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ARTICLE INFO ABSTRACT
Keywords: Supercapacitors (SCs) represent critical electrochemical energy storage technologies, yet breakthrough perfor-
Covalent organic frameworks mance requires revolutionary electrode materials with precise molecular engineering. Developing electrodes

Redox-active materials
Energy storage
Electrode materials
Supercapacitors

with high capacitance is a direct and efficient approach to enhance the energy storage capability of super-
capacitors. Organic materials, whose molecular structures can be diversely designed to achieve high pseudo-
capacitance through redox-active units in their backbone, serve as promising electrode candidates for
supercapacitors. Covalent organic frameworks (COFs) offer unprecedented opportunities for atomic-level cus-
tomization through structural tunability, exceptional porosity, and modular architecture. This review establishes
the first systematic redox-center classification framework for COF-based SC materials, directly linking molecular
structure to electrochemical performance. This review comprehensively categorize COF architectures based on
redox-active centers: carbonyl/hydroxyl frameworks, heteroatom-engineered structures, and radical-stabilized
systems. Subsequently, this review examines diverse COF-based electrodes including 2,6-diaminoanthraquinone,
azodianiline, naphthalene, nitrogen-rich (pyridine, triazine, benzimidazole, triphenylamine), and thiol-based
platforms. A distinctive contribution involves elucidating interfacial engineering strategies through systematic
COF integration with carbon allotropes, metals, MXenes, and conductive polymers. This review establishes
quantitative structure-performance relationships governing charge transfer mechanisms and capacitive behavior
at engineered interfaces. Additionally, this review presents the first comprehensive analysis of COF carbonization
pathways, revealing transformation mechanisms enabling tailored porosity and conductivity optimization. This
work identifies critical technological challenges and presents innovative solutions for scalable synthesis,
enhanced stability, and application-specific optimization. The molecular-level design framework and integration
strategies establish a roadmap for next-generation COF-based energy storage systems, positioning these materials
at the forefront of sustainable electrochemical technologies.
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CNTs Carbon Nanotubes
AC Activated Carbon COFs Covalent Organic Frameworks
AQ Anthraquinone Ccv Cyclic Voltammetry
ASCs Asymmetric Supercapacitors Da Anthracene
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BET Brunauer-Emmett-Teller DAP Diaminopyridine
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(continued)
Abbreviation Full Form
ECs Electrochemical Capacitors
EDLCs Electrochemical Double-Layer Capacitors
EES Electrochemical Energy Storage
8-C3Ny Graphitic Carbon Nitride
GCD Galvanostatic Charge/Discharge
GO Graphene Oxide
IL-COFs Ionic Liquid-loaded COFs
LIB Lithium-Ion Battery
MA Melamine
NDA 1,5-Diaminonaphthalene
PANI Polyaniline
POPs Porous Organic Polymers
PPy Polypyrrole
rGO Reduced Graphene Oxide
SCs Supercapacitors
SSC Symmetric Supercapacitor
TCOF Triazine-based Covalent Organic Framework
TFP 1,3,5-Triformylphloroglucinol
TFPB 1,3,5-Tris(p-formylphenyl)benzene
TFPA Tris(4-formylphenyl)amine

1. Introduction

The development of electrochemical energy storage (EES) has been
crucial in addressing the global energy crisis [1,2]. As shown in (Fig. 1),
batteries, fuel cells, and electrochemical capacitors (ECs) are the three
main electrochemical energy conversion and storage systems [3].
Because of their special electrochemical qualities, ECs, commonly
referred to as SCs, have garnered a lot of attention on a global scale. SCs
are a useful intermediary between batteries and conventional capacitors
[3,4]. SCs have a high specific power and energy density, as well as
quick charge and discharge rates, reversible energy storage, and supe-
rior cycle performance [5].

SCs store electrical energy through two distinct mechanisms: fara-
daic and non-faradaic processes. The faradaic processes, also known as
pseudocapacitance, result from electrode-bound reversible redox re-
actions. By contrast, the electrochemical double layer is linked to non-
faradaic phenomena. At the electrode-electrolyte interface, ions are
adsorbed to store charges in electrochemical double-layer capacitors
(EDLCs). Pseudocapacitors, on the other hand, utilize reversible redox
reactions occurring on the electrode surface, potentially generating
higher capacitance than most EDLCs [1,6-12]. SCs, particularly EDLCs,
offer 100-1000 times higher power density compared to batteries, albeit
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Fig. 1. Different energy storage devices.
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with 3-30 times lower energy density [8]. SCs based on redox-active
materials operate through dual charge storage mechanisms, combining
electrical double-layer capacitance with pseudocapacitance derived
from reversible redox reactions of the electrode materials. This hybrid
mechanism results in significantly enhanced specific capacitance and
energy density compared to conventional EDLCs [13]. In pseudocapa-
citive systems, rapid and reversible redox processes occur at the elec-
trode surface, generating faradaic contributions through multiple
pathways including surface redox reactions, electrosorption, and inter-
calation phenomena. These faradaic processes yield substantially higher
capacitance values than those achievable through electrical
double-layer formation alone. The integration of redox-active func-
tionalities can be accomplished through covalent attachment or physical
adsorption onto high-surface-area electrode substrates [14,15]. How-
ever, SCs also present several limitations: (i) Restricted porosity, which
impedes mass transfer; (ii) changes in volume (swelling and shrinking)
that occur during galvanostatic charge and discharge processes; (iii)
structural characterization challenges that impede the comprehension of
structure-function correlations with structures [16].

The performance of SCs is primarily driven by the properties of their
electrode materials. Optimal electrodes require appropriate porosity,
high specific surface area, strong atomic conductivity, and structural
periodicity [3,9]. Given their high packing density and wide specific
surface area, amorphous polymer materials with carbon-based archi-
tectures have been thoroughly studied as possible SC electrode mate-
rials. However, the absence of a controlled porous structure and pore
size distribution in these materials often leads to slow ion diffusion and
undesired capacity loss during rapid charge-discharge processes [17].

Recently, research has focused on developing organic materials
suitable for energy storage applications, leading to the creation of
porous organic polymers (POPs). These materials have shown great
promise in energy storage due to their exceptional surface area, thermal
stability, chemical resistance, and customizable structure and porosity
[7]. A type of crystalline POPs known as COFs is made up of organic
building blocks joined by powerful covalent bonds [18-20]. COFs offer
distinct advantages, such as low density, well-organized structures, high
specific surface area, excellent crystallinity, strong conjugation, and
ease of functionalization and customization [9,21]. The inherent struc-
tural regularity and porosity of COFs facilitate efficient ion transport
[22], while their tunable chemistry enables precise control over elec-
tronic properties and redox activities. Despite these promising attri-
butes, several challenges remain in translating the theoretical potential
of COFs into practical high-performance SC devices.

Crystalline redox-active COFs exhibit distinctive physicochemical
properties that render them highly promising candidates for SC device
applications. These materials possess several advantageous character-
istics: (i) Redox-active COFs are crystalline polymers featuring
extended, rigid skeletal architectures stabilized by robust covalent
bonding networks. This structural rigidity enables framework preser-
vation under demanding operational conditions while maintaining
exceptional electrochemical stability across diverse electrolyte systems.
(ii) The ordered, open channel architecture inherent to redox-active
COFs promotes efficient electrolyte ion adsorption and transport ki-
netics. (iii) The modular nature of COF synthesis permits facile incor-
poration of various redox-active functional groups into the framework
skeleton, with active site density readily tunable through strategic pore-
wall engineering approaches [23,24]. (iv) Two-dimensional redox--
active COFs demonstrate excellent processability for thin-film growth at
diverse interfaces [25], thereby facilitating seamless integration into
electrochemical device architectures.

While numerous reviews have addressed various aspects of SC
technology and materials and others have broadly examined COFs for
energy applications [26-28], existing literature lacks a systematic
classification approach based on redox centers that connect molecular
structure to device performance. Previous reviews have typically cate-
gorized COF materials by synthetic methods or general applications,
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without establishing clear structure-property-performance relationships
at the molecular level. Furthermore, the critical interface engineering
between COFs and complementary materials (carbon, metals, MXenes,
and polymers) has received insufficient attention, despite its profound
impact on charge transfer and storage properties. This review uniquely
addresses these critical gaps by providing: 1) A comprehensive
redox-center based classification system for COF materials in SC. 2)
Molecular-level design principles that directly connect functional moi-
eties to device performance. 3) Systematic analysis of various COF-based
electrodes, including 2,6-diaminoanthraquinone (DAAQ), azodianiline
(AZO), naphthalene, and nitrogen-rich COFs (e.g., pyridine, triazine,
benzimidazole, and triphenylamine-based frameworks), as well as
thiol-based COFs. 4) Unprecedented insights into integration mecha-
nisms between COFs and complementary materials, with detailed ex-
amination of interface engineering for enhanced charge transfer and
storage properties. 5) Specific transformation pathways for COF
carbonization and their impact on SC performance. An overview of this
review is shown in (Fig. 2).

2. Methodology

This narrative review aims to provide a comprehensive overview of
recent advancements in COFs for SC applications, focusing on their
classification, electrode materials, and future research directions. To
ensure a thorough and systematic synthesis of the literature, relevant
studies were identified through a targeted search of peer-reviewed
publications in databases including Scopus, Web of Science, and Goo-
gle Scholar. The search was conducted using a combination of keywords
such as “covalent organic frameworks,” “supercapacitors,” “electrode
materials,” “redox-active COFs,” “pseudocapacitance,” and “energy
storage,” along with their relevant synonyms and Boolean operators (e.
g., “COF and supercapacitor”). The search was limited to articles pub-
lished in English between January 2010 and March 2025 to capture
recent developments in the field.

Studies were included if they focused on the design, synthesis, or
electrochemical performance of COF-based materials for SCs, including
pure COFs, COF composites, and carbonized COFs. Exclusion criteria
included non-peer-reviewed sources, review articles (to avoid overlap),
and studies not directly related to SC applications. Additional relevant
studies were identified by manually reviewing the reference lists of key
articles to ensure comprehensive coverage of the topic. The selected
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literature was organized and synthesized based on key themes, including
the classification of COFs by redox-active centers (e.g., carbonyl/hy-
droxyl, heterostructures, free radicals), types of COF-based electrodes
(e.g., DAAQ, AZO, naphthalene, nitrogen-rich, and thiol-based COFs),
and COF composites (e.g., with carbon, metals, MXenes, and polymers).
The synthesis process involved a qualitative analysis of electrochemical
performance metrics, such as specific capacitance, cycling stability, and
energy/power density, to highlight structure-performance relationships.
This approach enabled a structured discussion of COF-based materials,
their challenges, and opportunities for future development in SC
applications.

3. Classification of the COF materials for SCs

The design and synthesis of efficient electrode materials are crucial
for achieving optimal electrochemical performance in practical appli-
cations. COFs incorporating redox moieties have been developed to in-
crease specific capacitance compared to their counterparts with similar,
but non-redox-active, COFs [29]. Recent findings have revealed a sig-
nificant correlation between COF structure and SC performance [30].
(Fig. 3), presents a comprehensive collection of the most frequently
utilized monomers in COF synthesis for SC applications, highlighting the
structural diversity employed to achieve enhanced electrochemical
performance. These monomers serve as fundamental building blocks,
featuring various amine-functionalized structures including simple ar-
omatic diamines, extended n-conjugated systems, and heteroatom-rich
frameworks. COFs containing redox-active moieties have demon-
strated improved electrochemical performance for SC applications.
Redox-active moieties have been incorporated into COF skeletons by (i)
using redox-active building blocks for COF construction [31], as exem-
plified by monomers containing electroactive groups such as carbonyl,
hydroxyl, or heterocyclic units shown in (Fig. 3), and (ii) employing
covalent bonding to post-modify COF scaffolds, thereby adding
redox-active sites to their channel walls [29,30]. Based on the chemical
structure of their redox moieties, redox-active COFs can be divided into
three groups, as far as we know: carbonyl/hydroxyl type,
heterostructure-based type, and free radical type.

3.1. Carbonyl/hydroxyl as redox-active centers

In EES systems, the carbonyl group plays a crucial role in facilitating

DAAQ ]
Azodianiline
Naphthalene
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Triphenylamine
Thiol
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Fig. 2. Review structure and methodology overview.
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Fig. 3. Representative building blocks used in the construction of COF-based
SC materials.

electron and proton transfer reactions. Simultaneously, hydrogen-bond
interactions further enhance these electron/proton transfer processes
[29]. To increase pseudocapacitive contribution, the Dichtel group
introduced the anthraquinone (AQ) unit as an active site and, in 2013,
developed p-ketoenamine-linked 2D COFs (DAAQ-TFP COF) as elec-
trode materials for SCs for the first time. Compared to its AQ-free
counterpart (DAB-TFP COF), DAAQ-TFP COF demonstrated a signifi-
cantly higher specific capacitance [29]. Halder et al. reported a
redox-active, chemically stable COF as a self-standing SC electrode
material. The interlayer C—H---N hydrogen bonding, along with the
adjacent —OCHj3 functionality, provides steric and hydrophobic pro-
tection to the imine (C=N) bonds, resulting in exceptional chemical
stability. Moreover, this material exhibited an exceptionally high areal
capacitance of 1600 mF cm™2. Due to its high porosity and redox tran-
sitions between quinone and hydroquinone, it was hypothesized that
energy storage occurred through both electric EDLC and pseudocapa-
citive mechanisms [30]. Catherine R. DeBlase and coworkers reported
the fabrication of crystalline, oriented thin films of a redox-active
two-dimensional COF deposited on gold working electrodes, with film
thickness systematically controlled through variation of initial monomer
concentrations. Electrochemical accessibility studies revealed that
80-99 % of the AQ redox-active groups remained accessible in films
with thicknesses below 200 nm, representing an order-of-magnitude
enhancement compared to the same COF material prepared as
randomly oriented microcrystalline powder. Consequently, electrodes
functionalized with these oriented COF thin films demonstrated a 400 %
increase in areal capacitance relative to electrodes modified with
randomly oriented COF powder, highlighting the critical importance of
structural orientation and film morphology in optimizing electro-
chemical performance. This work demonstrates that controlled film
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deposition and orientation significantly enhances the utilization effi-
ciency of redox-active sites, providing a promising strategy for
improving the practical performance of COF-based electrode [32]. In
2017, the Banerjee research group reported the synthesis and electro-
chemical evaluation of two hydroxyl-functionalized COFs, TpPa-(OH),
and TpBD-(OH),, constructed from 1,3,5-triformylphloroglucinol (TFP)
with 2,5-dihydroxy-1,4-phenyldiamine [Pa-(OH),] and 3,3-dihydrox-
ybenzidine [BD-(OH).], respectively, both incorporating redox-active
hydroxyl functionalities. The TpPa-(OH), framework demonstrated su-
perior electrochemical performance, with p-benzoquinone functional
groups exhibiting reversible redox behavior and achieving a maximum
specific capacitance of 416 F g~ at 0.5 A g~! under three-electrode
configuration while maintaining 66 % capacitance retention after 10,
000 electrochemical cycles. The exceptional specific capacitance was
mechanistically attributed to reversible proton-coupled electron transfer
processes (2H'/2e") involving hydroquinone/benzoquinone (H2Q/Q)
redox couples, with approximately 43 % of H,Q redox-active sites
remaining electrochemically accessible [33].

Miao Li and coworkers systematically investigated orthoquinone
motifs in COF-based energy storage by synthesizing three redox-active
frameworks (1 KT-Tp, 2 KT-Tp, and 4 KT-Tp COFs) with varying
carbonyl group densities through solvothermal condensation of 2,4,6-
triformylphloroglucinol with different redox-active linkers containing
one, two, and four carbonyl groups, respectively [23]. Using 1 M
aqueous HySO4 electrolyte, the 2 KT-Tp and 4 KT-Tp COF electrodes
delivered exceptional gravimetric capacitances of 256 and 583 F g~! at
0.2 A g} significantly surpassing 1 KT-Tp COF (61 F g~ 1), while control
COFs lacking orthoquinone structures showed negligible capacitances
(20-25 F g1). Long-term stability tests revealed excellent cycling
durability with 92-96 % capacitance retention after 20,000 cycles at 5 A
g~ 1. These results demonstrate that orthoquinone moieties provide
high-density redox-active sites and enable cooperative participation of
adjacent carbonyl groups in redox processes, establishing the strategic
incorporation of orthoquinone structures as a promising approach for
designing high-performance organic electrode materials.

3.2. Heterostructures as redox-active centers

The incorporation of heterostructures containing lone-pair electrons
into the carbon skeleton can modulate the electronic structure, thereby
enhancing the supercapacitive properties [31]. Heterostructure groups,
such as pyridine, thiophene, porphyrin, and triazine, are recognized as
effective redox-active sites. In 2016, Khattak et al. developed a
redox-active pyridine-based COF via solvothermal condensation of
diaminopyridine (DAP) and TFP, achieving a specific capacitance of
102 F g~ L. The resulting TaPa-Py COF demonstrated a combination of
pseudocapacitance and EDLC, whereas the reference COF, constructed
from diaminobenzene and TFP, exhibited only EDLC [34]. Li et al.
designed and synthesized a two-dimensional triazinyl COF material,
named DBT-MA-COF, with a specific capacitance of 407 F g~!. This
material was synthesized through a C-N coupling reaction using 2,
5-dibromothiophene (DBT) and melamine (MA) as monomers. The
structure of DBT-MA-COF features both triazine and thiophene units,
resulting in channels with high heteroatom content. When used as an
electrode material for SCs, this configuration facilitates the rapid
transport of electrolyte ions within the COF channels. Additionally, the
triazine units exhibit redox activity, serving as energy storage sites for
pseudocapacitance [35]. Furthermore, Bhattacharya et al. reported a
porphyrin-tetraphenyl ethylene-based COF (PT-COF) linked by imine
bonds (—C=N), forming a square lattice (sql). This material displayed a
high specific capacitance of 1443 F g ! at a current density of 1 A g ! in
0.5 M HSO4. Its high redox activity is attributed to the presence of
pyrrolic moieties [12].

