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ABSTRACT: This study presents the synthesis of a covalent
organic framework (TPBT-COF) via the Schiff-base reaction and
its integration with carbon nanotubes (CNTs) and reduced
graphene oxide (rGO) through in situ polymerization, yielding
TPBT@CNT and TPBT@rGO composites. To develop environ-
mentally friendly electrode materials, the TPBT@CNT and
TPBT@rGO composites were blended with regenerated cellulose
(RC), forming TPBT@CNT/CNT/RC and TPBT@rGO/rGO/
RC films. The TPBT@CNT/CNT/RC film-based electrode
exhibited superior capacitive performance due to its uniform
composition, achieving a specific capacitance of 1288.26 F/g at 0.5
A/g. In contrast, the TPBT@rGO/rGO/RC film-based electrode
showed a lower capacitance of 398.75 F/g at 0.5 A/g, attributed to
the uneven material distribution. Both composite film-based
electrodes demonstrated excellent cycling stability, retaining 85.87 and 81.82% of their initial capacitance after 10,000 cycles,
respectively. In a symmetric device configuration, the TPBT@CNT-50/CNT/RC (35/35/30, w/w) electrode achieved a specific
capacitance of 84.32 F/g at 1 A/g, with a maximum energy density of 11.71 Wh/kg and a power density of 312.5 W/kg, while
maintaining 77% of its initial capacitance after 10,000 cycles. These findings underscore the potential of TPBT-COF-based
composites as sustainable, high-performance electrode materials for energy storage applications.
KEYWORDS: triazine, benzotrithiophenes, covalent organic framework, capacitance, supercapacitor

1. INTRODUCTION
The rapid depletion of fossil fuel reserves, coupled with their
severe environmental consequences, has heightened the urgent
need for efficient and sustainable technologies for clean energy
conversion and storage.1 In response to this global challenge, the
demand for innovative energy storage technologies has surged,
driving the development of novel energy storage devices.
Supercapacitors, also known as electrochemical capacitors
(ECs), have emerged as a cutting-edge energy storage
technology, attracting considerable scientific attention in recent
years.2 The performance of supercapacitors is largely deter-
mined by their electrode materials.3 To date, a wide range of
electrode materials has been extensively explored, including
activated carbon (AC),4 conducting polymers,5 redox-active
polymers,6 metal−organic frameworks (MOFs),7 and covalent
organic frameworks (COFs).8−11

COFs have gained significant attention as promising
candidates for supercapacitor applications due to their tunable
porosity, exceptionally large surface area, high crystallinity, and
structural versatility.12,13 Two-dimensional (2D) COFs, featur-

ing π-conjugated frameworks and abundant open nanopores,
provide an ideal platform for charge transport and energy
storage while maximizing the formation of electrochemical
double layers (EDLs).14 Additionally, the presence of electro-
chemically active functional groups within these materials
contributes to pseudocapacitive effects, further enhancing
their overall performance. These intrinsic properties make 2D
COFs outstanding electrode materials for supercapacitor
applications.12,15 The incorporation of heterostructures con-
taining lone-pair electrons into the carbon skeleton can
modulate the electronic structure, thereby enhancing the
supercapacitive properties.16,17 The multiple nitrogen groups
in triazine structures make them particularly appealing for the
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development of COFs with superior electrochemical properties.
Incorporating triazine units into COFs allows for tuning redox
properties and improving charge storage capabilities, position-
ing them as promising candidates for next-generation energy
storage materials.10,18−22

