematic study of the impact of CNT
loading on composite characteristics and suitability for
battery applications. The formation of Azo-PTP30 and Azo-
PTP50 was examined using Fourier transform infrared
(FTIR) spectroscopy (Fig. S117). The successful synthesis of the
composites was confirmed by the appearance of new
vibrational bands at 1490 cm™’, corresponding to the azo
(N=N) group, along with a carbonyl (C=O) band near
1670 cm ™.

The Raman spectra of Azo-PTP, Azo-PTP30, and Azo-PTP50
(Fig. 2A) reveal strong peaks corresponding to N=N bonds at
1448 cm™'.*® Additionally, two prominent bands, D

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(1340 em™") and G (1578 cm™"), are observed in both Azo-
PTP30 and Azo-PTP50, as well as in the CNTs. These bands are
indicative of the disordered structure and sp*-hybridized con-
figuration characteristic of carbon-based materials. This obser-
vation further confirms the successful fabrication of the
polymer-CNT composites, highlighting the incorporation of
CNTs into the polymer matrix.

The thermal stability of Azo-PTP, Azo-PTP30, and Azo-
PTP50 was assessed by thermogravimetric analysis (TGA)
(Fig. 2B). The porous polymeric materials exhibit enhanced
thermal stability with increasing levels of carbon nanotube
(CNT) loading.*” Azo-PTP demonstrates gradual decompo-
sition past 200 °C due to polymer chain dissociation and dec-
arbonization and ultimately retains 35% of its weight at
700 °C. In contrast, Azo-PTP30 and Azo-PTP50 maintain 50%
and 61% of their initial weights, respectively, indicating an
enhancement in the thermal stability of the composite with
the increase in the CNT loading amount.

The permanent porous structure and surface area of the
Azo-PTP50 composite were characterized using nitrogen
adsorption-desorption isotherms at 77 K. Analysis of the iso-
therms reveals a type II pattern (Fig. 2C), indicative of meso-
porous material characteristics, with a Brunauer-Emmett-
Teller (BET) surface area of 343 m”> g~'. The pore size distri-
bution of the Azo-PTP50 composite, calculated using density
functional theory (DFT) fitting with a cylindrical pore model
applied to the nitrogen adsorption branch, was approximately
4.0 nm (Fig. 2D). This porous architecture plays a crucial role
in enhancing the accessibility of active sites within the
polymer matrix and promoting effective contact between the
electrolyte and the porous polymer. The uniformly distributed
pore channels serve as pathways for the diffusion of Li ions,
facilitating ion transport within the electrode material.
Additionally, these pores help mitigate large structural
changes in the cathode materials during the discharge-charge
process, contributing to the overall stability and performance
of the battery system.*”

The morphology of the Azo-PTP, Azo-PTP30, and Azo-PTP50
was characterized using scanning electron microscopy (SEM).
The Azo-PTP displays crystalline features, consistent with the
observed crystallinity of the prepared polymer, as evidenced by
pPXRD. In contrast, the Azo-PTP30 and Azo-PTP50 reveal rough
surface textures with CNTs fully encapsulated within the
polymer shell (Fig. S127).

3.2. Lithium-storage performance

Following structural characterization, Azo-PTP, Azo-PTP30, and
Azo-PTP50 were studied in a lithium-ion half-cell to assess
their efficiency as cathode materials. Composite electrodes
were fabricated with the polymer (Azo-PTP, Azo-PTP30, or Azo-
PTP50) serving as the active material, a conductive carbon
additive (Super P), and a PVDF binder in a 60:30:10 weight
ratio using NMP as a solvent. Lithium-ion coin cells (CR2025)
were assembled, incorporating composite films as the
cathode, lithium metal foil as the anode, and a 1 M LiTFSI
solution in a 1:1 (v/v) ratio of 1,3-dioxolane to dimethoxy-
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Fig. 2 (A) Raman spectra of CNTs (black), Azo-PTP (red), Azo-PTP30 (blue), and Azo-PTP50 (purple), (B) thermogravimetric analysis curves (TGA)

for Azo-PTP (red), Azo-PTP30 (blue), and Azo-PTP50 (purple), (C) N, sorption isotherm of Azo-PTP50 (77 K, pink = adsorption; purple = desorption),

and (D) pore size distribution (calculated by DFT).

ethane as the electrolyte. To assess the stability and the solubi-
lity of the prepared electrode film in the electrolyte, the pris-
tine Azo-PTP composite film was submerged in the electrolyte
for over six months. Remarkably, there was no discernible
change in the color of the electrolyte even after this extended
duration, indicating exceptional stability of the composite
material in the selected electrolyte (Fig. S137).