In 2023, Haijun Peng et al., reported the development of
donor-acceptor carbon-linked conjugated polymers (DA-CCPs) as cath-
ode materials for aqueous zinc hybrid supercapacitors. The researchers
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synthesized two DA-CCPs through Knoevenagel polymerization between
the electron-accepting building block 2,2',2"-(benzene-1,3,5-triyl)tri-
acetonitrile and electron-donating aldehydes, specifically 2,5-thiophene
dicarboxaldehyde and  [2,2-bithiophene]-5,5-dicarboxaldehyde,
yielding DA-CCP-1 and DA-CCP-2, respectively [36]. DA-CCP-2,
featuring an additional thiophene unit in its polymeric backbone,
demonstrated superior electrochemical performance compared to
DA-CCP-1 and exceeded the performance metrics of previously reported
cathode materials for aqueous Zn2* energy storage systems. The
DA-CCP-1 and DA-CCP-2 based electrodes achieved exceptional energy
densities of 80.6 and 196.3 W h kg~ !, respectively, highlighting the
effectiveness of donor-acceptor architectural design in enhancing the
electrochemical properties of carbon-linked conjugated polymer cath-
odes for advanced aqueous energy storage applications.

3.3. Free radicals as redox-active centers

Organic free radicals, characterized by unpaired electrons, exhibit
unique redox capabilities. The first radical-containing COF was syn-
thesized by Xu et al, in 2015 [37], demonstrating that
TEMPO-functionalized COFs possess high capacitance and excellent rate
capability for capacitive energy storage. The TEMPO units, covalently
attached to the COF pore walls, undergo rapid and reversible
one-electron redox reactions, enabling efficient charge storage and
release. Similarly, Xu et al. developed 2D COFs containing
carbon-oxygen radicals (COR-Tf-DHzDM-COFs) as dendrite-free alkali
metal anodes [38]. Bebin Ambrose and coworkers reported the synthesis
of two distinct viologen-based covalent organic polymers with
controlled morphologies: COP-1 exhibiting hollow sphere architecture
and COP-2 displaying hollow tube morphology, both prepared via the
Zincke reaction through strategic modulation of solvent polarity. The
inherent structural stability and extended n-conjugation of these mate-
rials effectively addressed critical limitations commonly observed in
conventional polymer electrodes, including inhomogeneous aggregation
arising from structural defects, restacking phenomena during repeated
electrochemical cycling, and inadequate inter-chain connectivity during
assembly processes. When evaluated as electrode materials in
three-electrode supercapacitor configuration using 1 M HySO4 as the
aqueous electrolyte, COP-2 demonstrated exceptional electrochemical
performance, achieving a specific capacitance of 604 F g at 2 A g~*
current density in three-electrode studies and 404 F g~ at 0.5 A g ' in
full-cell investigations. Remarkably, COP-2 exhibited outstanding
long-term stability with 100 % capacitance retention after 50,000
electrochemical cycles, demonstrating the superior durability and
practical viability of viologen-based covalent organic polymers for
advanced supercapacitor applications [39]. These radicals, with their
high redox reactivity, significantly improved charge storage capacity.
The ordered structure and high surface area of COFs provide an ideal
platform for these redox-active units, facilitating fast ion transport and
easy access to active sites. However, a critical challenge in this field is
achieving a balance between redox activity and framework stability.
While increased radical reactivity enhances charge storage performance,
it can also compromise the structural integrity of the COF skeleton.
Striking an optimal balance between redox activity and structural sta-
bility is essential to unlocking the full potential of radical-containing
COFs for next-generation energy storage devices, particularly in
achieving high energy density, superior rate capability, and long-term
cycling stability.

Comparative performance analysis across these three COF categories
reveals distinct advantages and application-specific trends.
Heterostructure-based COFs consistently demonstrate the highest spe-
cific capacitance values, with optimized systems such as PT-COF
achieving capacitances exceeding 1000 F g~1. This exceptional perfor-
mance is attributed to the synergistic integration of multiple redox-
active sites with efficient electrolyte ion transport pathways.
Porphyrin- and triazine-based frameworks exemplify this approach,
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exhibiting enhanced pseudocapacitive contributions derived from their
electron-rich heteroatomic architectures, as validated through in-situ
electrochemical impedance spectroscopy investigations. Free radical-
functionalized COFs, exemplified by TEMPO-containing systems,
demonstrate exceptional rate capability and rapid redox kinetics,
achieving specific capacitances up to 800 F g~'. However, these mate-
rials face significant challenges regarding long-term operational stabil-
ity due to radical-induced framework degradation processes, limiting
their practical implementation despite superior kinetic performance.
Carbonyl/hydroxyl-functionalized COFs, such as DAAQ-TFP COF, typi-
cally exhibit moderate specific capacitance values in the range of
400-600 F g~! but demonstrate exceptional chemical stability and
cycling durability, positioning them as optimal candidates for long-term
operational applications. Computational investigations have elucidated
the critical role of hydrogen-bonding interactions in stabilizing
carbonyl-based frameworks, thereby enhancing electron/proton trans-
fer efficiency.

These performance trends reveal inherent trade-offs between specific
capacitance, rate capability, and operational stability, providing essen-
tial guidance for the rational design of COF-based supercapacitors
tailored to specific application requirements. The selection of appro-
priate COF architectures must consider the relative importance of en-
ergy density, power density, and cycle life for the intended application.
Advanced COF-based supercapacitor development requires focused
investigation in several critical areas. Optimization of hierarchical pore
architectures to maximize electrolyte ion accessibility represents a pri-
mary objective. Development of hybrid COF composites incorporating
carbon-based materials offers opportunities to synergistically combine
pseudocapacitive and electric double-layer capacitance mechanisms.
Additionally, addressing stability limitations in free radical COFs
through advanced synthetic methodologies, including covalent cross-
linking strategies and steric protection approaches, remains essential
for their practical implementation. The systematic pursuit of these
research directions will enable the development of next-generation COF-
based supercapacitor materials with optimized performance character-
istics tailored to specific energy storage applications.

4. COF material-based electrodes for SCs

Drawing from the classification of redox-active COFs into carbonyl/
hydroxyl, heterostructure-based, and free radical types outlined in the
last section, this section builds on their structural diversity to explore
their role as SC electrodes. This foundation enables a detailed analysis of
how their design influences performance, bridging the chemical struc-
ture insights from the previous chapter with practical electrochemical
applications. The structural characteristics of COFs, such as pore size
and distribution, specific surface area, degree of conjugation, and sur-
face functionalization, influence their electrochemical performance.
Three main factors can be used to characterize the structure-
performance characteristics of COF-based electrode materials in SC ap-
plications: (i) Strong skeletons and covalent bonds provide COFs
exceptional chemical, thermal, and electrochemical stability. This im-
proves cyclability by efficiently suppressing structural alterations
brought on by ion deintercalation during the charge-discharge process.
(ii) High specific surface area combined with well-organized, open
channels promote electron/proton transport between COF electrodes
and electrolytes, enhancing rate performance and power density. (iii)
Sufficient and well-planned building blocks guarantee that the COF
platform exhibits considerable promise as SC electrodes.

4.1. Di-aminoanthraquinone-based COFs for SCs

The poor chemical and oxidative stability of well-established links,
including boroxines and boronate esters, restricts the applicability of
many COFs. Consequently, no 2D COF had previously demonstrated
reversible redox behavior. DeBlase et al. addressed this limitation by
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incorporating redox-active DAAQ moieties into a 2D COF connected by
f-ketoenamine linkages. The DAAQ-TFP COF is the first to exhibit well-
defined, rapid redox processes, demonstrating higher capacitance than
analogous non-redox-active COFs, even after 5000 charge-discharge
cycles [29].

In a 2015 study, DeBlase et al. significantly improved the charge
storage capacity of DAAQ-TFP COF from 0.4 to 3.0 mF cm™2 by con-
trolling the film thickness through adjustments to the initial monomer
concentration [32]. For films thinner than 200 nm, 80-99 % of the AQ
groups became electrochemically accessible, greatly outperforming the
randomly oriented microcrystalline COF powder. As shown in (Fig. 4),
the capacitance (scaled to electrode area) of oriented COF films was 400
% higher than that of electrodes functionalized with randomly oriented
COF powder.

In 2018, Halder et al. reported that TpOMe-DAQ exhibited remark-
able chemical stability under extreme conditions, including exposure to
strong acids (18 M HySO4 and 12 M HCl) and strong bases (9 M NaOH)
[30]. This stability was attributed to interlayer C-H---N hydrogen
bonding between the methoxy C-H group and the imine nitrogen atom
of adjacent layers, with bond geometries of [D = 3.26 A, d = 2.17 A, 0 =
168.2°] and [D = 3.16 A, d = 2.07 A, 6 = 165.8°]. Additionally,
TpOMe-DAQ COF could be fabricated into uniform and continuous thin
sheets on a centimeter scale, maintaining a thickness of approximately
200 pm. These properties enabled the use of these COF thin sheets as
free-standing SC electrodes, employing concentrated aqueous HySO4 (2
M and 3 M) as the electrolyte. In three-electrode configurations with 3 M
aqueous HySOy4, the COF thin sheets demonstrated an exceptionally high
areal capacitance of 1600 mF cm ™2, corresponding to a gravimetric
capacitance of 169 F g’1 [30].

Modern electronics require flexible SCs with lightweight electrodes
that possess large surface areas, finely integrated redox moieties, and
mechanical properties that are strong, flexible, and free-standing. The
incorporation of n-electron-rich anthracene (Da) linkers enhances non-
covalent interactions between crystallites, thereby improving the me-
chanical properties of free-standing thin sheets. Khayum et al. reported
the in-situ incorporation of redox-active AQ and n-electron-rich Da
linkers into a p-ketoenamine-linked COF in varying ratios (1:2, 1:1, and
2:1, referred to as Dq1Da2Tp, Dq1DalTp, and Dq2DalTp, respectively)
using a solid-state molecular mixing procedure (Fig. 5) [40]. These COFs
were successfully fabricated into highly desirable thin, free-standing
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Fig. 4. Capacitance comparison of DAAQ-TFP COF thin films of varying
thicknesses with reference electrodes. Reproduced with permission from
Ref. [32]. Copyright 2015, American Chemical Society.
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sheets with thicknesses ranging from 25 to 100 pm. Among the syn-
thesized materials, the Dq1DalTp COF thin sheet demonstrated superior
mechanical strength, with a 5 % breaking strain, and a specific capaci-
tance of 111 F g~L. The precise integration of AQ moieties within the
COF structure imparted redox activity to the thin sheet, enhancing its
potential for SC applications [40].

Four DAAQ-based COFs for SCs are compared in Table 1 based on
their capacitance properties: DAAQ-TFP COF, DAAQ-TFP, TpOMe-DAQ,
and Dql1DalTp COF. The specific capacitances of the materials vary
widely, with TpOMe-DAQ displaying an extraordinarily high value of
1600 mF cm 2. Under various situations, current densities and capaci-
tance retention are recorded, with cycle counts ranging from 5000 to
50,000. While TpOMe-DAQ retains 65 % capacity over 50,000 cycles,
DAAQ-TFP exhibits the greatest retention at 93 % after 5000 cycles,
suggesting a trade-off between high capacitance and long-term stability.
The various performance indicators demonstrate how DAAQ-based
COFs can be customized to meet certain SC needs.

Notwithstanding the demonstrated electrochemical efficacy of
DAAQ-based COF, substantial research lacunae persist. The mechanistic
delineation between pseudocapacitive and EDLC contributions remains
inadequately characterized, with limited operando spectroscopic in-
vestigations of AQ redox mechanisms. Scalability challenges in thin-
sheet fabrication and insufficient electrolyte composition studies
further impede practical implementation. The field exhibits significant
discrepancies in reported specific capacitances (1600 mF cm~2 for
TpOMe-DAQ vs. 3.0 mF cm ™2 for DAAQ-TFP), potentially attributable to
synthetic heterogeneities, morphological variations, and inconsistent
electrochemical protocols. The observed trade-off between capacitance
and stability (TpOMe-DAQ: 65 % retention after 50,000 cycles vs.
DAAQ-TFP: 93 % after 5000 cycles) suggests unresolved material design
inconsistencies.

4.2. Azodianiline-based COFs for SCs

The presence of conjugated double bonds and heteroatomic nitrogen
in AZO-based COFs supports their potential application in SCs and fa-
cilitates their use as electrodes. These structural features contribute to
enhanced electrical conductivity and charge storage capabilities. How-
ever, the current body of knowledge regarding AZO-based COFs is
limited, particularly in terms of their adaptability and EES properties.
This gap in understanding presents an opportunity for further research
to elucidate the structure-property relationships and optimize the per-
formance of AZO-based COFs in energy storage applications [7,41]
Ahmadi et al. successfully synthesized two distinct AZO-based COFs
utilizing different precursors: tris(4-formylphenyl)amine (TFPA) and 1,
3,5-tris(p-formylphenyl)benzene (TFPB) [7]. Brunauer-Emmett-Teller
(BET) analysis revealed specific surface areas of 987 m> g’1 and 425
m? g~! for TFPB-AZO-COF and TFPA-AZO-COF, respectively. Electro-
chemical characterization demonstrated that TFPB-AZO-COF exhibited
superior performance with a specific capacity of 450 F g1, an energy
density of 24.6 W h kg™, and a power density of 8500 W kg™!, while
TFPA-AZO-COF showed values of 160 F g%, 9.8 W h kg1, and 8600 W
kg™, respectively. The electrochemical behavior of TFPB-AZO-COF was
further investigated using a three-electrode configuration (Fig. 6). Cyclic
voltammetry (CV) curves (Fig. 6a) revealed enhanced pseudocapacitive
behavior at elevated scan rates, with peak shifting indicative of
quasi-reversible faradaic reactions. Galvanostatic charge/discharge
(GCD) profiles (Fig. 6b) exhibited near-linear behavior, confirming the
pseudocapacitive charge storage mechanism. The specific capacitance
(Fig. 6¢) showed a decrease with increasing current density while
maintaining 53 % retention after a tenfold increase, demonstrating
excellent rate capability. Electrochemical impedance spectroscopy (EIS)
analysis, presented as a Nyquist plot (Fig. 6d), revealed a low charge
transfer resistance of 1.85 Q, indicating efficient charge transfer kinetics
and high conductivity of the TFPB-AZO-COF material [7].

The nascent literature on AZO-based COFs presents significant
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Table 1

Capacitance properties of DAAQ-based COFs for SCs.
Materials Redox group Electrolyte Potential window Specific capacitance Current density Capacitance retention Ref
DAAQ-TFP COF Anthraquninone 1 M H2S04 —0.3t00.3V 0.4 mF cm 2 01Ag! >80 % after 5000 cycles. [29]
DAAQ-TFP Anthraquninone 0.1 M TBAPF6 -1.7t01.1V 3.0 mF cm ™2 150 pA cm ™2 93 % after 5000 cycles [32]
TpOMe-DAQ Anthraquninone 3 M H,SO4 —0.50 to 0.50 V 1600.0 mF cm 2 5.0 mA cm ™2 65 % after 50,000 cycles [30]
Dql1DalTp COF Anthraquninone 1 M H,SO4 0.2t0 0.4V 111 Fg! 1.56 mA cm 2 78 % after 7000 cycles. [40]

knowledge lacunae that impede comprehensive elucidation of structure-
property correlations, particularly regarding nitrogen heteroatom con-
tributions to pseudocapacitive behavior. The pronounced disparities in
specific surface areas (987 m? g~ ! for TFPB-AZO-COF versus 425 m? g~
for TFPA-AZO-COF) and their mechanistic implications for electro-
chemical performance remain inadequately investigated, while long-
term stability assessments beyond preliminary characterizations are
conspicuously absent. The substantial performance divergence between
TFPB-AZO-COF (450 F gfl) and TFPA-AZO-COF (160 F gfl) introduces
methodological uncertainties potentially attributable to precursor
chemistry variations, pore architectural differences, or experimental
protocol inconsistencies. The reproducibility of reported high power
densities (8500 W kg~ for TFPB-AZO-COF) across diverse electrolyte
systems and device configurations remains unvalidated. Furthermore,
the predominant charge storage mechanism in AZO-based COFs remains
contentious, with conflicting interpretations emphasizing either pseu-
docapacitive or EDLC contributions.

4.3. Naphthalene-based COFs for SCs

The advanced applications of COFs as electrode materials rely on
three key factors: their high surface area, extended n-electronic conju-
gation, and the presence of active redox sites. These structural and
electronic properties collectively enhance the potential of COFs for
improved performance in EES and conversion devices [42]. Das et al.
reported the synthesis of a porous, extended n-conjugated network,
TFP-NDA-COF, via solvothermal Schiff base condensation of 1,5-diami-
nonaphthalene (NDA) and TFP [43]. Electrochemical characterization
revealed that TFP-NDA-COF exhibited excellent energy storage capa-
bilities, achieving a specific capacitance of 379 F g~ at a scan rate of 2
mV s~! and 348 F g~ ! at a current density of 0.5 A g~'. Moreover, the

material demonstrated notable cycling stability, retaining 75 % of its
initial specific capacitance after 8000 charge-discharge cycles [43].
Ruidas et al. investigated TFPh-NDA and TFR-NDA, two n-conjugated
COFs (IC-COFs), and assessed their potential as electrode materials for
ASCs [44]. These IC-COFs exhibited excellent crystallinity, large surface
areas, and bimodal porosity. The electrodes based on TFPh-NDA and
TFR-NDA demonstrated remarkable redox-active behavior, with gravi-
metric capacitances of 583 F g~ and 362 F g™, respectively, in a
three-electrode setup. Asymmetric supercapacitors (ASCs) were fabri-
cated using TFPh-NDA COF and activated carbon (AC), featuring a broad
operating voltage window of 2.5 V (—1.0 to 1.5 V). These ASCs exhibited
exceptional cycling stability, retaining 98 % of their initial capacitance
after 10,000 CV cycles. They also achieved a maximum specific capac-
itance of 323.25 F g ! at 1 mV s ! and a maximum energy density of
280.58 W h kg™! at a power density of 404.06 W kg~! [44].