Benzotrithiophenes (BTT) represent promising supramolec-
ular building units owing to their distinctive planar molecular
architecture, extended π-conjugated framework, and electron-
rich heteroaromatic character. These intrinsic properties
promote enhanced intermolecular π-π stacking interactions,
leading to the formation of supramolecular assemblies and
facilitating efficient intermolecular charge transport mecha-
nisms.23 The extended thiophene/benzene-fused π-conjugated
system inherent to BTT structures significantly enhances the
electronic conductivity of the resultant COFmaterials. The star-
shaped conjugated geometry of BTT units substantially
reinforces π-π stacking interactions within COF architectures.
COFs incorporating planar π-extended monomers, particularly
thiophene derivatives, demonstrate enhanced π-conjugation and
strengthened π-π interactions, thereby optimizing charge
transfer efficiency.24 Notably, 2D polymer systems containing
highly planar, polarizable, and electron-rich thiophene moieties
typically exhibit superior charge carrier mobility along the
polymeric backbone. Under high-voltage electrochemical
conditions, the electron-rich thiophene conjugated framework
undergoes controlled electron depletion, creating favorable
conditions for anion accommodation while simultaneously
improving discharge voltage stability and enhancing specific
capacity values.25 The star-shaped planar configuration of BTT
further amplifies π-π stacking interactions within COF
structures, promoting efficient intermolecular charge transfer
via optimized hopping mechanisms.26 Additionally, the
electron-rich nature of BTT units provides supplementary
electrochemical capacity through reversible anion coordination
under elevated voltage conditions. Ringk et al. reported the
preparation of BTT and 3,4-ethylenedioxythiophene (EDOT)-
based copolymers via the electrochemical polymerization
method. The resulting BTT/EDOT copolymers exhibited a
high areal capacitance of 443.8 mF cm−2 along with good cycling
stability, retaining 89% of their capacitance after 1,000 cycles.27

However, the inherently low electrical conductivity of COFs
poses a significant challenge to their practical implementation in
energy storage devices. To overcome this limitation, various
strategies have been explored, including the integration of COFs
with carbon nanotubes (CNTs) and graphene nanomateri-
als9,28,29 and the incorporation of conductive polymers into the
COF backbone.30−32 The integration of CNTs with COFs to
formCNT/COF composites represents a particularly promising
approach, especially for energy storage and conversion
applications. These hybrid materials effectively harness the
exceptional electrical conductivity and mechanical robustness of
CNTs, while simultaneously leveraging the high surface area,
customizable pore architecture, and versatile chemical function-
ality of COFs. Numerous investigations have explored the
potential of CNT/COF composites in various energy-related
applications, including supercapacitors, batteries, and electro-
catalysis.12,33 Similarly, graphene, alongside CNTs, has attracted
considerable scientific and technological interest, with multiple
studies reporting the development of graphene/COF compo-
sites for energy conversion and storage applications.34

Yang et al. reported the synthesis of triazine-based two-
dimensional COFs via Schiff base condensation reactions and
their subsequent integration with carbon nanotube fibers (f-

CNFs), yielding TPTP-COF@f-CNF and TPDA-COF@f-CNF
nanocomposites. Electrochemical characterization revealed that
electrodes fabricated from TPTP-COF and TPDA-COF
exhibited notable specific capacitances of 577.4 F g−1 and
640.4 F g−1, respectively, when evaluated at a scan rate of 5 mV
s−1. Solid-state supercapacitor devices constructed from these
materials achieved maximum specific capacitances of 56.4 F g−1

and 70.6 F g−1, respectively, while demonstrating exceptional
electrochemical stability during extended cycling. The TPTP-
COF-based device retained 78.60% of its initial capacitance after
10,000 charge−discharge cycles, while the TPDA-COF-based
device maintained 81.54% capacitance retention.35 In a parallel
investigation, Liu et al. synthesized triazine-COF@CNT
composites through the incorporation of carboxylated multi-
walled CNTs via a facile one-pot methodology, wherein two-
dimensional TFA-COFs were grown in situ on the surface of
functionalized CNTs. Among the prepared composites, CNT@
TFA-COF-3 exhibited superior crystallinity, well-defined
porosity, remarkable stability, and a specific surface area of
1034 m2 g−1. When evaluated as a capacitive electrode material,
the CNT@TFA-COF composite demonstrated enhanced
electrochemical performance. Notably, the specific capacitance
of CNT@TFA-COF-3 (338 F g−1 at 1.0 A g−1) was
approximately 8.5, 4.9, and 7.5 times greater than that of
pristine TFA-COFs, CNTs, and physically mixed CNT/TFA-
COF complexes, respectively. Furthermore, the CNT@TFA-
COF-3 supercapacitor exhibited exceptional cycling stability
and rate capability, maintaining performance even after 7000
charge−discharge cycles.33 Ibrahim et al. investigated both ex-
situ and in situ (one-pot) synthetic approaches for triazine
COF/graphene oxide (GO) nanocomposites. These materials
were subsequently converted to nitrogen-doped carbon (N-
doped C)/reduced GO (rGO) via carbonization. When
evaluated as electrode materials for supercapacitor applications,
the N-doped C/rGO synthesized via the in situ method
exhibited superior electrochemical performance compared to
materials prepared via ex-situ procedures. The in situ
synthesized N-doped C/rGO delivered a specific capacitance
of 234 F g−1 at a current density of 0.8 A g−1. Symmetric
supercapacitor devices fabricated using these materials success-
fully powered white light-emitting diode (LED) lamps. Notably,
devices employing N-doped C/rGO in situ electrodes
demonstrated a high specific energy of 14.6 Wh kg−1 and
specific power of 400 W kg−1, with only 14% capacitance
degradation after 3500 cycles.36 A tetraphenylethylene-based
COF (TTPE-COF) with a nearly pure carbon framework was
chemically grafted onto aniline-functionalized graphene oxide
(a-GO) to form a-rGO@TTPE-COF composites. Among them,
the a-rGO@TTPE-COF-3 composite demonstrated a remark-
able improvement in electrochemical performance as a
capacitive electrode material. At a current density of 1.0 A g−1,
a-rGO@TTPE-COF-3 exhibited a specific capacitance of 139 F
g−1, representing a 20% increase compared with a-rGO (116 F
g−1) and far exceeding that of pristine TTPE-COF (5.0 F g−1).37