Based on the literature, materials containing azo groups as
redox-active units have been tested as cathodes for lithium-ion
batteries in a potential window of 1.0 to 3.5 V.>*3%36:46.48
Accordingly, the Azo-PTP polymer and its composites were
evaluated as cathodes for lithium-ion batteries within the
same potential range. The theoretical capacity calculations are
provided in Fig. S14 and S15.7 The rate performance of the
prepared polymers at various current densities (Fig. S16Af¥)
was measured, showing that Azo-PTP50 achieved the highest
capacity of 300 mA h g”" at 50 mA g™, which corresponds to
67% of its theoretical capacity (449 mA h g~'). When the rate
was increased to 1000 mA g~', the capacity decreased to
159 mA h g~'. Upon reinstating the rate to 50 mA g™, the
capacity recovered to its initial value. Azo-PTP30 and Azo-PTP
exhibited similar behavior, with initial capacities of 246 and

374 | RSC Appl. Polym., 2025, 3, 370-380

141 mA h ¢”' at 50 mA g™, respectively (Table S27). Cycling
stability was evaluated at a current density of 100 mA g™ over
200 cycles (Fig. S16BY).

The cathodes demonstrated good stability, with a capacity
retention of 86%, 87%, and 89% for Azo-PTP, Azo-PTP30, and
Azo-PTP50, respectively. Galvanostatic charge/discharge curves
were recorded at 50 mA g~' within a potential range of 1.0 to
3.5 V (Fig. S16CTt). Despite the high capacity exhibited by the
electrodes, particularly Azo-PTP50, the extended discharge
plateau raises concerns about the source of this capacity—
whether it originates from the active material or from side
reactions within the battery.

To investigate the contributions of other components, a
control electrode composed of PVDF, CNTs, and SP in a mass
ratio of 10%:60% :30% was tested in the same electrolyte,
yielding a negligible capacity of 23 mA h g™ ' (Fig. S17%).
Despite these investigations, we opted to narrow the potential
window to 1.5-3.5 V to further study the behavior and perform-
ance of the polymers, focusing on the redox events that did
not have a huge hysteresis. By doing so, we exclude the azo
group from contributing to the capacity, focusing solely on the
carbonyl groups as the redox-active units.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cyclic voltammetry (CV) was performed on Azo-PTP and its
composites with CNTs (Azo-PTP30 and Azo-PTP50) at a scan
rate of 0.1 mV s~ ' within a potential window of 1.5-3.5 V
(Fig. 3A). The CV profiles exhibited similar shapes, featuring
two broad reduction peaks at around 2.7 and 2.2 V, corres-
ponding to the redox reactions of the carbonyl groups in the
DAPTO unit.*” Charge-discharge tests were performed on Azo-
PTP, Azo-PTP30, and Azo-PTP50 within a voltage range of 1.5
to 3.5 V (Fig. 3B). The charge-discharge curves show typical be-
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havior, with the extended plateau observed in the broader
potential window (1.0-3.5 V) disappearing. The sloping pla-
teaus in the charge-discharge curves correspond well with the
CV profiles, reflecting the reversible oxidation and reduction
of the carbonyl groups. Notably, two distinct plateaus are
observed in both Azo-PTP and its composites (Azo-PTP30 and
Azo-PTP50) at around 2.8 and 2.3 V. The distinction between
the two electrochemical processes taking place during cycling
in the Azo-PTP, Azo-PTP30, and Azo-PTP50 electrodes becomes
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Fig. 3 (A) Cyclic voltammograms (CVs) at a scan rate of 0.1 mV s, (B) galvanostatic charge/discharge curves at 50 mA g%, (C) rate capability, (D)
cycling stability at 50 mA g~ for 200 cycles, and (E) long-term cycling stability at 100 mA g~* for 1000 cycles of Azo-PTP (red), Azo-PTP30 (blue),

and Azo-PTP50 (purple).
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clearer when analyzed using the differential capacity plotted
against voltage (Fig. S18%). Azo-PTP delivered a specific
capacity of 88 mA h g™ at 50 mA g, while the polymer com-
posites exhibited higher capacities, with Azo-PTP50 reaching
174 mA h g™, corresponding to 78% of its theoretical capacity
(224 mA h g™"). Although Azo-PTP50 achieved approximately
78% of the theoretical capacity, this difference may be attribu-
ted to TAPA homocoupling during polymer synthesis, which
could have altered the DAPTO/TAPA ratio and subsequently
affected the measured capacity, as illustrated in the Synthesis
and characterization section.