Weng et al. reported the synthesis of a conjugated microporous
polymer (designated as NDTT) with structural characteristics analogous
to COFs [45]. The polymer was synthesized via Stille coupling poly-
merization, incorporating triazine and thiophene-substituted naphtha-
lene diimides to form a single-bond directly linked network with
satisfactory crystallinity. A comprehensive analysis of the electro-
chemical properties of NDTT-based electrodes was conducted (Fig. 7)
[45]. CV measurements (Fig. 7a) revealed distinct redox peaks at various
scan rates, indicating a reversible, diffusion-controlled redox mecha-
nism. The pseudocapacitive nature of the charge storage mechanism was
further confirmed by the symmetric charge-discharge plateaus observed
in the galvanostatic charge-discharge (GCD) profiles (Fig. 7b). Perfor-
mance studies showed a high specific capacitance of 425.3 F g™! at a
current density of 0.2 A g~! (Fig. 7c). Notably, the material retained
80.2 % of its initial capacitance at high current densities after 2000
cycles (Fig. 7d), demonstrating excellent electrochemical reversibility
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Fig. 6. TFPB-AZO-COF electrochemical performance: CV (a), GCD (b), capacitance (c), and EIS analysis (d). Reproduced with permission from Ref. [7]. Copyright

2023, Elsevier.

and cycling stability [45].

For SCs, Table 2 summarizes the capacitance properties of
naphthalene-based COFs, comparing TFP-NDA-COF, TFPh-NDA, and
NDTT. The table highlights the specific capacitance, current density, and
capacitance retention for each COF material after multiple charge-
discharge cycles. These naphthalene-based COFs exhibit a wide range
of specific capacitances for charge storage, from 379 F g~ (TFP-NDA-
COF) to 583 F g~! (TFPh-NDA). The cycle counts for all materials range
between 2000 and 10,000, with their respective capacitance retention
also provided. TFPh-NDA demonstrates exceptional stability, retaining
100 % of its capacitance after 10,000 cycles. NDTT and TFP-NDA-COF
retain 80.2 % and 75 % of their initial capacitance, respectively, after
8000 cycles. Among the materials, TFPh-NDA stands out with the
highest specific capacitance (583 F g~1) and the best retention rate,
combining superior charge storage performance and stability.

Contemporary investigations of naphthalene-based COF exhibit
fundamental deficiencies in elucidating n-conjugation contributions to
charge transport phenomena, thereby constraining mechanistic under-
standing of electrochemical performance enhancement. While bimodal
porosity in materials such as TFPh-NDA and TFR-NDA has been quali-
tatively acknowledged, quantitative correlations between pore archi-
tecture and ion diffusion kinetics remain underdeveloped, impeding
rational optimization strategies. Solvothermal synthesis scalability pre-
sents formidable implementation barriers, and two-electrode system
evaluations are substantially underrepresented relative to three-
electrode configurations. The remarkable specific capacitance
disparity between TFPh-NDA (583 F g~1) and TFP-NDA-COF (379 F g 1)
introduces methodological uncertainties potentially attributable to
electrode preparation inconsistencies or experimental protocol varia-
tions. The reported 100 % capacitance retention for TFPh-NDA

following 10,000 cycles represents an anomalous performance metric
requiring independent validation, particularly given typical retention
rates of 75-80 % for comparable materials. The mechanistic debate
regarding naphthalene’s redox activity versus structural porosity con-
tributions to capacitive behavior remains unresolved, lacking definitive
consensus. Future investigations should integrate advanced electro-
chemical diagnostics and computational modeling to quantitatively
delineate n-conjugation and porosity effects, validate exceptional sta-
bility claims through independent corroboration, and explore scalable
mechanochemical synthesis alternatives to enhance translational
potential.

4.4. Nitrogen-rich COFs for SCs

The incorporation of heteroatoms into the two-dimensional structure
of COFs can significantly enhance ion transfer through their porous
channels. The structural integrity and rigidity of COF materials arise
from the periodic covalent bonding between light elements (such as C,
0, B, and N) that form their individual building blocks. This combination
of heteroatom incorporation and structural stability contributes to the
unique porous architecture of COFs, characterized by its robustness and
potential for facilitating ion transport. These properties position COFs as
highly promising materials for energy storage applications and other
fields requiring controlled ion mobility within a stable, porous frame-
work [31,43].

4.4.1. Pyridine-based COFs for SCs

Nitrogen-containing functional groups, such as phenazine, triazine,
and pyridine, serve as efficient redox-active sites in COFs. Khattak et al.
successfully synthesized a redox-active pyridine-based COF via
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Fig. 7. NDTT electrode: CV (a), GCD (b), capacitance (c), and cycling stability in KOH electrolyte (d). Reproduced with permission from Ref. [45]. Copyright 2022,
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Table 2

Capacitance properties of naphthalin-based COFs for SCs.
Materials Redox group Electrolyte Potential window Specific capacitance Current density Capacitance retention Ref
TFP-NDA-COF naphthalene 1 M H,S04 0t0 0.8V 379F g ! 2mvVs! 75 % after 8000 cycles [43]
TFPh-NDA naphthalene 1 M H,SO4 —0.2t0 0.8V 583F g7! 1mvs! 100 % after 10,000 cycles [44]
NDTT Naphthalene Diimide 1 M KOH -0.3t00.7 V 4253F g1 0.2Ag! 80.2 % after 2000 cycles [45]

solvothermal condensation of DAP and triformylphloroglucinol (TFP)
[34]. Electrochemical analysis of the synthesized TaPa-Py COF demon-
strated reversible redox reactions associated with the pyridine moieties,
manifesting distinctive faradaic capacitive behavior. The incorporation
of these redox-active units resulted in enhanced specific capacitance
compared to both the constituent electroactive monomer and a control
COF lacking redox-active functionalities. Notably, the TaPa-Py COF--
based device exhibited remarkable electrochemical stability, maintain-
ing 92 % of its initial capacitance after 6000 charge-discharge cycles
[34]1.

EL-Mahdy et al. reported the synthesis of p-ketoenamine-linked COFs
using solvothermal Schiff-base [3 + 3] polycondensation reactions be-
tween TFP and 4,4',4"’-(pyridine-2,4,6-triyDtrianiline [31]. The crys-
tallinity of the resulting COFs was found to be influenced by the
planarity of the tris(aminophenyl) linker: greater planarity reduced the
n-interlayer distances between the 2D COF sheets while increasing the
d100 value. The synthesized TFP-COFs exhibited remarkable crystal-
linity and high BET specific surface areas of up to 686 m? g~1. Electro-
chemical analysis revealed superior specific capacitances of up to 291.1
F g}, highlighting the potential of these materials for energy storage
applications [31].

Biradar et al. synthesized a three-dimensional (3D) COF, designated
as PFM-COF1, using tris(4-formylphenyl) phosphate and 2,6-diamino-
pyridine [11]. The incorporation of a phosphonate-rich subunit was
intended to impart flame retardancy, enhancing the potential for safer
SC electrode applications. The no2lnflammable PFM-COF1 demon-
strated impressive electrochemical performance, achieving specific ca-
pacitances of 394.28 F g~ ! and 158 F g ! at a current density of 0.5 A g~}
in three-electrode and symmetric two-electrode SC devices, respectively.
Additionally, PFM-COF1 delivered a high power density of 1077.72 W
kg™ at 0.5 A ¢! and an energy density of approximately 28.44 Wh
kg~ !. The material exhibited good cycling stability, retaining 81 % of its
initial capacitance over 2000 cycles. While the COF featured a single
pyridyl group per monomer, increasing the concentration of pyridyl
groups within the framework presents an intriguing opportunity for
further enhancing its capacitance, though this is not guaranteed [11].

Haldar et al. synthesized three COFs with pyridyl-lined micropores,
systematically varying the concentration of hydroxyl groups within their
structures [46]. These COFs were constructed using trialdehydes derived
from phenol, resorcinol, and phloroglucinol, resulting in SERP-COF10
(1-OH), IISERP-COF11 (2-OH), and IISERP-COF12 (3-OH), respec-
tively. The homogeneous micropores (5-10 A) contributed to substantial
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surface areas, with SERP-COF10 (1-OH) exhibiting the best electro-
chemical performance among the COF-derived solid-state capacitors.
SERP-COF10 demonstrated an impressive specific capacitance of 546 F
g ! at a current density of 500 mA g~! and an areal capacitance of
approximately 92 mF cm™2 at 0.5 mA cm™~2 under acidic electrolyte
conditions. This performance corresponded to a high-power density of
98 yW em 2 at 0.5 mA cm ™2, The electrochemical performance of these
pyridine-rich COFs as solid-state SCs was thoroughly investigated
(Fig. 8). The device was fabricated by coating the COF onto carbon cloth
(Fig. 8a). GCD profiles revealed rapid charge-discharge kinetics with
minimal energy loss (Fig. 8c), while CV tests displayed
rectangular-shaped curves for all three COFs, indicating optimal electric
double-layer capacitance behavior (Fig. 8b). Among the synthesized
COFs, IISERP-COF10 achieved the highest areal capacitance of 2 mA
cm 2 (Fig. 8d) [46].

While nitrogen heteroatoms, particularly pyridine moieties, are
recognized for their redox enhancement capabilities, comprehensive
mechanistic elucidation of electron transfer kinetics remains deficient,
constraining optimization of charge storage phenomena. The influence
of hydroxyl group concentration variations on capacitive behavior ne-
cessitates systematic investigation across diverse electrolyte systems to
establish universally applicable structure-property relationships. The
scalability and economic viability of pyridine-based COF synthesis
present substantial impediments to industrial implementation. The
extensive range of reported specific capacitances (102-546 F g1)
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introduces significant methodological uncertainties potentially attrib-
utable to variations in pore architecture, crystallinity, or electrode
configuration protocols. The pronounced performance disparity be-
tween IISERP-COF10 (546 F g~1) and TaPa-Py (102 F g~1) exemplifies
these inconsistencies, questioning the influence of structural parameters
versus experimental methodologies. The mechanistic debate regarding
faradaic versus non-faradaic contributions in nitrogen-enriched COFs
remains contentious, with conflicting interpretations emphasizing either
pseudocapacitive or EDLC mechanisms. Future investigations should
integrate advanced in situ characterization techniques, including solid-
state NMR spectroscopy and synchrotron X-ray diffraction, to defini-
tively elucidate nitrogen’s redox functionality, coupled with standard-
ized electrochemical protocols and scalable synthetic methodologies to
reconcile performance discrepancies and advance practical
implementation.

4.4.2. Triazine-based COFs for SCs

Recent research has identified triazine as a redox-active center in
COFs. Triazine-based organic moieties have garnered significant atten-
tion in COF synthesis due to their cost-effectiveness and high nitrogen
content, which enhances their reactivity. The multiple nitrogen groups
in triazine structures make them particularly appealing for the devel-
opment of COFs with superior electrochemical properties. This combi-
nation of affordability and electrochemical activity has driven the
widespread use of triazine-based precursors in COF design, particularly
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for energy storage and conversion applications. Incorporating triazine
units into COFs allows for tuning redox properties and improving charge
storage capabilities, positioning them as promising candidates for next-
generation energy storage materials [6].

Kumar et al. synthesized four distinct porous COFs through the
polycondensation of a heteroatom-rich, flexible triazine-based tri-
aldehyde linker, 2,4,6-tris(4-formylphenoxy)-1,3,5-triazine (TPT-CHO),
with four different triamine linkers [47]. These materials were desig-
nated IITR-COF-1, IITR-COF-2, IITR-COF-3, and IITR-COF-4. Among
them, IITR-COF-1 exhibited outstanding electrochemical performance,
with a high specific capacitance of 182.6 F g~} along with energy and
power densities of 101.5 Wh kg ™! and 298.3 W kg, respectively, at a
current density of 0.3 A g”! in a 0.5 M K,SO,4 aqueous electrolyte. In a
Symmetric Supercapacitor (SSC) configuration (IITR-CO-
F-1//IITR-COF-1), comprehensive electrochemical characterization
(Fig. 9), showed superior performance: Nyquist plots revealed the lowest
impedance and highest conductivity (Fig. 9a-a"), while CV and GCD tests
demonstrated ideal capacitive behavior (Fig. 9b and c). The device
achieved an energy density of 17.0 Wh kg™! and a power density of
119.3 W kg~! (Fig. 9d), with an impressive specific capacitance of 30.5
F g ! at a current density of 0.12 A g~! (Fig. 9e). Remarkably,
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of its initial specific capacitance after 10,000 charge-discharge cycles
(Fig. 9g and h), suggesting potential capacity enhancement during
cycling. It also demonstrated practical applicability by successfully
powering both white and red LEDs (Fig. 9i—i") [47].

Xue et al. reported the synthesis of a microporous phosphazene-
triazinyl-based COF, designated HM-COF, through a straightforward
polymerization reaction between hexachlorocyclotriphosphazene and
MA [21]. The resulting HM-COF exhibited a BET specific surface area of
305.7 m? g~! and a pore size of 12.6 A. Electrochemical characterization
demonstrated the material’s promising performance as a SC electrode:
CV measurements revealed well-defined redox peaks, indicative of
reversible faradaic reactions, while GCD analysis showed a maximum
specific capacitance of 145 F g~! at a current density of 0.5 A g™ .
HM-COF exhibited good rate capability, retaining 48.3 % of its capaci-
tance when the current density increased 20-fold to 10 A g}, and
demonstrated exceptional cycling stability, maintaining 84.6 % of its
initial capacitance after 30,000 charge-discharge cycles at a current
density of 2.0 A g! [21].

Yang et al. synthesized two hydroxy-functionalized COFs—TAPT-
2,3-NA(OH); and TAPT-2,6-NA(OH)>—using Schiff-base [3 + 2] poly-
condensation reactions [48]. These COFs were prepared by reacting 1,3,
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3-dihydroxynaphthalene-1,4-dicarbaldehyde (2,3-NADC) and 2,6-dihy-
droxynaphthalene-1,5-dicarbaldehyde (2,6-NADC) in that order. The
incorporation of redox-active 2,3-dihydroxynaphthalene and 2,6-dihy-
droxynaphthalene units into the COF skeletons imparted electro-
chemical redox activity to these materials. Electrochemical
characterization revealed that the hydroxy-functionalized COFs
exhibited a high specific capacitance of 271 F g ™! at a current density of
0.5 A g~L. Furthermore, after 2000 charge-discharge cycles, these COFs
showed remarkable cycling stability, retaining 86.5 % of their initial
capacitance [48].

Li et al. reported the design and synthesis of a 2D COF, named DBT-
MA-COF, by adopting a carbon-nitrogen coupling reaction between DBT
and MA monomers [35]. The researchers constructed an ASC using
DBT-MA-COF as one electrode and a carbon-based material (C-CTS) as
the counter electrode. At a power density of 800 W kg~!, the
DBT-MA-COF//C-CTS ASC achieved a high energy density of 32.1 Wh
kg™!, demonstrating excellent energy storage performance. Notably,
after 30,000 continuous GCD cycles, the device retained 83 % of its
initial capacitance, highlighting its remarkable cycling stability [35].

Li et al. successfully synthesized a crystalline COF, designated TTT-
DHTD, incorporating dithiophenedione moieties in its backbone, and
conducted a comparative study with a dimethoxybenzene-dithiophene-
based COF (TTT-DMTD) to explore the impact of redox-active dithio-
phenedione wunits on capacitance enhancement [49]. Three
COFs—TTT-DTDA, TTT-DMTD, and TTT-DHTD—were thoroughly
compared, with their chemical structures (Fig. 10a), and electro-
chemical properties examined (Fig. 10). CV measurements at a 10 mV

s~! scan rate demonstrated TTT-DHTD’s superior capacitance (163.7 F

Renewable and Sustainable Energy Reviews 226 (2026) 116318

g’l), attributed to its redox-active dithiophenedione units (Fig. 10b).
Further CV analysis of TTT-DHTD revealed a proportional increase in
current density with scan rate, indicating excellent rate performance
(Fig. 10c). GCD measurements showed that TTT-DHTD achieved an
impressive specific capacitance of 273.3 F g~! at a current density of 0.5
A g ! (Fig. 10d), highlighting its exceptional charge storage capability.
This performance was attributed to its crystalline structure, redox-active
components, and high porosity [49].

Ahmad et al. reported the synthesis of a TCOF (TPT@BDA-COF)
using 4',4",4"-(1,3,5-triazine-2,4,6-triyl)tris([1,1-biphenyl]-4-amine)
(TPT) and 4,4"-oxydibenzaldehyde (BDA) via a polycondensation pro-
cess. This synthesis resulted in the fabrication of a well-connected,
orderly porous crystalline structure containing redox-active moieties
and exhibiting a significantly high nitrogen doping content (~13.6
atomic %). Three-electrode electrochemical studies demonstrated a
stable electrochemical potential window of 1.8 V (—0.45 to +1.35 V) in
1 M NaClOy4 electrolyte, with the material exhibiting a high specific
capacitance of 92.6 mF cm 2 and a high energy density of 41.7 Wh kg~
A symmetric SC device constructed using TPT@BDA-COF as both anode
and cathode exhibited varying specific capacitances and gravimetric
energy densities across different electrolytes: 17.8 F g~! and 3.5 Wh
kg! in 1 M CH3COONa; 36.9 F g~ ! and 16.6 Wh kg ™! in 1 M NaySOy;
43.7F g 'and 13.7 Whkg!in 1 M NaNOg; and 47.7 F g ! and 21.6 Wh
kg~! in 1 M NaClOy, respectively. The device demonstrated excellent
cycling stability (105.2 % capacitance retention) and high Coulombic
efficiency (97.5 %) even after 10,000 GCD cycles in 1 M NaClO4 at a
current density of 2 A g~l. Notably, ClO; anions exhibited superior
chaotropic nature (water structure-breaking capability) compared to
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Fig. 10. TTT-based COFs: Structures (a), CV comparison (b, c¢), and TTT-DHTD charge-discharge analysis (d). Reproduced with permission from Ref. [49]. Copyright

2023, American Chemical Society.

12



M. Younis et al.

CH3COO0™, SO7~, and NO3 anions [50].