In this work, we present the synthesis of a covalent organic
framework (TPBT-COF) via Schiff-base reaction between
2,4,6-tris(4-aminophenyl)-1,3,5-triazine (TPT-NH2) and
benzo[1,2-b:3,4-b’:5,6-b’’]trithiophene-2,5,8-tricarboxaldehyde
(BTT-CHO) monomers and its strategic integration with
CNTs and GO through in situ polymerization to yield TPBT@
CNT and TPBT@rGO composites. This approach effectively
addresses the inherent aggregation issues of COFs while
simultaneously leveraging their advantageous properties,
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including high surface area and crystallinity, in conjunction with
the exceptional conductivity of carbon nanomaterials. We
further demonstrate the fabrication of environmentally friendly
electrode materials by blending these composites with
regeneration cellulose (RC) to produce TPBT@CNT/CNT/
RC and TPBT@rGO/rGO/RC films. The incorporation of
CNT and rGO into the composite films enhanced both the
conductivity and the electrochemical double-layer (EDL)
capacitance. These cellulose-based composite films were
successfully utilized in the development of flexible super-
capacitors, highlighting their potential for sustainable energy
storage applications.38

2. EXPERIMENT

2.1. Materials

4-Aminobenzonitrile (C7H6N2, Matrix, 98%), ascorbic acid
(Vetec, 99%), n-butanol (C4H10O, Sigma-Aldrich, 99.8% and
J.T. Baker, 99.4%), BTT-CHO (C15H6O3S3, Extension, 97+%),
1,2-dichlorobenzene (o-DCB, C6H4Cl2, Alfa, 98%, spectropho-
tometric grade), graphene oxide (GO, Taiwan Carbon
Materials, 99%), mesitylene (C9H12, Alfa, 98+%), multiwalled
carbon nanotubes (MWF-CNTs, Taiwan Carbon Materials),
trifluoromethanesulfonic acid (CF3SO3H, Alfa, 98+%), urea
(CON2H4, J.T. Baker, 99%), and thiourea (SC(NH2)2, Showa
Chemical Industry, 98%) were used as received without further
purification. The f-CNTs and RC were prepared according to
the previous literature.38 The synthesis of the TPT-3NH2 and
TPBT-COF have been reported in the previous literature.39

2.2. Synthesis of TPBT-COF@CNT and TPBT-COF@rGO
Composites
The synthesis routes of the TPBT-COF@f-CNT and TPBT-
COF@GO composites are illustrated in Schemes 1. Both
composites were prepared using a similar solvothermal approach
with identical reaction conditions but different carbon nano-
materials. A 25 mL single-neck round-bottom flask was charged
with TPT-3NH2 (62.02 mg) and BTT-CHO (57.82 mg), along
with the respective carbon nanomaterial: f-CNT at varying
weight loadings (30, 50, or 70 wt % relative to total monomer
weight) or pretreated GO (at 30, 40, or 50 wt % relative to total
monomer weight). The mixture was combined with 5 mL of a
solvent blend consisting of n-butanol, 1,2-dichlorobenzene, and
acetic acid. The reaction mixture was heated to 120 °C and
maintained at this temperature for 3 days. After cooling to room
temperature, the products were collected via vacuum filtration
and purified through sequential washings with methanol,
acetone, tetrahydrofuran, and dimethyl sulfoxide, followed by
drying in a vacuum oven at 120 °C, yielding blue-black products
with consistent 89% yields TPBT@f-CNT-30 (152.37 mg),
TPBT@f-CNT-50 (213.52 mg), and TPBT@f-CNT-70
(279.63 mg). The TPBT@GO composites were obtained as
dark green solids in 82% yield: TPBT@GO-30 (140.38 mg),
TPBT@GO-40 (163.78 mg), and TPBT@GO-50 (196.55 mg).
2.3. Reduction of TPBT-COF Composites