The rate performance of both Azo-PTP and Azo-PTP@CNT
composites was evaluated at various current densities ranging
from 50 to 1000 mA g~ (Fig. 3C). Initially, Azo-PTP shows a
specific capacity of 88 mA h g™" at 50 mA g~ ". As the cycling

A
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rate increases to 100 mA g~ ', the capacity slightly drops to
77 mA h g7, Further increases in the rate to 200, 400, 800, and
1000 mA g~ result in capacities of 70, 63, 57, and 56 mA h
g™, respectively. In contrast, the Azo-PTP30 electrode begins
with a higher capacity of 129 mA h g™* at 50 mA g~' and
retains 54% capacity at the highest rate. The Azo-PTP50 elec-
trode exhibits the highest initial capacity of 174 mA h g”' and
maintains superior capacities even at increased rates
(Table S37). Notably, the capacity of all electrodes recovers to
initial values once the current is reduced back to 50 mA g~ .
The electrochemical performance of pure CNTs with carbon
black and PVDF was evaluated to assess their individual contri-
butions to the overall electrode performance. Specifically, elec-
trodes comprising CNTs:Super P:PVDF in a mass ratio of
60:30:10 were tested, revealing a capacity of 2 mA h g™* at

Fig. 4 SEM images of (A) Azo-PTP, (C) Azo-PTP30, (E) Azo-PTP50 pristine electrodes, (B) Azo-PTP, (D) Azo-PTP30, and (F) Azo-PTP50 after 200

cycles.
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50 mA g~ ' (Fig. S197). This confirms that the contribution of
CNTs to the electrode capacity is negligible, and the majority
of the capacity is due to the active material. In addition, we
investigated the effect of reducing the amount of conductive
additive (Super P) on the performance of the Azo-PTP50 elec-
trode. An electrode with an 80:10:10 composition (active
material : Super P:PVDF) was prepared and compared to the
60:30:10 composition. The rate capability results (Fig. S20t)
show that the 80:10: 10 composition starts with a lower initial
capacity (~127 mA h g') and exhibits a rapid capacity drop
upon cycling, reaching ~30 mA h g™ at higher rates. This be-
havior can be attributed to the formation of an insufficient
conductive network due to the reduced Super P content. In
contrast, the 60:30:10 composition delivers a higher initial
capacity and superior capacity retention, highlighting the criti-
cal role of adequate Super P content in establishing a robust
and efficient conductive network. Notably, the 60:30: 10 ratio
is widely reported in the literature for similar studies, further
supporting its effectiveness.’”

The cycling stability of the polymers and composites with
CNTs was assessed at two current densities, providing a com-
prehensive view of their long-term performance. At 50 mA g~
for 200 cycles (Fig. 3D), Azo-PTP retains 88% of its initial
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Fig. 5

pseudocapacitance at various scan rates, and (D) capacitive contribution of Azo-PTP50 at a scan rate of 1 mV s™.
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capacity, while Azo-PTP30 and Azo-PTP50 achieve an impress-
ive capacity retention of 95% and 98%, respectively, with all
three formulations exhibiting long-term coulombic efficiencies
(CEs) of up to 98%. At a higher current density of 100 mA g~*
for 1000 cycles (Fig. 3E), Azo-PTP, Azo-PTP30, and Azo-PTP50
retain 80%, 91%, and 93% of their initial capacities, respect-
ively. These results underscore the role of CNTs in mitigating
electrode degradation, enhancing structural integrity, and
improving conductivity, making the composites highly promis-
ing for lithium-ion battery applications.