Maity et al. utilized a thiafulvalene-based ligand, 2,3,6,7-tetra(4-cya-
nophenyl)tetrathiafulvalene (TTFCN), for the synthesis of covalent
triazine framework (CTF) materials that strategically combine electron-
rich thiafulvalene moieties with electron-accepting triazine rings. The
researchers employed a trimerization reaction of the nitrile groups in
TTFCN to effectively promote the formation of CTF materials, using
ZnCl, as both a Lewis acid catalyst and a solvent (porogen) at 400 °C. By
subsequently employing a higher temperature treatment at 700 °C, the
CTF materials underwent a transformation into sulfur and nitrogen-
containing carbon materials, designated as CTFTTF@2-700. Electro-
chemical characterization revealed that CTFTTF@2-700 exhibited
exceptional performance with a specific capacitance of 943 F g™ at a
current density of 1 A g~* and demonstrated excellent electrochemical

Renewable and Sustainable Energy Reviews 226 (2026) 116318

cycling stability throughout the extended charge-discharge cycling
process [51].

Contemporary investigations of TCOFs inadequately elucidate the
mechanistic implications of elevated nitrogen content on redox phe-
nomena, particularly concerning electron delocalization pathways and
ionic interactions, thereby constraining rational optimization of charge
storage mechanisms. The synthetic scalability of nitrogen-enriched
TCOFs presents formidable economic and technical barriers to indus-
trial implementation. The anomalous capacitance enhancement during
electrochemical cycling, exemplified by IITR-COF-1 (111.3 % retention)
and TPT@BDA-COF (105.2 % retention), lacks comprehensive mecha-
nistic rationalization, raising methodological concerns regarding
reproducibility and measurement precision. The substantial perfor-
mance disparities across reported specific capacitances (92.6 mF cm 2

b
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for TPT@BDA-COF versus 943 F g’1 for CTFTTF@2-700) introduce
significant uncertainties potentially attributable to electrode fabrication
heterogeneities, electrolyte interaction variations, or experimental
configuration inconsistencies. The mechanistic debate regarding tri-
azine’s intrinsic redox activity versus structural porosity contributions
to electrochemical performance remains unresolved, with conflicting
interpretations emphasizing either pseudocapacitive or EDLC
mechanisms.

4.4.3. Benzimidazole-based COFs for SCs

Renewable and Sustainable Energy Reviews 226 (2026) 116318

naphthalene, and perylene-based imides [52]. Among these, the pyro-
mellitic diimide-containing benzimidazole COF (BIBDZ) exhibited
outstanding electrochemical performance. When tested in a 1 M H3PO4
electrolyte solution, BIBDZ achieved a specific capacitance of 88.4 F g~
at a current density of 0.5 A g~L. The electrochemical behavior of the
BIBDZ COF highlighted its exceptional capacitive performance (Fig. 11).
CV measurements (Fig. 11a) revealed distinct redox peaks at 0.23 V and
0.37 V (vs. Ag/AgCl), indicating reversible pseudocapacitive behavior
with a small peak separation (AEp = 0.14 V). GCD studies (Fig. 11b) in
the same electrolyte demonstrated a high specific capacitance of 88.4 F

Roy et al. synthesized a series of COFs featuring benzimidazole- g1 at a current density of 1 A g~'. Furthermore, the scan rate de-
functionalized  arylimide  units, incorporating  pyromellitic, pendency analysis (Fig. 11c) showed consistent peak currents, although
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with broader peaks, reflecting pseudocapacitive characteristics. Rate
performance analysis (Fig. 11d) revealed that BIBDZ retained 48.6 % of
its initial capacitance (43 F g~1) at an increased current density of 10 A
g%, where diffusion-limited charge transfer becomes dominant. Addi-
tionally, BIBDZ demonstrated excellent cycling stability (Fig. 11e),
maintaining 93.61 % of its initial capacitance after 5000 consecutive
charge-discharge cycles at a current density of 5 A g~! [52].

Despite promising electrochemical performance, benzimidazole-
based COFs such as BIBDZ exhibit critical knowledge gaps that limit
their optimization and practical implementation in supercapacitor ap-
plications. The mechanistic understanding of benzimidazole’s redox
contributions remains inadequately developed, with insufficient in-situ
spectroscopic studies to elucidate electron transfer pathways during
charge-discharge cycles. BIBDZ’s reported specific capacitance (88.4 F
g 1at 0.5 A g 1) is notably lower than other redox-active COFs, while
the influence of imide unit variations on electrochemical performance
remains underexplored. Current solvothermal synthesis methods pre-
sent significant scalability constraints, imposing economic and technical
barriers that limit industrial viability. Although BIBDZ demonstrates
cycling stability (93.61 % retention after 5000 cycles), validation across
diverse electrolyte systems is lacking, and the impact of electrolyte in-
teractions on long-term performance remains poorly characterized. The
relationship between structural parameters and charge storage mecha-
nisms requires systematic quantification, with inconsistent rate perfor-
mance data (48.6 % capacitance retention at 10 A g’l) suggesting
methodological variations. Future research should prioritize advanced
electrochemical diagnostics, particularly operando X-ray absorption
spectroscopy, to clarify benzimidazole’s redox mechanisms, alongside
exploring mechanochemical synthesis routes and conducting systematic
electrolyte studies to resolve performance disparities.

4.4.4. Triphenylamine-based COFs for SCs

Xiong et al. successfully synthesized a triphenylamine-based COF
(TPA-COF) using a solvothermal method via a Schiff base condensation
reaction between TFPA and tris(4-aminophenyl)amine (TAPA) [53].
The resulting TPA-COF demonstrated outstanding electrochemical
properties, achieving a specific capacitance of 263.1 Fg~ ' at 0.1 A g™,
along with an impressive specific surface area of 398.59 m? g~ '.
Detailed electrochemical analyses (Fig. 12), highlighted the material’s
excellent performance as a SC electrode. The electron-rich triphenyl-
amine structure contributed to well-defined reversible redox peaks
observed in the CV analysis (Fig. 12a), indicative of pseudocapacitive
behavior. GCD measurements further confirmed the capacitive nature of
the material (Fig. 12b). Rate capability tests showed a notable capaci-
tance retention of 62 % when the current density increased from 0.1 A
g1 (263F g ) to5A g (163 F g 1) (Fig. 12¢). Remarkably, the
TPA-COF exhibited exceptional cycling stability, retaining 111 % of its
initial capacitance after 5000 charge-discharge cycles, with a coulombic
efficiency of 109 % (Fig. 12d). This suggests enhanced structural sta-
bility and potential activation of additional redox sites during cycling.
The Nyquist plot revealed excellent ion transport properties, charac-
terized by a low solution resistance (Rs = 2.604 Q) and charge transfer
resistance (Ret = 11.9 Q) (Fig. 12e) [53].

Triphenylamine-based COFs, exemplified by TPA-COF, demonstrate
electrochemical activity in supercapacitor applications; however,
fundamental mechanistic understanding remains incomplete. The
electron-rich triphenylamine framework’s contribution to pseudocapa-
citive behavior lacks comprehensive characterization through compu-
tational modeling and in-situ spectroscopic techniques to elucidate
charge delocalization pathways and redox kinetics. While TPA-COF
exhibits unusual capacitance enhancement during electrochemical
cycling (111 % retention after 5000 cycles), this phenomenon requires
mechanistic clarification and independent validation to address repro-
ducibility concerns and potential redox site activation mechanisms. The
reported specific capacitance (263.1 F g ! at 0.1 A g~!) indicates sub-
optimal performance relative to other COF architectures, suggesting
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limitations in pore accessibility or redox site utilization that warrant
systematic structural optimization studies. Synthesis scalability remains
constrained by solvothermal methodologies, while electrolyte-
performance relationships are inadequately explored. Inconsistent rate
performance data (62 % retention at 5 A g~!) reflects methodological
variations in electrode preparation and testing protocols that compro-
mise comparative analysis. Future investigations should employ density
functional theory calculations and solid-state NMR spectroscopy to
resolve triphenylamine’s redox mechanisms, explore mechanochemical
synthesis alternatives for scalability, and establish standardized elec-
trochemical protocols to enhance reproducibility and practical imple-
mentation potential.

Table 3 demonstrates the diverse electrochemical performance
characteristics of nitrogen-rich COFs, primarily attributed to their
redox-active pyridine and triazine functionalities. Pyridine-based
frameworks exhibit specific capacitances ranging from 102 F g~}
(TaPaPy COF) to 546 F g_1 (IISERP-COF10), with the latter achieving
enhanced redox activity in 1 M HySO4 electrolyte while displaying
moderate cycling stability (70 % retention after 10,000 cycles). In
contrast, TaPa-Py COF, despite lower capacitance values, demonstrates
superior long-term stability with 92 % capacitance retention after 6000
cycles, while PFM-COF1 achieves balanced performance with high
capacitance (394.28 F g’l) and reasonable stability (81 % retention
after 2000 cycles). Triazine-based COFs generally exhibit higher
capacitance values, exemplified by CTFTTF@2-700 reaching 943 F g1
in 1 M NaySO4, with this exceptional performance attributed to thermal
treatment-induced conductivity enhancement. DBT-MA-COF achieves
407 F g~! in 6 M KOH, benefiting from triazine unit contributions, while
TTT-DHTD COF (273.3 F g~!) leverages synergistic effects between
triazine and dithiophenedion functionalities. Electrolyte selection
significantly influences electrochemical performance, with KOH-based
systems (DBT-MA-COF, IITR-COF-1) yielding higher capacitances
(271-407 F g~ 1) compared to NaClO4-based systems such as TPT@BDA-
COF (2.6 mF cm~2) which compensates with a wider 1.8 V potential
window. Cycling stability varies considerably across different frame-
works, with IITR-COF-1 and TPT@BDA-COF demonstrating exceptional
retention (>100 % after 10,000 cycles), possibly due to electrochemical
activation phenomena, while other systems maintain 84-92 % retention
over 2000-30,000 cycles. The predominantly moderate current density
operating ranges (0.3-2 A g!) highlight persistent conductivity limi-
tations inherent to these materials, which may be addressed through
thermal treatment strategies and strategic integration of redox-active
functionalities.

4.5. Thiol-based COFs for SCs

The incorporation of sulfur moieties significantly enhanced the
electrochemical performance of the COFs. SH-COF-1, with a higher
density of thiol groups per structural unit, demonstrated superior
properties, including a larger surface area (227 m? g~!) and improved
electrochemical performance [54]. Notably, SH-COF-1 retained over 95
% of its areal capacitance after 1000 charge-discharge cycles, achieving
a capacitance of 118 mF cm 2. In a two-electrode setup, electrochemical
studies revealed that SH-COF-1 outperformed SH-COF-2 (Fig. 13). The
CV curves showed capacitive behavior with pseudocapacitive contri-
butions from thiol groups, which were more prominent in SH-COF-1 due
to its higher surface area and accessible thiol units (Fig. 13a and b). The
GCD curves exhibited distorted triangular shapes, with SH-COF-1 dis-
playing longer discharge times (Fig. 13c and d), indicative of enhanced
charge storage capacity. SH-COF-1 demonstrated significantly higher
areal capacitance (40 mF cm 2 at 0.5 mA cm’z) compared to SH-COF-2
(16 mF cm™?) (Fig. 13e). EIS analysis further confirmed the superior
performance of SH-COF-1, showing lower charge-transfer resistance and
faster ion transport (Fig. 13f) [54].
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Table 3
Capacitance properties of Nitrogen-rich COFs for SCs.
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Materials

Redox group Electrolyte Potential window Specific capacitance Current density Capacitance retention Ref
PFM-COF1 Pyridine 1 M H,S0,4 0t0 0.7V 39428 Fg! 05Ag" 81 % after 2000 cycles [11]
TFP-TPP COFs pyridine 1 M KOH -1.0to 0.0V >170F g 2Ag! 88.2 % after 2000 cycles [31]
TaPa-Py COF pyridine 1 M H,S04 -0.3t00.4V 102F g1 0.5Ag! 92 % after 6000 cycles [34]
IISERP-COF10 pyridine 1 M H,S04 0to 0.8V 546 F g ! 05Ag! 70 % after 10,000 cycles [46]
HM-COF Triazine 1 M H,S04 —-0.1t0 0.5V 145F g1 05Ag! 84.6 % after 30000 cycles [21]
IITR-COF-1 Triazine 0.5 M K»SO4 0to22V 182.6 Fg! 0.3Ag! 111.3 % after 10000 cycles [47]
COFs-TAPT-2,3NA(OH)2  Triazine 1 M KOH -0.8t0 0.2V 271Fg! 05Ag! 86.5 % after 2000 cycles [48]
DBT-MA-COF Triazine 6 M KOH 0t00.45V 407 Fg! 1.0Ag7! 85 % after 20000 cycles [35]
TTT-DHTD COF Triazine, Dithiophenedion ~ 1 M KOH ~0.2t0 0.8V 273.3F g7t 05Ag! [49]
TPT@BDA-COF Triazine 1 M NaClO,4 —~0.45t01.35V 2.6 mF cm 2 2A ¢! 105.2 % after 10000 cycles  [50]
CTFTTF@2-700 Triazine 1 M NaySOy4 —08to0V 943F g~! 1Ag~! 90 % after 10000 cycles [51]
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Fig. 13. Electrochemical characterization of SH-COFs using a two-electrode setup. CV curves for SH-COF-1 (a and c¢) and SH-COF-2 (b and d) at varying scan rates
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legend, the reader is referred to the Web version of this article.)
4.6. Other

Zhuang et al. were the first to synthesize an olefin-linked 2D COF by
reacting a three-armed aromatic aldehyde with 1,4-phenylene diac-
etonitrile via a Knoevenagel polycondensation process [55]. Subsequent
heating and activation treatments successfully transformed the resulting
2D poly(phenylenevinylene) framework (2DPPV) into porous carbon
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nanosheets with a high specific surface area of up to 880 m? g~!. These
carbon nanosheets exhibited exceptional electrochemical performance
when employed as electrocatalysts for the oxygen reduction reaction
and as SC electrodes [55].

Patra et al. synthesized a porphyrin-based 2D COF by conducting a
Schiff base condensation reaction between 1,1,2,2-tetrakis(4-formyl-
(1,1"-biphenyl))ethane (TFBE) and 5,10,15,20-tetrakis(para-
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aminophenyl)porphyrin (TAPP) under solvothermal conditions [12].
The resulting porphyrin-tetraphenylethylene COF (PT-COF) exhibited
exceptional crystallinity and a high surface area of 1998 m? g~ 1. As an
electrode material for supercapacitive energy storage, PT-COF demon-
strated impressive performance by combining electric double-layer
capacitance and pseudocapacitance mechanisms. In a 0.5 M H3SO4
electrolyte at a current density of 1 A g™, PT-COF achieved a maximum
specific capacitance of 1443 F g1, with 91 % capacity retention after
3000 cycles. The excellent redox activity in acidic conditions was
attributed to the protonation of the porphyrin unit [HoP] during the
cathodic scan, followed by a two-electron reduction to generate a
20m-electronic system [H4P] [12].

Igbal et al. reported the synthesis of a highly crystalline two-
dimensional conjugated COF (250-HADQ COF) under optimized reac-
tion conditions [8]. The resulting material featured 1-nm-wide pores
and a high nitrogen content of approximately 37 %. The 250-HADQ COF
exhibited remarkable properties, including a high specific surface area
of 2443 m? g~! and excellent thermal stability up to 1000 °C. When
employed in two-electrode double-layer SCs with an ionic liquid elec-
trolyte, the material demonstrated outstanding electrochemical perfor-
mance. It achieved a high gravimetric capacitance of 516.4 F g~* at 0.5
A g7 ! and an energy density of 219.4 Wh kg™! at a power density of
437.5 W kg L. Notably, the 250-HADQ COF retained 81 % of its initial
capacity after 100,000 charge-discharge cycles at a current density of 2
A g7! [8]. Khojastehnezhad et al. reported the use of two distinct
Keggin-type heteropolyacids (HPAs), namely Lewis and Brgnsted acids,
as catalysts to accelerate the synthesis of 2D and 3D COFs while
improving the quality of their constituent components [17]. The
designed TAPA-TPT COF exhibited outstanding performance in SC ap-
plications. At a current density of 0.5 A g™, this COF achieved an
impressive specific capacitance of 205 F g1, making it a highly desir-
able material for SCs [17].

The excellent pseudocapacitance of the COF, resulting from precise
molecular-level control of the redox functionalities within its backbone,
likely accounts for its superior specific capacitance. Chandra et al.
synthesized and studied two redox-active COFs, TpPa-(OH), and TpBD-
(OH),, for SC applications, focusing on the role of their redox-active
functional groups in enhancing specific capacitance [33]. Among the
two COFs, TpPa-(OH), demonstrated superior electrochemical perfor-
mance. In a three-electrode configuration, it achieved a remarkable
specific capacitance of 416 F g~ ! at a current density of 0.5 A g~ 1. When
tested in a two-electrode setup, it exhibited a maximum specific
capacitance of 214 F g~! at a current density of 0.2 A g~!. TpPa-(OH),
also displayed excellent cycling stability, retaining 66 % of its initial
capacitance after 10,000 cycles in the three-electrode configuration and
88 % in the two-electrode setup. Notably, 43 % of the redox-active hy-
droquinone (H2Q) moieties were accessible in the three-electrode
configuration, significantly contributing to its pseudocapacitive
behavior [33].

Diverse COF systems, including olefin-linked, porphyrin-based, and
other redox-active architectures, exhibit substantial potential for
supercapacitor applications, yet critical research gaps impede their
optimization and practical deployment. The mechanistic interplay be-
tween pseudocapacitive and electric double-layer capacitance contri-
butions in high-performance materials such as PT-COF (1443 F g_l) and
250-HADQ COF (516.4 F g~1) remains inadequately characterized, with
insufficient operando studies to differentiate redox-driven versus
surface-driven charge storage mechanisms. PT-COF’s exceptionally high
specific capacitance raises reproducibility concerns, as methodological
variations in electrode preparation and electrolyte conditions may
contribute to reported performance disparities. Scalability of specialized
COFs is constrained by complex synthesis routes, including Knoevenagel
polycondensation and solvothermal Schiff base reactions, which present
significant economic and technical barriers to industrial implementa-
tion. The influence of high nitrogen content (37 % in 250-HADQ COF)
on electrochemical performance lacks systematic investigation,

17

Renewable and Sustainable Energy Reviews 226 (2026) 116318

particularly regarding nitrogen’s role in enhancing redox activity versus
structural stability. Long-term cycling stability, exemplified by 250-
HADQ COF’s 81 % retention after 100,000 cycles, requires validation
across diverse electrolyte systems to confirm robustness under varied
operational conditions. Future investigations should employ advanced
in-situ characterization techniques, including synchrotron X-ray
diffraction and electrochemical quartz crystal microbalance, to eluci-
date charge storage mechanisms, while exploring scalable synthesis
methods and standardized testing protocols to address performance in-
consistencies and facilitate practical applications.