Both TPBT@f-CNT and TPBT@GO composites were
subjected to reduction using a standardized ascorbic acid
protocol. Ascorbic acid (4.405 g) was dissolved in deionized
water (500 mL) with stirring until a clear, colorless solution was

Scheme 1. Synthesis Route of the TPBT@f-CNT and TPBT@rGO Nanocomposites
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obtained. The pH was adjusted to 10.0 using 0.1 M NaOH. The
respective composite powders (TPBT@f-CNT or TPBT@GO
at various loadings) were dispersed in this basic solution, and the
reaction mixture was heated to 90 °C and maintained for 2 h
with continuous stirring. After cooling to room temperature, the
products were collected by vacuum filtration and washed
thoroughly with deionized water to remove residual ascorbic
acid. The materials were dried in a vacuum oven at 120 °C for 4
h, yielding the reduced composites: TPBT@CNT-30, TPBT@
CNT-50, TPBT@CNT-70, and TPBT@rGO-30, TPBT@
rGO-40, TPBT@rGO-50, respectively.
2.4. Instrumentation

Fourier transform infrared (FTIR) spectra was recorded using a
HORIBA FT-720 FTIR spectrometer. The thermal decom-
position temperatures (Td; temperature at which weight loss
reached 5%) of the TPBT@CNT and TPBT@rGO composites
were determined through thermogravimetric analysis (TGA,
PerkinElmer Pyrisl). TGA analysis was conducted under a N2
atmosphere at a heating rate of 10 ◦Cmin− 1. The morphologies
of the TPBT@CNT and TPBT@rGO composites were
investigated using field emission scanning electron microscopy
(FESEM, JSM 7401F; JEOL, Japan) and high-resolution
transmission electron microscopy (HRTEM, JEOL JEM-
1400). The crystalline structures of the TPBT@CNT and
TPBT@rGO composites were examined using X-ray diffrac-
tometry (XRD, Rigaku RINT 2000, Tokyo, Japan) with Ni-
filtered Cu Kα radiation. The chemical compositions of the
TPBT@CNT and TPBT@rGO composites were measured
using X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo Fisher, USA). The surface areas and pore
characteristics were determined using a surface area and porosity
analyzer (ASAP 2010, Micromeritics, USA). The Brunauer−
Emmett−Teller (BET) and the Barret−Joyner−Halenda (BJH)
methods were used to estimate the specific surface areas and
pore size distributions, respectively, of the TPBT@CNT and
TPBT@rGO composites.
2.5. Electrochemical Measurements

2.5.1. Preparation of TPBT Composite Electrodes. The
TPBT@CNT/f-CNT/RC and TPBT@rGO/rGO/RC compo-
site electrodes were prepared using an identical procedure with
different carbon nanomaterials. Purified RC (30 mg) was
dissolved in the prepared RC solution (1.5 mL) in a 50 mL
beaker under ice-bath conditions with stirring. Simultaneously,
the respective TPBT composite (TPBT@CNT or TPBT@
rGO, 35 mg) and corresponding carbon nanomaterial (f-CNT
or rGO, 35 mg) were dispersed in deionized water (20 mL) in a
30 mL beaker and sonicated for 2 h. The dispersed material was
slowly added to the cellulose solution and stirred for 3 h. The
resulting mixture was vacuum filtered, and the collected film was
dried at 60 °C for 24 h. The dried composite films were cut into
1 cm × 1 cm pieces to obtain the final TPBT@CNT/f-CNT/
RC and TPBT@rGO/rGO/RC electrode films.