The morphologies of the three pristine electrode films and
after 200 cycles were imaged using scanning electron
microscopy (SEM) (Fig. 4). The SEM images of the Azo-PTP,
Azo-PTP30, and Azo-PTP50 pristine films (Fig. 4A, C and
E) reveal minimal aggregation and a uniform distribution of
components within the electrode films, indicating homogen-
eity. Notably, the film surfaces exhibit a porous morphology,
which could aid in ion diffusion. After 200 cycles, the mor-
phologies of the Azo-PTP, Azo-PTP30, and Azo-PTP50 (Fig. 4B,
D and F) reveal that the electrodes remained largely
unchanged, with no significant alterations in surface appear-
ance or aggregation, consistent with the stability measurement
of the electrodes.
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To relate the electrochemical performance of Azo-PTP and
its composites with existing research, Table S41 compares their
properties with various organic cathode materials.?93-38:16:49:50
Azo-PTP50 demonstrates superior performance, achieving
300 mA h g™" at 50 mA g~ with 89% retention after 200 cycles
(1.0-3.5 V), surpassing PBALS and PT-2NO, in cycling stability.
Within 1.5-3.5 V, it delivers 174 mA h g~ " with 93% retention
over 1000 cycles, outperforming D-PTO and PT-COF50 in long-
term stability. Adjusting the amount of carbon nanotubes
(CNTs) in the Azo-PTP materials improves their conductivity
and cycling stability. This improvement demonstrates a strong
link between the material’s structure (the integration of CNTs)
and its electrochemical properties (performance as a cathode).
As a result, these materials are shown to be effective and long-
lasting options for lithium-ion batteries.

The Li" storage mechanism of Azo-PTP50, which exhibits
the highest performance as a cathode material in lithium-ion
batteries, was further investigated. Characterization of cyclic
voltammetry (CV) curves at various scan rates (Fig. 5A) shows
notable shifts in both cathodic and anodic peaks towards
lower and higher potentials with increasing scan rates. This
behavior suggests an amplified degree of polarization.>**° The
electrochemical behavior was further analyzed using the Dunn
method to calculate diffusive and capacitive contributions
according to the equation i = av”.*° From the In-In plot of peak
current and scan rate, b values of 0.81 and 0.79 were calculated
for the anodic and cathodic processes, respectively (Fig. 5B).
With b values ranging from 0.5 to 1, there is an indication of a
hybrid contribution from both capacitive and diffusion pro-
cesses. Moreover, the capacitive contribution at different scan
rates was quantified using the equation i = kv + k,v"/?, reveal-
ing an increase from 49.5% to 68.6% as the scan rate escalated
from 0.2 to 1 mV s~" (Fig. 5C). These findings underscore the
capacitive nature of Li" storage in Azo-PTP50, particularly at
high rates. At a scan rate of 1 mV s™* (Fig. 5D), the capacitive
contribution is clearly represented.

Finally, the charge-transfer properties of the polymers and
composites were studied using electrochemical impedance
spectroscopy (EIS). The cells were first cycled ten times at
50 mA g~ to allow SEI formation and complete electrolyte per-
meation, followed by a ten-hour rest period to stabilize before
taking impedance measurements at open-circuit voltage. The
EIS data were plotted as Nyquist plots for all electrodes
(Fig. S207%). The high-frequency region represents charge trans-
fer resistance, while the Warburg tail in the low-frequency
region indicates ion diffusion.>"> The Nyquist plots show a
decrease in charge transfer resistance for the Azo-PTP50 elec-
trode compared to Azo-PTP and Azo-PTP30. Lower resistance
indicates faster electrochemical kinetics, further supporting
the superior battery performance of Azo-PTP50.

4. Conclusion

In summary, novel porous organic polymers were synthesized
and evaluated as cathode materials for organic lithium-ion bat-
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teries. The synthetic strategy enabled the incorporation of azo
linkers, resulting in polymers with dual functional groups (C=0
and N=N). Composites of these polymers, designated as Azo-
PTP, Azo-PTP30, and Azo-PTP50, were prepared with varying
CNT contents (0%, 30%, and 50% by weight, respectively).
Initially, the polymers were tested within a potential window of
1.0-3.5 V, which is typical for azo-containing redox molecules.
However, due to extended plateaus and poor voltage efficiency
observed in the discharge curves, the potential window was nar-
rowed to 1.5-3.5 V, focusing on PTO as the primary redox-active
moiety. This adjustment led to superior performance, with Azo-
PTP50 delivering a capacity of 174 mA h g~* and achieving 93%
capacity retention after 1000 cycles at 50 mA g~ . The exceptional
electrochemical performance is attributed to the synergistic
effects of the highly conductive CNT cores and the redox-active
carbonyl groups within the polymer structure, which help miti-
gate the impact of the material’s limited intrinsic electronic con-
ductivity. These findings highlight the promise of Azo-PTP50 as
a sustainable, metal-free electrode material for next-generation,
low-cost, high-performance lithium-ion batteries. We anticipate
that this work will inspire further research into the synthesis of
porous polymers with azo linkers, offering valuable insights into
the development of innovative organic building blocks for future
energy storage technologies.
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