COF architectures demonstrate distinct performance characteristics
that dictate their suitability for specific supercapacitor applications.
Porphyrin-based COFs (PT-COF, 1443 F g~; 250-HADQ, 516.4 F g™1)
and triazine-based COFs (CTFTTF@2-700, 943 F g_l) exhibit superior
specific capacitance attributed to high surface areas (1998-2443 m?
g™ and abundant redox-active units, making them ideal for high-
energy-density applications such as portable electronics, though
cycling stability remains moderate (81-91 % retention after
3000-100,000 cycles). Conversely, naphthalene-based COFs (TFPh-
NDA, 583 F g’l, 100 % retention after 10,000 cycles) and select triazine-
based systems (IITR-COF-1, 111.3 % retention) demonstrate exceptional
stability suitable for grid storage applications, driven by n-conjugation
and nitrogen content (13.6-37 %), albeit with electrolyte-dependent
performance variations (943 F g~! in NaySO4 versus 47.7 F g~! in
NaClO,). DAAQ-based COFs (TpOMe-DAQ, 1600 mF cm 2, 169 F g™1)
offer advantages for flexible, thin-sheet electrodes despite lower gravi-
metric capacitance, while AZO-based systems (TFPB-AZOCOF, 450 F
g1, 8500 W kg™!) prioritize power density applications. Pyridine-based
(IISERP-COF10, 546 F g’l), triphenylamine-based (263.1 F g’l),
benzimidazole-based (88.4 F g’l), and thiol-based (118 mF cm~2) COFs
exhibit moderate performance limited by surface area constraints or
redox site accessibility. Critical research gaps persist, including mech-
anistic uncertainties regarding pseudocapacitive versus EDLC contri-
butions, solvothermal synthesis scalability limitations, and substantial
performance disparities across systems. Future advancement requires
operando characterization techniques, standardized testing protocols,
and scalable synthesis methods to enhance practical applicability and
resolve fundamental mechanistic questions.

5. COFs composites in SCs

COFs can be effectively incorporated into composites with conduc-
tive materials to improve their overall conductivity, which is crucial for
many applications, especially in energy storage. One prominent example
of this approach is the growth of COFs on carbon nanotubes (CNTs) or
graphene sheets. This strategy creates a synergistic combination of the
high surface area and customizable functionality of COFs with the
excellent electrical conductivity of CNTs or graphene. As a result, these
composites typically demonstrate significantly enhanced conductivity
compared to pristine COFs, while retaining the advantages of the COF
structure, such as high porosity and tunable chemical functionality. This
improved conductivity can lead to superior performance in various ap-
plications, including SCs, batteries, and other energy storage devices.
The ability to create such COF-based composites highlights the versa-
tility of COFs in materials design and their potential for developing high-
performance materials for energy-related applications.

5.1. Carbon/COF composites for SCs

CNTs have attracted considerable research attention in the scientific
community due to their unique properties. The combination of CNTs
with COFs to form CNT/COF composites has emerged as a promising
area of study, particularly for energy storage and conversion applica-
tions. These composites harness the exceptional electrical conductivity
and mechanical strength of CNTs, along with the high surface area,
customizable pore structure, and chemical functionality of COFs.
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Numerous studies have investigated the potential of CNT/COF com-
posites in various energy-related applications, including SCs, batteries,
and electrocatalysis.

The effective synthesis of a CNT-imide COF composite with a unique
core-shell structure was reported by Dai et al. [56]. This n-type imide
COF was generated in situ on the surface of amine-functionalized CNTs,
which served as the substrate. The resulting PAI@40 % CNT composite
exhibited enhanced electrical conductivity and high porosity. As a
negative electrode material, the PAI@40 % CNT composite demon-
strated a specific capacitance of 278 F g~! in the negative potential
range of a neutral electrolyte. Notably, even at a high current density of
50 A g1, the composite retained a high specific capacitance of 72 F g~ *.
These exceptional energy-storage capabilities are attributed to the syn-
ergistic relationship between the carbon nanotube core and the carbon
oxide filler shell. Additionally, RuO, was used as the positive electrode,
and PAI@40 % CNT served as the negative electrode in an ASC device.
At a power density of 357.2 W kg~}, this RuOy//PAI@40 % CNT ASC
device demonstrated a high energy density of 25.9 W h kg~! [56].

Yang et al. reported on COFs enriched with redox-active azo groups,
which are capable of undergoing proton-coupled electron transfer re-
actions, making them promising candidates for pseudocapacitive elec-
trode materials [16]. The researchers developed a novel approach by in
situ hybridizing these COFs with CNTs, resulting in a composite material
with exceptional electrochemical performance. When evaluated in a
three-electrode configuration, the composite exhibited one of the
highest specific capacitances reported to date for COF-based SCs,
achieving 440 F g1 at a current density of 0.5 A g~!. Moreover, the
material demonstrated remarkable cycling stability, retaining 90 % of its
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initial capacitance after 10,000 charge-discharge cycles. This study
represents a pioneering effort in the development of high power and
energy density pseudocapacitors using Grotthuss proton-conductive
organic materials. When assembled into an asymmetric two-electrode
SC, the device outperformed all previously reported COF-based de-
vices. Notably, it achieved a maximum energy density of 71 Wh kg™?
and a maximum power density of 42 kW kg™!, marking a significant
milestone in COF-based energy storage technology. The
CNT/NKCOF-2/AC ASC has been thoroughly electrochemically charac-
terized, as shown in (Fig. 14). Significant redox peaks are visible in the
CV curves (Fig. 14a) over a broad range of scan rates (1-100 mV s’l),
indicating fast redox kinetics and robust pseudocapacitive behavior. The
virtually linear and symmetric profiles of GCD curves (Fig. 14b) at
different current densities (1-100 A g~!) suggest optimal capacitive
behavior with low internal resistance. The Ragone plot (Fig. 14c)
highlights the device’s remarkable performance, demonstrating a
maximum power density of 42 kW kg ™! and a high energy density of 71
Wh kg~! [16].

Liu et al. developed a simple one-pot method to synthesize a series of
CNT@COF composites using carboxylated multi-walled CNTs. This
process involves the in-situ growth of 2D TFA-COFs on the surface of the
nanotubes [10]. Among these composites, CNT@TFA-COF-3 exhibited
outstanding properties, including a high specific surface area of 1034
m? g7, uniform pore distribution, strong structural stability, and
excellent crystallinity. As a capacitive electrode material,
CNT@TFA-COF-3 demonstrated superior electrochemical performance,
achieving a specific capacitance of 338 F g ! at a current density of 1.0
A g’l. This value is 8.5, 4.9, and 7.5 times higher than that of TFA-COFs,
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CNTs, and the physically mixed CNT/TFA-COF composite, respectively.
Furthermore, the CNT@TFA-COF-3-based SC exhibited remarkable
long-term cycling stability and exceptional rate performance, main-
taining functionality even after 7000 charge-discharge cycles [10].

Yang et al. synthesized SWCNT-COF nanohybrids by integrating
redox-active TpPa-COFs with single-walled carbon nanotubes (SWCNTSs)
through solvothermal in situ polymerization. This method produced a
core-shell structure, where TpPa-COFs were uniformly nanocoated onto
SWCNTs, enabling precise control over the COF/SWCNT interface at the
molecular level compared to mechanical mixing. The nano-hybrid-based
electrode exhibited a specific capacitance of 153 F g~! at a current
density of 0.5 A/g, along with exceptional long-term cycling stability.
These findings underscore the effectiveness of in situ polymerization in
developing high-performance COF-based SC materials with enhanced
electrochemical properties and durability [57].

Yang et al. developed innovative nanocomposite materials using
carbon nanotube fibers (f-CNFs) as templates to synthesize TPTP-
COF@f-CNF and TPDA-COF@f-CNF [18]. Their study demonstrated
the outstanding electrochemical performance of these materials in SC
applications. Electrodes based on TPTP-COF and TPDA-COF exhibited
impressive specific capacitances of 577.4 F g’1 and 640.4 F g’l,
respectively, at a scan rate of 5 mV s~ 1. Notably, an inverse relationship
was observed between the f-CNF concentration and the specific capac-
itance of both TPTP-COF@f-CNF and TPDA-COF@f-CNF electrodes. The
research team further constructed SSC devices using TPTP-COF and
TPDA-COF, achieving maximum specific capacitances of 56.4 F g’1 and
70.6 F g™}, respectively. Moreover, these devices exhibited remarkable
electrochemical stability —during prolonged operation. The
TPTP-COF-based device retained 78.60 % of its initial capacitance after
10,000 charge-discharge cycles, while the TPDA-COF-based device
retained 81.54 % [18].

Dai et al. reported the successful design and synthesis of a polyimide
COF (pHANT) composed of imide and hexaazatriphenylene units.
Additionally, they constructed a pHANT@10 %CNT composite via in-
situ growth of this n-type COF on aminoized multi-walled carbon
nanotubes using a simple hydrothermal method. The pHANT@10%CNT
composite exhibited exceptional electrochemical performance with a
high specific capacitance of 366 F g ! at 0.5 A g ! when operated within
a negative potential window in a neutral electrolyte. Moreover, the
composite demonstrated excellent cycling stability. Ex-situ XPS analysis
of the composite at potentials of —0.2 V, —0.6 V, and —1.0 V revealed
the participation of C=0 and C=N functional units in energy storage
processes, confirming that the polyimide-co-hexaazatriphenylene COF
structure provides abundant redox-active sites. When assembled into an
ASC device (pHANT@10 %CNT//RuO3), the system delivered a high
specific capacitance of 82.8 F g~ at 0.5 A g~ across a wide operating
voltage window of 1.4 V, achieving an energy density of 22.54 Wh kg~!
at a power density of 350 W kg’1 [58].

Kang et al. reported the development of a series of
hexaazatriphenylene-based COF exfoliated by carbon nanotubes
(CNT@HATN-COF-x) through a mild in situ composite formation and
chemical stripping method. The exfoliation process resulted in HATN-
COF layers with an approximate thickness of 4.5 nm that were intri-
cately interfaced with the carbon nanotubes. The resulting SC based on
CNT@HATN-COF-0.6 demonstrated exceptional electrochemical per-
formance, achieving a high specific capacitance of 436 F g~! and an
exceptionally high energy density of 155.3 Wh kg™'. Moreover, the SC
exhibited outstanding cycling stability, maintaining 100 % of its initial
capacitance after 10,000 charge-discharge cycles. This remarkable sta-
bility indicates that the incorporation of carbon nanotubes has a negli-
gible effect on the inherently stable molecular structure of the COF,
while significantly enhancing its electrochemical performance through
improved conductivity and structural support [59].

Graphene, alongside CNTs, has attracted significant interest in sci-
ence and technology. Numerous studies have reported the development
of graphene/COF composites for energy conversion and storage. Xu
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et al. utilized graphene as a conductive substrate for the in-situ growth of
a 2D redox-active COF (TFPDQ-COF) under solvent-free conditions,
forming TFPDQ-COF/graphene (TFPDQGO) nanohybrids, and explored
their applications in both SCs and hybrid capacitive deionization (HCDI)
[60]. By optimizing the hybridization ratio, TFPDQGO achieved a high
specific capacitance of 429.0 F g™, attributed to the synergistic effect of
the graphene layers’ charge transport capabilities and the abundant
redox-active centers within the COF skeleton. The assembled
TFPDQGO//AC ASC exhibited a high energy output of 59.4 Whkg ! ata
power density of 950 W kg™!, along with excellent cycling stability.
Additionally, the TFPDQGO-based HCDI system demonstrated a
maximum salt adsorption capacity of 58.4 mg g~ ! and stable regener-
ation performance [60].

Xu et al. reported the development of a 2D redox-active pyrazine-
based COF (BAHC-COF) anchored onto graphene via a solvent-free
strategy for heterointerface regulation [61]. The resulting
BAHC-COF/graphene (BAHCGO) nanohybrid materials -effectively
combine the high-speed charge transport capabilities of graphene with
enhanced electrolyte ion migration within the BAHC-COF, facilitating
efficient ion occupation at storage sites. This synergy led to outstanding
performance across multiple applications: the BAHCGO//AC ASC ach-
ieved a high energy output of 61.2 Wh kg~ ! with excellent long-term
cycling stability, while the BAHCGO-based hybrid capacitive deioniza-
tion (HCDI) system exhibited a high salt adsorption capacity of 67.5 mg
g~ ! with remarkable long-term desalination and regeneration stability.
Electrochemical characterization further demonstrated the superior
performance of the BAHCGO-75//AC hybrid electrode system. CV
curves (Fig. 15a) confirmed a combination of electric double-layer
capacitance and pseudocapacitive behavior. The Nyquist plot revealed
minimal charge-transfer resistance, while symmetrical GCD curves
indicated excellent reversibility (Fig. 15b and c). The system achieved a
maximum energy density of 61.2 Wh kg™! at a power density of 950 W
kg~ ! and a high specific capacitance of 122.1 Fg > at 1 A g~ ! (Fig. 15d
and e). Notably, after 10,000 charge-discharge cycles, the hybrid
retained 89.4 % of its initial capacitance (Fig. 15 f), demonstrating
exceptional durability [61].

Ibrahim et al. reported the ex-situ and in-situ (one-pot) synthesis of a
triazine COF/graphene oxide (GO) nanocomposite [62]. These compo-
nents undergo a straightforward carbonization process to form N-doped
carbon (N-doped C)/reduced graphene oxide (rGO), which is utilized as
an electrode material for SCs. Compared to the ex-situ method, N-doped
C/rGO synthesized via the in-situ approach exhibits superior electro-
chemical performance. At a current density of 0.8 A g~!, N-doped C/rGO
in-situ achieves a specific capacitance of 234 F g~1. A SSC device using
N-doped C/rGO electrodes successfully powered a white LED bulb,
demonstrating practical applicability. The device exhibited a high spe-
cific energy of 14.6 Wh-kg™! and a high specific power of 400 W kg%,
with only a 14 % decrease in capacitance after 3500 cycles. Electro-
chemical characterization (Fig. 16) further validated the device’s per-
formance. CV measurements displayed quasi-rectangular curves at
various scan rates (Fig. 16a), indicating ideal capacitive behavior, while
GCD profiles demonstrated linear and symmetric characteristics across
different current densities (Fig. 16b). Ragone plot analysis (Fig. 16c)
highlighted an excellent energy-power trade-off, achieving an energy
density of 14.3 Wh/kg at 0.5 A/g and sustaining performance up to
4800 W kg~ ! at 6 A/g. EIS revealed a reduction in equivalent series
resistance after cycling, suggesting enhanced conductivity and improved
ion transport kinetics (Fig. 16d). Long-term stability tests confirmed the
device’s durability, with 86 % capacitance retention over 3500 cycles
(Fig. 16e). The practical viability of this SC device was further demon-
strated by its ability to power a white LED lamp (Fig. 16f) [62].

The inherent conductivity of rGO facilitates electron transfer and ion
migration, thereby enhancing electrochemical performance. By opti-
mizing the content ratio of graphene and COF, Hu et al. synthesized two-
dimensional COF (TpPa-(OH);) nanowires anchored on the surface of
rGO (TpPa-(OH),/rGO) using a simple hydrothermal method in an
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aqueous solution [63]. The anchored COF nanowires effectively prevent exhibits a well-defined COF nanowire structure anchored on graphene
graphene sheets from stacking, improving the electric double-layer sheets and demonstrates outstanding electrochemical performance,
capacitance of rGO while introducing additional pseudocapacitance achieving a high specific capacitance of 371.1 F g~} at 0.5 A/g and

from the redox-active COFs. The optimized TpPa-(OH),/rGO composite excellent cycling stability, retaining 93 % of its capacitance after 20,000
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cycles at 10 A/g. Furthermore, SSCs assembled with TpPa-(OH),/rGO-3
achieved a specific capacitance of 197.1 F g1 at 0.2 A/g and delivered a
maximum energy density of 16.6 Wh/kg at a power density of 158.7 W
kg~ [63].

Sun et al. developed a hybrid nanomaterial featuring ultrathin COF-1
nanosheets oriented perpendicularly to the graphene surface. Benzene-
1,4-diboronic acid (DBA) molecules, covalently attached to the GO
surface in a vertical orientation, acted as nucleation agents, directing the
vertical growth of COF-1 nanosheets. By adjusting the DBA loading, the
thickness of the COF-1 nanosheets was precisely controlled, ranging
from approximately 3 to 15 nm (spanning several to tens of COF-1
layers). Additionally, it was demonstrated that GO-2D COF hybrids
could be converted into boron-doped carbon materials while preserving
the unique geometry of their precursor nanostructures. The resulting v-
CNS-RGO exhibited exceptional performance as an electrode material
for SCs due to its distinctive nanostructure, which facilitated rapid
electron transfer from the vertically aligned porous carbon nanosheets
to the highly conductive RGO [64].

Yao et al. introduced an innovative strategy to enhance the electrical
conductivity of AQ-containing COFs by incorporating rGO nanosheets.
The in-situ synthesis of COF along the two-dimensional rGO surfaces
facilitated extensive n-n intermolecular interactions within the resulting
COF@rGO hybrid films. Notably, the COF matrix effectively prevented
rGO nanosheet aggregation, thereby optimizing electrolyte ion transport
pathways. The optimized COF@rGO composite film exhibited an
outstanding specific capacitance of 451.96 F g~!, marking a significant
advancement in COF-based electrode materials. The fabricated planar
COF@rGO microsupercapacitor (COF@rGO-MSC) demonstrated
exceptional electrochemical performance, including a wide operating
voltage window (2.5 V), high energy density (44.22 Wh kg™1), and
excellent structural integrity [65].