2.5.2. Electrochemical Properties of the Electrodes.
The TPBT@CNT/CNT/RC and TPBT@rGO/rGO/RC
composite films−based electrodes were placed in a three-
electrode system containing 1 M H2SO4, with a Pt electrode as
the counter electrode and a Hg/Hg2Cl2 electrode (SCE; Eo =
0.2412 V) as the reference electrode. A symmetric super-
capacitor device was constructed from two TPBT-COF
composite film-based electrodes and a filter paper separator
soaked in 1 M H2SO4 (electrolyte). Using a CHI6273D
electrochemical workstation (CH Instruments, USA), the

electrochemical characteristics of the TPBT-COF composite
film−based electrodes in a three-electrode configuration were
investigated through cyclic voltammetry (CV) and the
galvanostatic charge/discharge (GCD) method. The following
eq 1 was used to calculate the gravimetric capacitance (Cm, F
g−1) of the composite electrodes.36

C
I t

m Vm =
× (1)

where I, Δt, m, and ΔV denote the discharge current (A),
discharge time (s), weight of the freestanding electrode (g), and
the potential window (V), respectively.36

The gravimetric capacitance (F g−1), energy density (E, mWh
g− 1) and power density (P, mW g−1) of the supercapacitor
device were calculated according to eqs 2, 3, and 4:36,40

C I t
M Vcell =

(2)

E
C ( V)

2 3.6
cell

2

=
× (3)

P
E 3600

t
= ×

(4)

where Ccell is the specific capacitance of the cell (F g− 1), M
represents the total mass of the two composite films−based
electrodes in the capacitor (g), ΔV is the potential window (V),
and Δt is the discharge time (s).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterizations
3.1.1. Synthesis and Characterizations of TPBT-COF@

CNT and TPBT-COF@rGO Composite Materials. To
demonstrate that the COFs and corresponding composites
were successfully prepared, multiple characterization methods
were used to study their physical and chemical properties. First,
FTIR spectroscopy confirmed the successful synthesis and
structural composition of the TPBT-COF@CNT composite
materials (TPBT@CNT-30, TPBT@CNT-50, and TPBT@
CNT-70) (Figure S1a). The characteristic absorption bands of
f-CNT appear at 3400−3600 cm−1, attributed to the OH
stretching vibrations,41 and at 1569 cm−1, corresponding to the
stretching vibrations of the graphitic structure.42 For TPBT-
COF, the spectrum exhibits distinctive absorption bands at 1660
cm−1 (C = N stretching), 1504 cm−1 (triazine core stretching),
and 810 cm−1 (C = S−C stretching). The successful synthesis of
TPBT-COF@CNT composites is evidenced by the presence of
both CNT and COF characteristic peaks in their respective
spectra. The composite materials show weak OH stretching
absorption peaks at 3400−3600 cm−1, indicating some
unreacted functional groups remaining on the CNT surface.
The prominent peaks at 1660 cm−1 (C = N), 1504 cm−1

(triazine core), and 810 cm−1 (C = S−C) confirm the successful
formation of the TPBT-COF structure within the composite.
Additionally, the persistence of the graphitic structure stretching
peak at 1569 cm−1 demonstrates the integration of f-CNTwithin
the TPBT@CNTmaterials. Similarly, the FTIR spectra of rGO-
based composites (TPBT@rGO-30, TPBT@rGO-40, and
TPBT@rGO-50) were analyzed (Figure S1b). The reduced
graphene oxide (rGO) spectrum shows characteristic absorp-
tion bands at 3400−3600 cm−1 (OH stretching), 1569 cm−1

(graphitic structure stretching),42 and 1077 cm−1 (C−O−C
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stretching).43 In the TPBT@rGO composite spectra, the
presence of OH stretching absorption at 3400−3600 cm−1

indicates unreacted functional groups on the rGO surface. The
successful formation of the TPBT-COF structure within these
composites is confirmed by the appearance of characteristic
peaks at 1665 cm−1 (C =N stretching), 1508 cm−1 (triazine core
stretching), and 810 cm−1 (C = S−C stretching). Furthermore,
the presence of graphitic structure stretching vibrations at 1561
cm−1 and C−O−C stretching at 1090 cm−1 confirms the
incorporation of rGO within the composite materials.43