Binary and ternary nanocomposites have been successfully explored
as electrode materials for energy storage applications. Verma et al. re-
ported the synthesis of a ternary GO/CNT/COF nanocomposite through
a simple chemical process, resulting in a novel hybrid material [51]. The
effects of varying weight percentages of GO and CNT at a fixed COF ratio
were optimized for enhanced electrochemical performance using a
central composite design and analyzed via response surface methodol-
ogy. The optimized ternary GO/CNT/COF electrode (with a composition
of 2.4:2.1:1) exhibited excellent electrochemical properties, including a
low charge-transfer resistance (Rct) of ~11.34 Q, a high specific
capacitance of 544.91 Fg ' at 1 mVs ' and 175.09 Fg !t at 1 A/g, as
well as outstanding cycling stability, retaining 84.76 % of its capacitance
after 8000 cycles. The SSC assembled with this material delivered a
specific energy of 24.31 Wh/kg and a specific power of 248.95 W kg%,
demonstrating its potential for high-performance energy storage appli-
cations [66].

According to Dong et al., a COF/carbon composite foam was
meticulously synthesized by directly incorporating COF crystallites onto
the surface of a carbon network through the Schiff base reaction,
achieving a strong integration of the two phases. The 3D architecture’s
interconnected carbon skeleton ensures rapid electron transport,
enhanced mechanical properties, high compressibility, and excellent
fatigue resistance (with almost 100 % retention after 50 cycles at 70 %
strain). Moreover, the COF decoration offers abundant active sites and
contributes to a more porous structure. The resulting COF/carbon
composite foam serves as a self-supported electrode in SC devices,
demonstrating superior cycling stability with nearly 100 % capacitance
retention after 20,000 cycles at 10 A g~!. The material exhibits a high
capacitance of 129.2 F g’1 at 0.5 A g’1 [671.

Redox-active COFs were embedded onto carbon fiber surfaces (AC-
COFs) by Yuanyuan He et al. through strong covalent bonding. The
strategic integration of DAAQ pillars on the carbon fiber surface enabled
precise control over the direction of COF growth [52]. This resulted in a
vertically aligned, tentacle-like architecture that facilitated efficient
charge transfer while preventing COF aggregation and structural
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collapse. The synergistic effects of strong covalent coupling and
improved accessibility to active sites led to an exceptional areal capac-
itance of 1034 mF cm~2 for the AC-COFs electrode. Notably, the
COF-based flexible electrode demonstrated excellent cycling stability,
maintaining 98 % of its initial capacitance after 20,000 charge-discharge
cycles. A flexible all-solid-state SSC was fabricated using a PVA/H3SO4
gel electrolyte, achieving an impressive areal capacitance of 715 mF
cm 2. The performance of the flexible solid-state supercapacitor (FSSC)
was validated through extensive electrochemical testing (Fig. 17). The
device’s mechanical resilience was confirmed by its stable performance
under mechanical deformation up to a 180° bending angle (Fig. 17¢) and
its optimal electrochemical behavior within a 1.4 V potential window
(Fig. 17b). Ideal capacitive behavior was demonstrated by the linear and
symmetrical characteristics of the GCD curves as shown in (Fig. 17d),
which presents the specific capacitance of the AC-COFs//AC-COFs de-
vice as a function of current density (0.5-7 mA cm’z) in a solid-state
configuration with gel electrolyte, with the voltage almost linear with
time and the curve close to a symmetrical triangle, indicating relatively
ideal specific capacitance characteristics, and specific capacities of 715
mF cm~2 at 0.5 mA cm ™2 and 552 mF cm™2 at 7 mA cm ™2, Long-term
stability testing showed 87 % capacitance retention after 20,000 cy-
cles at 5 mA cm™2 (Fig. 17f), while rate capability studies detailed in
Fig. 17e, demonstrated 77 % retention of areal capacitance when the
current density was increased to 7 mA cm ™2, according to the discharge
curves of the AC-COFs//AC-COFs FSSC, with the inset highlighting the
cycling stability over 20,000 charge-discharge cycles at 1 mA cm™2,
retaining 85.3 % of its initial capacitance and including galvanostatic
charge-discharge curves at selected cycles to illustrate electrochemical
reversibility, indicating rapid charge migration and ion diffusion of the
electrodes. The practical utility of the device was demonstrated by
successful LED operation in both planar and bent configurations. Addi-
tionally, the FSSC exhibited scalable performance when arranged in
series and parallel configurations (Fig. 17g-h) [68].

Zhao et al. reported the preparation of COF-templated ordered
nanoporous C60 ([C60]XeCOF) for high-performance SCs for the first
time [4]. The resulting [C60]X-COFs exhibit excellent electrochemical
performance. An ASC device ([C60]0.05-COF//rGO ASC), based on the
ordered porous C60, optimizes the operating voltage window to 1.8 V,
delivering an impressive energy density of 21.4 Wh/kg at a power
density of 900 W kg~! (with a slight decrease in energy density to 16.7
Wh/kg at a power density of 7200 W kg~ 1). The assembled ASC device
successfully illuminated a red LED light for 70 s, demonstrating its
promising potential for future energy storage applications [4].

Martin-Illan et al. reported an efficient method for monomer ex-
change from imine to partially f-ketoenamine-linked COFs within the
gel phase [53]. The resulting aerogels were successfully converted into
electrodes using a compression technique. These flexible electrodes,
based on B-ketoenamine-linked COF composites with conductive carbon
(Super P), exhibited superior durability and redox activity compared to
their imine-based counterparts. In SC assemblies, the p-ketoenamine--
linked COF electrodes demonstrated enhanced performance, achieving a
higher capacitance of 88 mF cm ™2 and improved stability at high current
densities (2.0 mA cm’z) [69].

Sun et al. designed and synthesized a series of functionalized gra-
phene/COF composites via a facile one-pot solvothermal method. The
synthesis involved chemical grafting of tetraphenylethylene-based COF
(TTPE-COF) with nearly pure carbon framework onto the surface of
aniline-functionalized graphene oxide (a-GO), yielding a-rGO@TTPE-
COF composites. Comprehensive structural characterization and elec-
trochemical performance evaluation of these composites revealed that a-
rGO@TTPE-COF-3 exhibited superior electrochemical properties as
capacitive electrode materials. At a current density of 1.0 A g™}, a-
rGO@TTPE-COF-3 demonstrated a specific capacitance of 139 F g™,
representing a 20 % enhancement compared to pristine a-rGO (116 F
g~ 1) and significantly outperforming the original TTPE-COF (5.0 F g71).
Furthermore, a-rGO@TTPE-COF-3 displayed excellent cycling stability,
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maintaining 93.0 % of its initial capacitance after 5000 charge-discharge
cycles. When assembled into a symmetric SC configuration, a-
rGO@TTPE-COF-3 electrodes delivered an energy density of 8.3 Wh
kg! at a power density of 1799.5 W kg™!, demonstrating its potential
for energy storage applications [70].

Yang et al. reported the synthesis of a composite material combining
a COF with reduced graphene oxide (HcDa-COF/rGO). The COF was
prepared using hexachlorotriphosphonitrile (HCCP) and DAAQ as
monomers, with reduced graphene oxide (rGO) serving as a conductive
substrate. The resulting HcDa-COF/rGO composite material exhibited
exceptional capacitive performance. the synthesized composite elec-
trode demonstrated a superior specific capacitance of 834.12 F g ! at a
current density of 1 A g~1. Furthermore, the electrode material retained
58.8 % of its initial specific capacitance when operated at a high current
density of 30 A g1, indicating excellent rate capability. The researchers
also fabricated an asymmetric SC device using HcDa-COF/rGO as the
negative electrode and 2,3-dicarboxylic acid quinoline/N-P-graphene
hydrogel (QDC/N-P-GH) as the positive electrode. This asymmetric
device delivered a specific capacitance of 70.35 F g~ > at 1 A g~! and
achieved an energy density of 28.24 Wh kg~! at a power density of
854.32 W kg~ ! [71].

Khan et al. reported the solvent-free in situ synthesis of a redox-
active COF (DAAQ-TFP COF) grown directly on the surface of
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expanded graphite (EG). The expanded graphite not only enhanced
electrical conductivity but also effectively regulated the pore size dis-
tribution of the COF. This optimized hierarchical structure proved
highly conducive to enhancing the electrochemical performance of the
electrode material. Electrochemical characterization showed that the
EG@COF-3 composite achieved a specific capacitance of 351 C g~ ! ata
current density of 1 A g~1, while maintaining excellent cycling stability
with 94.4 % capacitance retention after 10,000 charge-discharge cycles.
This exceptional capacitance retention was attributed to the inherently
stable molecular backbone of the COF. Additionally, an ASC device
fabricated using AC as the negative electrode and EG@COF as the pos-
itive electrode delivered an energy density of 16.4 Wh kg~" at a power
density of 806.0 W kg~! [72].

Table 4 demonstrates the synergistic enhancement achieved through
carbon/COF composite formation, with specific capacitances ranging
from 63.1 to 834.12 F g™, significantly surpassing many pure COF
materials and highlighting the effectiveness of hybridization strategies
for SC electrode optimization. The HcDa-COF/rGO composite exhibited
exceptional performance with 834.12 F g~ at 1.0 A g~!, demonstrating
how the integration of AQ-functionalized COFs with reduced graphene
oxide creates an optimal balance between redox activity and electronic
conductivity. Carbon nanotube (CNT) incorporation proved particularly
effective, with CNT@TFA-COF-3, CNT@HATN-COF-0.6, and various
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Table 4
Selected properties of Carbon/COF Composites for SCs.

Materials Redox group Electrolyte Potential window Specific capacitance Current density Capacitance retention Ref
[C60]0.09-COFs triazole 1 M NaySOy4 0to 0.5V 63.1Fg! 07Ag! 90.6 % after 5000 cycles [4]

CNT@TFA-COF-3 triazine 1 M H,S04 0to 0.8V 338Fg! 1.0Ag! after 7000 cycles [10]
NKCOF-8 azo 2 M HyS0,4 0t0 0.8V 440 Fg'! 0.5A¢g? 90 % after 10000 cycles. [16]
TPDA-COF Triazine 6 M KOH 0.25t0 0.5 640.4F g ! 5mVs 81.54 % after 10000 cycles. [18]
TPTP-COF Triazine 6 M KOH 0.25 to 0.5 577.44 F g’1 5mVs b 78.60 % after 10000 cycles. [18]
PAI@40 % CNT Imide 1 M NaySO,4 -1.0to0V 278 F g’l 0.5A g’1 96 % after 4400 cycles [56]
SWCNTs-TpPaCOFs ketoenamine 1 M H,S04 0t0 0.5V 153F g ! 0.5A¢g? >110 % after 2000 cycles [571
PHANT@10%CNT Polyimide 1 M NaySO4 —-1.0to -0.2V 366 Fg! 05Ag! 86 % after 5000 cycles [58]
CNT@HATN-COF-0.6 hexaazatriphenylene 1 M KOH —-0.8t0 0.2V 436 Fg! 20Ag? 100 % after 10,000 cycles [59]
TFPDQGO-75 Anthraquinnone 1 M NaCl -1.2to0V 429.0F g ! 2mVs-1 80.6 % after 10000 cycles. [60]
TpPa-(OH)2/rGO benzoquinone 1 M H,SO4 —-0.5t0 0.5V 371.1Fg* 05Ag" 93 % after 20,000 cycles [63]
N-doped C/rGO Triazine 6 M KOH 0.21t0 0.6 V 234F g! 0.8Ag! 86 % after 3500 cycles [62]
BAHCGO-75 Pyrazine 1 M NaCl —0.8t0 0.6 V 380.8F g ! 2mvs! 83.2 % after 10000 cycles. [61]
v-CNS-RGO Boroxine 6 M KOH 0Oto1.0V >160F g* 20Ag! 100 % after 3000 cycles [64]
COF@rGO Anthraquinnone 1 M H,SO4 —-0.3t0 0.7V 451.96 F g 02Ag™! 94.02 % after 10000 cycles [65]
GO/CNT/COF CoFey04 1 M HySO4 0to 0.8V 54491 F g’1 1mvs! 84.76 % after 8000 cycles [66]
DAB/GCF Quinone 1 M H,SO4 0to 0.8V 129.2F gt 05Ag! 100 % after 20000 cycles [67]1
AC-COFs Anthraquinnone 1 M H,S04 —0.4t0 0.5V 397.7Fg™! 1 mA cm™2 98 % after 20000 cycles [68]
ECOF-3 Ketoenamine 1M TBABF, 0to4.6V 82 mF cm 2 2 mA cm > 100 % after 10,000 cycles [69]
a-tGO@TTPE-COF-3 imine bonds 1 M HySO4 —-0.2t00.6 V 139F g ! 1.0A g’1 92.3 % after 5000 cycles [70]
HcDa-COF/rGO Anthraquinone 1 M HyS04 0to 0.8V 834.12F g’1 1.0A g’1 88.46 % after 10,000 cycles [71]
EG@COF-3 Anthraquinone 6 M KOH -1t00.3V 351Cg ! 1.0Ag7! 94.4 % after 10,000 cycles [72]

CNT-based composites achieving capacitances between 338 and 436 F
g1, while maintaining good rate capability at current densities up to 2
A g1, addressing the conductivity limitations observed in pure COF
systems. The choice of redox-active groups significantly influenced
performance, with AQ-based composites (COF@rGO: 451.96 F g1, AC-
COFs: 397.7 F g~1, TFPDQGO-75: 429.0 F g~1) consistently delivering
high capacitances due to the reversible quinone/hydroquinone redox
chemistry, while triazine-based composites showed moderate to high

performance depending on the carbon support structure. Electrolyte
compatibility varied across composites, with 6 M KOH enabling the
highest capacitances for TPDA-COF (640.4 F g~!) and TPTP-COF
(577.44 F g71), though these measurements were conducted at low
scan rates (5 mV s’l), while HySO4-based systems demonstrated more
consistent performance across different current densities. Cycling sta-
bility generally improved compared to pure COFs, with most composites
maintaining 80-100 % capacitance retention after extensive cycling (up
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to 20,000 cycles), and several materials (SWCNTs-TpPaCOFs, CNT
@HATN-COF-0.6, v-CNS-RGO, DAB/GCF, ECOF-3) showing remark-
able stability with >100 % retention, indicating potential activation
effects during electrochemical cycling.

5.2. Metal/COF composites

The selection of stable and efficient electrode materials is critical for
developing high-performance SCs. In this regard, inorganic layered
structures have emerged as promising candidates for energy storage
applications due to their excellent charge mobility and intrinsic bandgap
properties. Shanavaz et al. successfully synthesized two-dimensional
COFs, specifically TBP-COF and its cobalt-doped derivative (TBP-
Co@COF), using a solvothermal method in sealed Pyrex vessels [73].
Electrochemical characterization demonstrated the superior perfor-
mance of TBP-Co@COF, which achieved a specific capacitance of 975 F
g ! at 2 mV s~} significantly surpassing the undoped TBP-COF (827 F
g 1). The cobalt-doped framework exhibited exceptional energy storage
capabilities, delivering an energy density of 69 Wh kg~ alongside an
impressive power density of 75,000 W kg . Long-term stability analysis
confirmed 79 % capacitance retention after 2000 charge-discharge cy-
cles. An ASC device fabricated with TBP-COF and TBP-Co@COF elec-
trodes achieved a specific capacitance of 191 F g_1 at 2 mV s L.
Comprehensive electrochemical characterization (Fig. 18) further
confirmed the enhanced performance of TBP-Co@COF compared to its
undoped counterpart. The GCD profiles of TBP-Co@COF (Fig. 18a)
displayed symmetrical characteristics, indicating reversible charge
storage mechanisms and high coulombic efficiency. Comparative
discharge analysis (Fig. 18b) revealed longer discharge durations for
TBP-Co@COF, supporting its superior capacitive behavior. Rate capa-
bility studies (Fig. 18c) consistently showed higher specific capacitance
for TBP-Co@COF across all current densities, while both materials
exhibited typical rate-dependent capacitance behavior. Additionally,
Ragone plot analysis (Fig. 18d) highlighted the favorable energy-power
characteristics of TBP-Co@COF for high-performance energy storage
applications. Finally, cycling stability assessment (Fig. 18e) confirmed
its superior durability, with approximately 79 % of the initial capaci-
tance retained after 2000 cycles [73].

Shanavaz et al. developed a TCOF via Schiff base formation,
employing a polycondensation reaction between MA and tereph-
thalaldehyde [6]. To enhance electrochemical performance, they also
synthesized a niobium-doped variant (Nb@COF). In a three-electrode
system, Nb@COF exhibited a significantly higher specific capacitance
of 367 F g~! compared to the pure COF (244 F g~1) at 2 mV s}, likely
due to increased porosity and interlayer spacing. Both materials
demonstrated excellent cycling stability; after 5000 cycles, Nb@COF
retained 89 % of its initial capacitance, outperforming the pure COF,
which retained 82 %. A coin cell incorporating COF and Nb@COF as
electrodes resulted in an ASC device with a specific capacitance of 87 F
g’l at2mVs ! [6].

Potassium-ion hybrid capacitors (PIHCs) have emerged as a highly
promising energy storage system. Li et al. reported the synthesis of a
composite material consisting of BizS3 nanoparticles in situ confined
within a sulfur-doped COF and combined with graphene (BixS3@SCOF/
G). Due to the synergistic effect of COF’s structural stability, which
buffers large mechanical stresses, and graphene’s high electronic con-
ductivity, the BipS3@SCOF/G anode demonstrated a high reversible
capacity of 503.8 mAh g~! at 100 mA g ! after 100 cycles. It also
exhibited excellent rate performance, maintaining a capacity of 223.9
mAh g’1 even at 5000 mA g’1 [74].

Liu et al. synthesized Al,O3@DHTA-COF composites by in situ
growing a highly crystalline TCOF (DHTA-COF) on a modified 6-Al;03
substrate. These composites exhibited partial retention of crystallinity,
structural stability, and a vesicular morphology. Electrochemical char-
acterization demonstrated superior capacitive properties of the 50 %
Al,03@DHTA-COF composite compared to its precursors, 6-Al;03 and
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DHTA-COF, when evaluated as electrode materials for SCs. In the same
experimental setup, the 50 % Al,O3@DHTA-COF composite achieved a
specific capacitance of 261.5 F g ! at 0.5 A g1, which was 6.2 and 9.6
times higher than that of DHTA-COF and §-Al,03-CHO, respectively.
Furthermore, after 6000 charge-discharge cycles, the 50 %
Al,03@DHTA-COF electrode demonstrated remarkable cycling stability
[9]1.

Shanavaz et al. reported the synthesis of an imine-linked COF using
4,4 4" 4"-(ethene-1,1,2,2-tetrayl)tetraaniline and terephthalaldehyde as
precursors through a solvothermal method, designated as TAT-COF.
Additionally, they successfully incorporated cobalt into the imine link-
ages of TAT-COF to generate Co@TAT-COF. Both TAT-COF and
Co@TAT-COF were evaluated for their electrochemical performance in
SC applications. Co@TAT-COF exhibited a two-fold higher specific
capacitance (637 F g’l) compared to pristine TAT-COF (315 F g’l) ata
scan rate of 5 mV s '. The Co@TAT-COF demonstrated an energy
density of 58 Wh kg ™! at a power density of 1500 W kg!. The enhanced
electrochemical performance of Co@TAT-COF can be attributed to
structural confinement, improved conductivity, increased interlayer
spacing, and enhanced porosity. Furthermore, Co@TAT-COF was
employed as a positive electrode in the fabrication of an asymmetric
device (ASD) using a Swagelok cell configuration. The ASD exhibited a
specific capacitance of 95 F g~! at a scan rate of 2 mV s~! and demon-
strated good cycling stability with 73 % capacitance retention after 5000
charge/discharge cycles [75].

Khatri et al. reported the facile synthesis of hexamine-
phenylenediamine (HPd) COF and three COF/metal oxide composi-
tes—HPd/MoO,, HPd/NiO, and HPd/ZnO—using a one-step hydro-
thermal method. Electrochemical investigation of these materials
revealed specific capacitances of 181.1, 177.4, and 394.3 F g ! for HPd/
MoO,, HPd/NiO, and HPd/ZnO, respectively, at a current density of 0.5
A g~ '. Among the synthesized composites, HPd/ZnO exhibited the
highest specific energy of 39.43 Wh kg ™! at 0.5 A g~!, demonstrating its
superior energy storage capabilities [76].

Table 5 presents metal/COF composites as electrode materials for
SCs, demonstrating specific capacitances ranging from 261.5 to 975 F
g1, with the incorporation of redox-active metals providing additional
pseudocapacitive contributions beyond the intrinsic COF redox chem-
istry. The TBP-Co@COF composite achieved the highest specific
capacitance of 975 F g~ at 2 mV s™! in 0.1 M H,S04, highlighting the
exceptional pseudocapacitive behavior of cobalt species, though this
outstanding performance came at the expense of cycling stability with
only 79 % retention after 2000 cycles, indicating potential structural
degradation or active material dissolution during prolonged electro-
chemical cycling. Cobalt-based composites consistently showed high
capacitances (CO@TAT-COF: 637 F g~ 1), confirming the effectiveness of
cobalt’s multiple oxidation states for charge storage, while other metal
incorporations such as niobium (Nb@COF: 367 F g’l) and aluminum
oxide (50%Al,03@DHTA-COF: 261.5 F g’l) provided more moderate
enhancements with improved stability profiles. The BiSs@SCOF/G
composite represents a unique approach with battery-type behavior,
delivering 518.1 mAh g~! over a wide potential window (0.01-3.0 V) in
organic electrolyte (1 M KPFg), though the lower cycling stability (80.4
% after 500 cycles) suggests challenges in maintaining structural
integrity during the intercalation/deintercalation processes. Cycling
stability generally decreased compared to pure COFs and carbon/COF
composites, with most materials showing 70-90 % retention, except for
the HPd/ZnO composite which demonstrated exceptional stability (98
% after 15,000 cycles) while maintaining reasonable capacitance (394.3
F g 1), suggesting that zinc oxide integration provides both pseudoca-
pacitive enhancement and structural reinforcement.

5.3. MXenes/COF composite

MXenes are a novel class of two-dimensional layered materials
composed of transition metal carbides, nitrides, and carbonitrides.
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Table 5

Selected properties of Metal/COF Composites for SCs.
Materials Redox group Electrolyte Potential window Specific capacitance Current density Capacitance retention Ref
Nb@COF Triazine, Nb 1 M H,SO4 0.1tol1.2V 367Fg ! 2mVs! 89 % after 5000 cycles [6]
50%Al,03@DHTA-COF Triazine, Al,O3 1 M H,S04 0to 1.0V 261.5F g} 05Ag! 92 % after 6000 cycles. [9]
TBP-Co@COF Cobalt 0.1 M H,SO,4 Otol.2V 975 F g‘1 2mvs! 79 % after 2000 cycles. [73]1
Bi,S;@SCOF/G BiyS3 1 M KPFg 0.01to 3.0V 518.1 mAh g~} 100 mA g ! 80.4 % after 500 cycles [74]
Co@TAT-COF Cobalt 1 M H,S0, 0to1.2V 637Fg! 5mVs ! 73 % after 5000 cycles [75]
HPd/ZnO ZnO 6 M KOH 0to 1.5V 3943Fg! 0.5Ag™"! 98 % after 15,000 cycles [76]

These materials possess exceptional properties, making them highly
suitable as platforms or building blocks for fabricating films with engi-
neered microstructures. Their unique combination of high electrical
conductivity, hydrophilicity, and diverse surface chemistries enables
precise property tailoring for specific applications [77].

An et al. reported the fabrication of flexible carbonyl-containing
COF/MXene composite film electrodes (CMFs) using a cation-driven
self-assembly approach [20]. Electrostatic interactions between nega-
tively charged 2D MXene nanosheets and protonated DAAQ-COFs
facilitated the homogeneous intercalation of porous COFs within the
layered MXene structure. The resulting CMF electrode, evaluated in a
three-electrode system, exhibited remarkable mechanical strength

(withstanding 100 repeated bending cycles), excellent kinetic energy
storage characteristics (96.7 % capacitive contribution at 50 mV s‘l),
and outstanding electrochemical performance (390 F g~ at 0.5 A g™ 1).
CMFs//CCMP ASCs were further assembled into all-solid-state flexible
SCs, demonstrating a maximum power density of 7000 W kg~! at an
energy density of 19.7 Wh kg ™! and a maximum energy density of 27.5
Wh kg™! at a power density of 350 W kg~!. Additionally, the ASC
retained an ultrahigh capacitance of 88.9 % after 20,000
charge-discharge cycles, highlighting its strong potential for flexible and
wearable energy storage applications [20].

Zhu et al. reported the fabrication of a hierarchically ordered hybrid
fiber by integrating interstratified electroactive COF LZU1 (COF-LZU1)
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with vertically aligned and conductive Ti3CoTyx MXene (VA-Ti3CoTy)
through a one-step microfluidic synthesis. The resulting VA-Ti3CoTx@-
COF-LZU1 fibers exhibited an abundance of redox-active sites, vertical
channels, and a large accessible surface area across the electrode,
contributing to an outstanding gravimetric capacitance of 787 Fg 'ina
three-electrode system. Furthermore, solid-state asymmetric fiber SCs
constructed with these hybrid fibers demonstrated remarkable perfor-
mance, including an energy density of 27 Wh kg ™!, a capacitance of 398
F g7}, and an extended cycling life of 20,000 cycles [78].

Feng et al. developed high-performance deformable SCs using
COF@amino-modified Ti3C,Tx deposited on a decorated nylon 6 (DPA)
film (COF@N-Ti3CyTx/DPA) via a layer-by-layer fabrication process
[79]. The hierarchical COF@N-Ti3C,Tyx/DPA structure exhibited excel-
lent specific capacitance, rate performance, and cycling stability in a
three-electrode system. These superior characteristics were attributed to
enhanced H' storage properties and efficient interfacial charge transfer,
as supported by density functional theory calculations. The solid-state
deformable SCs demonstrated outstanding mechanical resilience,
retaining 80.7 %, 80.6 %, and 83.4 % of their initial capacitance after
5000 bending cycles, 2000 stretching cycles, and 5000 folding cycles,
respectively (Fig. 19). further illustrates the superior electrochemical
performance of COF@N-Ti3CyTyx/DPA electrodes. The CV curves
(Fig. 19a) show a larger integral area for this composite compared to
Ti3CaTx/DPA and COF@Ti3CoTy/DPA. The b-value of 0.92 (Fig. 19b)
indicates a predominantly capacitive-controlled process, while at high
sweep rates, the pseudocapacitance contribution exceeds 90 %
(Fig. 19¢). The GCD curves (Fig. 19d) demonstrate that COF@N--
TizCyTx/DPA exhibits longer charge-discharge time and more symmetric
triangular shape compared to both COF@Ti3CoTx/DPA and
TigCaTx/DPA, indicating enhanced capacitive behavior and superior
electrochemical reversibility. The composite achieves a peak specific
capacitance of 1298.3 F cm™> at 1 A cm ™3 (Fig. 19e), with the optimal
COF content determined to be 26.9 wt% (Fig. 19f). Notably, the elec-
trode retains 81.3 % of its capacitance after 20,000 cycles (Fig. 19h),
significantly outperforming COF@Ti3C2Tx/DPA, which retains only
69.8 %. These results highlight the synergistic effect of COF incorpora-
tion and nitrogen doping in TizC2Tx MXene, enabling superior electro-
chemical performance and mechanical durability. This combination
underscores the potential of these materials for next-generation flexible
and wearable energy storage applications [79].

Liu et al. reported the synthesis of two liquid-loaded COF composites
(IL-COFs) with remarkable periodic molecular ordering, porosity, and
well-defined pores [80]. These composites were created by loading an
ionic liquid ([Emim]ESe) into TFPB-TAPT COF and BTA-TAPT COF.
Among the synthesized IL-COFs, the [Emim]ESe-TFPB-TAPT COF
exhibited outstanding electrochemical performance. It demonstrated
excellent rate capability, with an initial specific capacitance of 521 F g1
at a current density of 1 A g™}, sustaining 372 F g~! even at a high
current density of 4 A g~!. Additionally, this material outperformed
many previously reported counterparts, retaining 76 % of its initial
capacitance (396 F g~ 1) after 5000 charge-discharge cycles [80].

Table 6 demonstrates the emerging potential of MXene/COF com-
posites for SC applications, with these hybrid materials exhibiting
exceptional capacitances up to 1298.3 F cm ™ and remarkable rate ca-
pabilities, leveraging the high electronic conductivity and hydrophilic
nature of MXenes combined with the tunable redox chemistry of COFs.

Renewable and Sustainable Energy Reviews 226 (2026) 116318

The COF@N-Ti3CoTyx/DPA composite achieved the highest volumetric
capacitance of 1298.3 F cm ™2 at 1 A cm™>, demonstrating how nitrogen
doping of the Ti3CoTy MXene surface enhances both pseudocapacitive
contributions and interfacial interactions with the COF component,
though this performance improvement came with reduced cycling sta-
bility (82.6 % after 20,000 cycles) compared to the non-doped coun-
terpart. The VA-Ti3CoTy@COF LZU1 composite exhibited outstanding
rate performance with 787 F g~! maintained at the exceptionally high
current density of 20 A g~!, highlighting the superior electronic con-
ductivity provided by the MXene framework that effectively addresses
the inherent conductivity limitations of organic COF materials. All
MXene/COF composites operated within a narrow potential window
(—0.6t0 0.2 Vor 0-1 V) in 1 M H2SO4, which is characteristic of MXene-
based materials and limits their energy density potential compared to
wider potential window systems, though this consistency suggests good
electrochemical compatibility between MXene and COF components.
Cycling stability presented challenges across most MXene/COF com-
posites, with retention values ranging from 68.4 % to 89 % after
5000-20,000 cycles, indicating that while the integration provides
enhanced conductivity and rate capability, the structural stability dur-
ing prolonged cycling requires further optimization, possibly through
improved interfacial bonding or protective coating strategies.

5.4. Polymer/COF composite

Growing porous and redox-active COFs on conductive organic
polymers presents a promising strategy for developing a novel class of
all-organic electrodes for energy storage applications. Wang et al. pio-
neered the synthesis of all-in-one hollow dioxin-based COF-316 micro-
flowers, featuring interconnected hollow petals with diameters ranging
from 5 to 7 pm [81]. This unique structure was achieved through a
self-template technique, where inside-out Ostwald ripening, epitaxial
growth, and nanoparticle self-assembly collectively governed the
growth mechanism. By leveraging both "interior" and "exterior" func-
tionalization, COF-316 seamlessly integrates with polypyrrole (PPy),
taking advantage of its inherent porosity and interconnected hollow
framework. During charge/discharge cycles, hydrogen bond in-
teractions contribute to enhanced structural stability and charge transfer
efficiency. As a result, the COF-316@PPy-based flexible transparent SCs
exhibit excellent long-term cycling stability and deliver an areal specific
capacitance of 783.6 yF cm ™2 at a current density of 3 pA cm~2 [81].

The post-synthesis modification of COFs with conducting polymers
can significantly enhance their electrical conductivity. Dutta et al.
demonstrated this approach by synthesizing TCOFs modified with pol-
yaniline (PANI) through in-situ polymerization of aniline within the
porous frameworks [82]. The resulting composite materials exhibited
remarkable electrical properties at room temperature, with high con-
ductivity ranging from 1.4 to 1.9 x 1072 S cm™! (Fig. 20). compre-
hensively illustrates the superior electrochemical performance of
PANI@TCOF  composites, particularly PANI@TCOF-2. These
PANI-modified COFs demonstrated a specific capacitance approxi-
mately 20 times higher than that of the pristine frameworks. CV curves
(Fig. 20a—c) reveal a combination of electric double-layer capacitance
and pseudocapacitance, with distinct redox peaks corresponding to
PANI transitions. GCD experiments (Fig. 20b-d) further confirm the
enhanced capacitive behavior of PANI@TCOF-2, attributed to improved

Table 6

Selected properties of MXenes/COF Composite for SCs.
Materials Redox group Electrolyte Potential window Specific capacitance Current density Capacitance retention Ref
COF/MXene Anthraquinone 1.0 M H,SO4 —0.6t0 0.2V 390Fg ! 0.5A/g 88.9 % after 20,000 [20]
VA-Ti3C,Tx@COF LZU1 imine 1.0 M H,SO4 —0.6t00.2V 787 F g’1 20 A g’1 89 % after 20000 cycles [78]
COF@N-Ti3C,Tx/DPA Nitrogen sites 1 M H,SO4 —-0.6t0 0.2V 1298.3 F cm 2 1Acm 2 82.6 % after 20000 cycles [79]
COF@Ti3C,Tx/DPA Nitrogen sites 1 M H,SO4 —0.61t00.2V 548.7 F cm 2 1Acm 2 68.4 % after 10000 cycles [79]
[Emim]ESe-TFPB-TAPT COF imine 1 M HyS04 0to1.0V 521 Fg! 1Ag™! 76 % after 5000 cycles [80]
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electrical conductivity and ion diffusion. Additionally, the composites
exhibited significantly higher conductivity (1.4-1.9 x 1072 S/cm)
compared to the unmodified TCOFs (Fig. 20e and f). PANI@TCOF-2
demonstrated excellent rate capability, retaining 43 % capacitance at
higher current densities and maintaining 62-69 % of its initial capaci-
tance after 1000 cycles (Fig. 20g and h). The Nyquist plot (i) indicates
superior charge transfer efficiency for PANI@TCOF-2. Notably, this
composite achieved a maximum energy density of 24.4 Wh/kg and a
power density of 4000 W kg~! (j), highlighting its potential for
high-performance energy storage applications. These substantial im-
provements in both conductivity and capacitance underscore the effec-
tiveness of post-synthetic modification with conducting polymers in
enhancing the electrochemical properties of COFs [82].

Liu et al. successfully developed and synthesized an all-organic
composite material, TpPa-COF@PANI, by integrating the highly
porous and redox-active TpPa-COF with PANI [83]. This composite was
fabricated via solventothermal in-situ polymerization. The
TpPa-COF@PANI-based SC exhibited high capacitance, excellent
cycling stability, and outstanding rate performance. The electrode ach-
ieved a specific capacitance of 95 F g ™! at a current density of 0.2 A g~ 1.
When the current density was increased to 50 A g%, the specific
capacitance decreased to 50 F g}, retaining 53 % of its initial value
[83].

Table 7 presents polymer/COF composites for SC applications,
demonstrating a limited but diverse range of performance characteris-
tics with specific capacitances varying from 95 to 280 F g~1. The COF-
316@PPy composite exhibited unique areal capacitance of 783.6 pF
em 2 at 3 pA cm~2 with exceptional cycling stability (100 % retention
after 3400 cycles), suggesting that PPy integration provides both redox
enhancement and structural stabilization to the HHTP-TFPN COF
framework, though the low current density testing limits assessment of
practical rate capability. PANI integration showed contrasting results
depending on the COF scaffold, with PANI@TCOF-2 achieving moderate
capacitance (280 F g~1) but suffering from poor cycling stability (52 %
retention after only 1000 cycles), indicating potential structural in-
compatibility of the polymer-COF interface, while TpPa-COF@PANI
demonstrated lower capacitance (95 F g~!) but remarkable long-term
stability (83 % retention after 30,000 cycles), suggesting that the
p-ketoenamine COF framework provides better structural support for the
conducting polymer. The narrow potential windows (0.5-0.8 V)
employed across all polymer/COF composites reflect the electro-
chemical limitations of conducting polymers in aqueous acidic electro-
lytes, constraining the energy density potential of these hybrid systems
compared to wider potential window alternatives. The dramatic varia-
tion in cycling performance from 52 % to 100 % retention highlights the
critical importance of polymer-COF interfacial compatibility and

Table 7

Selected properties of Polymer/COF Composite for SCs.
Materials Redox group Electrolyte Potential window Specific capacitance Current density Retention capability Ref
COF-316@PPy HHTP, TFPN 0.5 M H,SO4 0to 0.5V 783.6 pF cm 2 3 pA cm 2 100 % after 3400 cycles [81]
PANI@TCOF-2 triazine 1 M H,S0, 0t0 0.8V 280 F g ! 05Ag! 52 % after 1000 cycles [82]
TpPa-COF@PANI p-Ketoenamine 1 M H,S04 0t0 0.8V 95 Fg! 02Ag! 83 % after 30,000 cycles [83]
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suggests that successful polymer/COF composite design requires careful
matching of polymer properties with COF framework characteristics,
electrolyte selection, and operating conditions.

The above results highlight the potential of polymer/COF composites
in enhancing conductivity, capacitance, and stability for SC applica-
tions. The synergistic effects observed in these composites stem from the
complementary properties of conducting polymers and COFs. Con-
ducting polymers enhance electron transport and contributes additional
pseudocapacitance, while the porous structure of COFs provides a large
surface area for charge storage. Moreover, the integration of COFs with
polymers often leads to improved mechanical stability, which is crucial
for long-term cycling performance. As this field continues to evolve,
advancements in material synthesis and design strategies are expected to
further enhance performance metrics, potentially revolutionizing the
market for flexible and wearable energy storage devices.

The systematic evaluation of COF composites reveals distinct per-
formance profiles that guide application-specific material selection.
MXene/COF composites demonstrate the highest specific capacitances
(784 F g_1 for Ti3CyTy/COF), establishing them as premier candidates
for high-energy density applications, while metal/COF systems typically
achieve intermediate performance ranges (300-600 F g~!) with
enhanced pseudocapacitive contributions. Conversely, polymer/COF
composites, exemplified by COF-316@PPy achieving 783.6 pF cm™2,
exhibit remarkable cycling stability with complete retention after 3400
cycles, contrasting sharply with PANI@TCOF-2’s moderate 52 %
retention after 1000 cycles, highlighting the significant variability
within composite categories.

The mechanistic trade-offs across composite types reveal funda-
mental design considerations for SC optimization. While MXene/COF
systems maximize short-term capacitive performance through syner-
gistic EDLC-pseudocapacitive mechanisms, their oxidation susceptibil-
ity limits long-term viability. Carbon/COF composites prioritize cycling
stability through robust interfacial interactions, accepting moderate
capacitance values for enhanced durability. The polymer/COF category
demonstrates the broadest performance spectrum, where material se-
lection and processing conditions dramatically influence both capaci-
tance and stability outcomes, as evidenced by the exceptional longevity
of TpPa-COF@PANI (83 % retention after 30,000 cycles) despite rela-
tively modest capacitance (95 F g71).

Strategic material selection must therefore balance peak perfor-
mance against operational longevity, with MXene/COF composites
suited for high-power, short-duration applications, while carbon/COF
and select polymer/COF systems serve extended-use scenarios where
cycling stability outweighs maximum capacitance requirements.

6. Effects of COF carbonization on SC performance

Carbonization has proven to be an effective method for preserving
the porous structures of COFs during high-temperature treatments,
transforming the original COFs into porous carbon materials. Shi et al.
reported the synthesis of a COF based on DAAQ and TFP on dialdehyde
cellulose fibers, with hyperbranched polyamide-amine (HPAMAM) used
as a stabilizing agent [19]. After carbonization, the COF was uniformly
and stably supported on conductive carbon fibers (CCFs), facilitating the
preparation of a composite paper electrode (CCF-HPAMAM-COF paper).
The COF layers’ porous structure enabled high utilization of
redox-active sites, which shortened the ion diffusion path. As a result,
the CCF-HPAMAM-COF paper exhibited excellent electrochemical
properties, including a high volumetric specific capacitance of 66.7 F
em~3 at 0.5 mA/cm?, excellent rate capability (82 % capacitance
retention after a 10-fold increase in current density), and long-term
stability (93.7 % charge-discharge stability after 10,000 cycles) [19].

MA and benzene-1,3,5-tricarboxyaldehyde are condensed to syn-
thesize COFs and COF/g-C3sN4 composites, both with and without
graphitic carbon nitride (g-C3N4), as reported by Ibrahim et al. [84].
Following the carbonization of COF and COF/g-C3N4, N-doped carbon
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and N-doped carbon/g-C3N4 materials were obtained. The pre- and
post-carbonized materials were evaluated for their potential as SC and
lithium-ion battery (LIB) electrode materials. Electrochemical analysis
revealed specific capacitances of 211 F g~! for COF, 257.5 F g! for
COF/g-C3Ny4, 450 F g~ ! for N-doped carbon, and 835.2 F g ! for N-doped
carbon/g-C3N4. A SC device based on N-doped carbon/g-C3N4 exhibited
a notable energy density of 45.97 Wh-kg ™! and a high-power density of
659.3 W kg™!. Furthermore, N-doped carbon/g-C3N4 demonstrated a
discharge capacity of 390 mAh-g~! at a current density of 50 mA g~*
when used as an electrode material in LIBs [84].

Umezawa et al. developed a simple method for creating boron-doped
porous carbon by directly carbonizing a boron-based PCCOF-5 [85]. The
boron oxides produced as byproducts during the carbonization process
were easily removed by treating the resulting carbon with water,
yielding boron-doped porous carbon. This method effectively incorpo-
rated boron atoms into the carbon matrix. SC electrodes fabricated from
the boron-doped carbon exhibited a specific capacitance of 15.3 mF
em ™2 at a current density of 40 mA g !, which is approximately 2.2
times higher than that of conventional AC electrodes (~6.9 mF cm™?)
under identical current density conditions. The enhanced performance is
attributed to the inclusion of boron atoms in the carbon material. After
10,000 charge/discharge cycles, the boron-doped carbon SCs demon-
strated excellent cycling stability, retaining 72 % of their initial capac-
itance. Electrochemical characterization of PCCOF-5 as an SC electrode
material showed superior performance compared to conventional AC
electrodes (YP50F and MSP20), as demonstrated by various analytical
techniques (Fig. 21). CV measurements displayed quasi-rectangular
voltammograms, indicating ideal double-layer capacitive behavior and
efficient charge accumulation (Fig. 21a). EIS analysis showed Nyquist
plots with a near-vertical response in the low-frequency domain, con-
firming dominant electric double-layer capacitance behavior, while the
high-frequency region exhibited a semicircular arc corresponding to
interfacial charge transfer resistance (Fig. 21b). GCD profiles demon-
strated highly linear and symmetrical characteristics, validating stable
capacitive performance (Fig. 21c). Quantitative analysis revealed that
PCCOF-5 showed enhanced gravimetric and specific capacitance values
across a range of current densities compared to YP50F and MSP20,
attributed to its optimized hierarchical pore structure and boron-doped
framework (Fig. 21d and e). Long-term stability testing demonstrated a
capacity retention of 72 % after 10,000 charge-discharge cycles, indi-
cating robust cyclability. The practical viability of the material was
further confirmed by its successful use in a blue LED power demon-
stration (Fig. 21f) [85].

Table 8 presents carbonized COFs as SC electrode materials, repre-
senting a strategic approach to overcome the inherent conductivity
limitations of pristine COFs through thermal transformation while
potentially retaining beneficial structural features, with specific capac-
itances ranging from moderate to high values (15.3 mF cm™2 to 835.2 F
g™ 1) depending on the carbonization strategy and electrolyte system
employed. The COF/g-C3N4 composite achieved the highest capacitance
of 835.2 F g ! at 50 mA g ! in 6 M KOH, demonstrating that incorpo-
rating g-CsN4 during the carbonization process can significantly
enhance both the pseudocapacitive contributions and structural integ-
rity of the resulting carbon framework, though the relatively low current
density testing limits assessment of high-rate performance capabilities.
The CCF-HPAMAM-COF material showed impressive performance with
737 Fglat 1 A g7! and excellent cycling stability (93.7 % retention
after 10,000 cycles), indicating that controlled carbonization can pro-
duce highly conductive carbon networks while maintaining reasonable
electrochemical stability, though the narrow potential window (0.2-0.4
V) suggests limitations in energy density applications. Notably, the
carbonization of COF-5 in organic electrolyte (1 M TEABF4) enabled
operation over an exceptionally wide potential window (0-2.5 V),
achieving 15.3 mF cm ™2 areal capacitance, though the lower cycling
stability (72 % after 10,000 cycles) and modest performance metrics
indicate that the carbonization process may have compromised the
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Table 8

Selected properties of Carbonized COFs for SCs.
Materials Electrolyte Potential window Specific capacitance Current density Retention capability Ref
CCF-HPAMAM-COF 0.5 M HyS0,4 0.2t00.4V 737 F gt 1Ag! 93.7 % after 10,000 cycles. [19]
COF/g-C3N, 6 M KOH 0t0 0.6V 835.2Fg! 50 mA g~! 86.5 % after 2000 cycles. [84]
Carbonization of COF-5 1 M TEABF 0to 25V 15.3 mF cm 2 40mA g! 72 % after 10000 cycles [85]

original COF’s structural advantages without fully realizing the benefits transformation from discrete organic functional groups to extended
of high-performance carbon materials. The absence of specific redox carbon networks with delocalized electronic states, where charge stor-
group listings for carbonized materials reflects the fundamental age mechanisms shift from localized redox reactions to electrical double-
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layer formation and surface pseudocapacitance.

While carbonization enhances electrical conductivity, the thermo-
dynamic optimization of carbonization temperatures and their mecha-
nistic effects on porosity preservation and heteroatom retention remain
inadequately investigated, constraining performance optimization stra-
tegies. The substantial diminution of intrinsic COF redox functionality
post-carbonization represents a critical limitation, with insufficient
systematic studies addressing the trade-off between enhanced conduc-
tivity and preserved redox activity. The industrial scalability of
carbonization processes presents formidable challenges due to high-
temperature facility requirements and associated energy costs. The
mechanistic transition from pseudocapacitive behavior in pristine COFs
to EDLC-dominated mechanisms in carbonized derivatives remains
contentious, with critical debates regarding whether carbonization ne-
gates COF-specific electrochemical advantages. Future investigations
should prioritize carbonization parameter optimization, explore hybrid
carbonization strategies for preserving redox functionality, and develop
scalable thermal processing methodologies, employing advanced char-
acterization techniques to definitively elucidate charge storage mecha-
nism transitions in these thermally-modified architectures.

7. Challenges and opportunities
7.1. Current challenges

The development of COF-based SCs faces several critical challenges
that limit their commercial viability. Synthesis scalability remains a
primary obstacle, as current methods are confined to laboratory-scale
batch processes yielding milligrams to grams rather than the kilo-
grams required for industrial applications [86]. Solvothermal synthesis
requires extended reaction times (24-120 h) and expensive organic
solvents, making it economically unfavorable. Additionally,
batch-to-batch reproducibility issues result in 10-30 % variations in
device performance, with inconsistencies in crystallinity, surface area,
and pore size distribution commonly observed.

A fundamental challenge is balancing high surface areas with
adequate electrical conductivity. While COFs can achieve exceptional
surface areas (up to 3000 m2/g), their intrinsic conductivity is poor
(107° to 107® S/cm™), limiting charge transport [87]. Incorporating
conductive additives like carbon black improves conductivity by 2-3
orders of magnitude but reduces COF content and theoretical capaci-
tance. This trade-off becomes critical in thick electrodes (>100 pm)
where resistive losses significantly impact rate capability.

Long-term stability represents another major barrier encompassing
chemical, electrochemical, and mechanical aspects. Many COFs with
imine linkages are susceptible to hydrolysis under humid conditions,
leading to framework degradation and surface area reduction. Electro-
chemically, capacity fade of 10-20 % over 5000-10000 cycles is com-
mon due to linker oxidation and structural rearrangement [88].
Mechanical stress during electrode swelling/contraction cycles can
cause active material delamination and increased internal resistance.
Processing challenges include poor COF adhesion to current collectors,
requiring binders that may block pores, and difficulties in achieving
uniform electrode coatings with consistent electrolyte infiltration.

7.2. Opportunities

To overcome these challenges, innovative strategies offer promising
pathways for advancing COF-based SCs. Scalable synthesis can be ach-
ieved through continuous flow microreactor systems and mechano-
chemical methods, which enhance yield consistency and reduce solvent
use, potentially lowering production costs [89]. Electrical conductivity
can be improved by integrating COFs with conductive materials like
MXenes or by doping with heteroatoms (e.g., nitrogen, sulfur), boosting
charge transport while maintaining high surface area [90].Long-term
stability can be enhanced through covalent cross-linking and surface
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passivation techniques, reducing hydrolysis and extending cycle life
beyond 20,000 cycles with >90 % capacity retention. Binder-free elec-
trode fabrication, such as direct COF growth on current collectors, can
improve adhesion and electrolyte infiltration. Beyond SCs, COFs show
potential as ion-transport membranes in batteries and electrocatalysts
for sustainable energy applications, leveraging their tunable porosity
and active sites [91].

8. Boundaries of this review

This narrative review provides a comprehensive overview of COFs
for SC applications, but it is subject to certain limitations. First, the re-
view focuses primarily on COF-based materials for SCs, excluding other
energy storage applications such as batteries or fuel cells, which may
limit its applicability to broader EES contexts. Second, the literature
search was restricted to peer-reviewed articles published in English
between January 2010 and March 2025, potentially overlooking rele-
vant studies in other languages or non-peer-reviewed sources, such as
conference proceedings or patents. Third, the narrative nature of the
review, while allowing for a thematic synthesis of COF classification and
electrode types, did not incorporate quantitative meta-analysis due to
the heterogeneity of electrochemical performance metrics across
studies. Additionally, limited studies were available for certain COF
types, such as thiol-based COFs, and long-term stability data for some
composite materials were sparse, constraining the depth of analysis in
these areas. Future reviews could address these limitations by employ-
ing systematic review methodologies, including quantitative synthesis,
and expanding the scope to include non-English studies or emerging
COF applications in other energy storage systems.

9. Conclusion and future perspective in this field

COFs represent a paradigm shift in SC electrode design, offering
unprecedented control over porosity, surface chemistry, and structural
architecture through their crystalline, designable nature. This compre-
hensive review systematically examines the rapid evolution of COF-
based SC technologies, categorizing materials according to their
redox-active mechanisms, including carbonyl/hydroxyl functionalities,
heterostructure frameworks, and radical-based systems—while criti-
cally evaluating their electrochemical performance characteristics.
Strategic integration of COFs with complementary materials, encom-
passing carbon matrices, metal nanoparticles, MXene nanosheets, and
conducting polymers, has yielded synergistic enhancements in conduc-
tivity, capacitance, and operational stability.

The electrochemical landscape of COF-based electrodes spans
diverse structural motifs, from DAAQ and AZO frameworks to
naphthalene-based architectures and nitrogen-enriched systems, each
demonstrating distinct advantages in specific capacitance, rate perfor-
mance, and cycling endurance. Carbonization strategies have emerged
as a transformative approach for overcoming intrinsic conductivity
limitations, fundamentally altering charge storage mechanisms while
preserving beneficial structural features. However, critical challenges
persist, including the optimization of porosity-conductivity relation-
ships, mitigation of long-term degradation pathways, and development
of scalable synthetic methodologies suitable for industrial
implementation.

Despite significant progress in COF-based SCs, several challenges
remain to be addressed through targeted research efforts. This section
outlines specific research directions that merit investigation to advance
the field.

The enhancement of specific capacitance represents a primary focus
for future research. For 2D COFs, developing n-electron-rich building
blocks with optimized pore sizes (1-2 nm) could maximize accessible
surface area while facilitating rapid ion transport. These structures
would incorporate strategically positioned functional groups to enhance
charge storage capacity. Similarly, 3D COFs could benefit from the
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integration of redox-active moieties such as quinone, nitroxide, and
phenothiazine groups at precisely calculated positions within the
framework to enhance pseudocapacitive behavior. Heteroatom doping
strategies involving nitrogen, sulfur, and boron with controlled con-
centration gradients offer additional opportunities to optimize charge
distribution and boost capacitance values beyond current limits.

Improving rate performance constitutes another critical research
direction. The design of hierarchical pore structures in COFs combining
micropores (<2 nm) for charge storage with mesopores (2-50 nm) for
rapid ion diffusion could significantly enhance power density. Devel-
opment of oriented COF thin films with channels perpendicular to
electrode surfaces would minimize ion diffusion paths, thereby
improving high-rate performance. Engineering COF-carbon composites
with precisely tailored interfaces merits investigation as a means to
enhance electrical conductivity without sacrificing surface area. These
approaches could collectively address the conductivity limitations that
currently restrict high-rate performance in many COF-based systems.

Long-term stability remains crucial for practical applications,
necessitating focused research on extending cycle life. Reinforcement of
COF frameworks through covalent cross-linking strategies shows
promise for resisting structural collapse during cycling. Surface modi-
fication approaches to mitigate electrolyte decomposition at COF in-
terfaces could further enhance stability. The establishment of
quantitative structure-stability relationships through accelerated aging
protocols and in-situ mechanical testing would provide valuable insights
for designing more durable COF materials that maintain performance
over thousands of cycles.

Translation to industrial applications requires addressing synthesis
challenges through scalable methods. Continuous flow microreactor
systems optimized for specific COF chemistries, with real-time moni-
toring of crystallinity and porosity, could enable consistent large-scale
production. Mechanochemical approaches for solvent-free COF synthe-
sis merit exploration for their reduced environmental impact and po-
tential scalability. Developing efficient recovery and purification
processes remains essential for industrial-scale production with consis-
tent quality and reasonable cost structures.

The unique properties of COFs make them promising candidates for
applications beyond SCs. Their integration as selective membranes in
next-generation batteries could suppress dendrite formation and
enhance safety. COF-based electrocatalysts for hydrogen evolution and
oxygen reduction reactions could advance fuel cell technologies by
providing precisely engineered active sites. Additionally, COF-based
sorbents for carbon capture with efficient regeneration capabilities
could contribute to environmental sustainability efforts, leveraging the
tunable porosity and functionality of these materials.

Deeper understanding of COF behavior during device operation re-
quires sophisticated characterization techniques. Implementation of
operando synchrotron X-ray diffraction could track structural changes
during charge-discharge cycles at atomic resolution. Specialized solid-
state NMR techniques could probe local electronic environments
within charged COFs, revealing charge storage mechanisms. Quantum
mechanical simulations that predict and interpret spectroscopic signa-
tures would complement experimental approaches, guiding rational
material design. By pursuing these specific research directions, the sci-
entific community can overcome current limitations in COF-based SCs
and accelerate their integration into practical energy storage solutions,
potentially transforming applications ranging from portable electronics
to grid-scale storage systems.
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