Notably, the TPBT@rGO composites show a slight shift in
the C = N stretching band (1665 cm−1) compared to TPBT@
CNT composites (1660 cm−1), suggesting different electronic
environments or bonding arrangements at the interface between
the COF and carbon substrates. The spectroscopic evidence
collectively confirms the successful synthesis of both TPBT-
COF@CNT and TPBT-COF@rGO composite materials with
retained structural integrity of both components, indicating
effective integration of the COF with the carbon-based
materials. The f-CNT exhibited characteristic absorption
bands at 3400−3600 cm−1 (OH stretching) and 1569 cm−1

(graphitic structure), while TPBT-COF showed distinctive
signals at 1660 cm−1 (C = N), 1504 cm−1 (triazine core), 810
cm−1 (C = S−C) and OH stretching (3400−3600 cm−1). With
increasing CNT and GO content in the composites, the
characteristic peaks associated with the TPBT-COF structure
progressively diminished in intensity. This systematic attenu-
ation of the COF signals provides strong evidence for significant
interactions between the COF and the carbon nanomaterials,
suggesting effective integration of the two components within
the composite system.
X-ray photoelectron spectroscopy (XPS) was employed to

analyze the chemical composition and bonding states of
TPBT@CNT-30, TPBT@CNT-50, TPBT@CNT-70,
TPBT@rGO-30, TPBT@rGO-40, and TPBT@rGO-50 com-
posites. Survey spectra and elemental compositions are
presented in (Figure S2) and (Table S1), respectively. High-
resolution C 1s spectra of TPBT@CNT composites (Figure

S3a-c) revealed multiple chemical environments: C = C−S
(284.3 eV), conjugated C−C/C = C from TPBT-COF (284.4
eV), C−C fromCNT (285.5 eV), C =N−C (286.5 eV), andC=
O from CNT (288.4 eV).44 The corresponding N 1s spectra
(Figure S3d-f) exhibited two characteristic peaks at 398.0 and
399.2 eV, attributed to C =N and C−N bonds, respectively.45 O
1s deconvolution of TPBT@CNT composites (Figure S4a-c)
identified four distinct chemical states: C = O from TPBT-COF
(531.4 eV), O = C−N interfacial bonds (531.7 eV), C−OH
from CNT (532.7 eV), and C−O from CNT (533.5 eV).46

Notably, the presence of O = C−N bonds, resulting from the
reaction between f-CNT carboxyl groups and monomer amine
groups, confirmed chemical grafting between f-CNT and TPBT-
COF. The O = C−N peak intensity decreased with increasing
carbon content, reflecting reduced TPBT-COF density. S 2p
spectra (Figure S4d-f) showed characteristic doublets at 163.3
eV (S 2p3/2) and 164.4 eV (S 2p1/2) corresponding to C−S
bonds in TPBT-COF.47 Analysis of TPBT@rGO composites
revealed similar C 1s environments (Figure S5a-c): C = C−S
(284.3 eV), C−C/C = C from TPBT-COF (284.4 eV), C−C
from rGO (285.5 eV), C = N−C (286.5 eV), and C = O from
rGO (288.4 eV).48 The N 1s spectra (Figure S5d-f) exhibited
peaks at 398.0 eV (C = N) and 399.2 eV (C−N), characteristic
of imine and triazine bonds in TPBT-COF.45 the O 1s spectra
(Figure S6a-c) exhibited e peak at 531.4 eV corresponds to the C
= O bond in TPBT-COF, while the peak at 531.7 eV indicates
the O = C−N bonding formed between TPBT-COF and rGO.
Peaks at 532.6, 532.8, and 533.5 eV are attributed to C−OH,
O−C−O, and C−O bonds on the rGO surface, respectively.46

Notably, the presence of the O = C−N peak confirms the
chemical bonding between the−COOHgroups on rGO and the
-NH2 groups of the monomer, demonstrating that the
interaction between rGO and TPBT-COF occurs through
chemical bonding rather than physical adsorption. As the carbon
material content increases, the concentration of TPBT-COF per
unit decreases, resulting in a corresponding reduction in the O =
C−N peak intensity. the S 2p spectra (Figure S6d-f) shows the
peaks at 163.3 and 164.4 eV corresponds to the C−S bonds of

Figure 1. (a) XRD patterns of f-CNT, TPBT-COF, TPBT@CNT-30, TPBT@CNT-50, and TPBT@CNT-70; (b) XRD patterns of rGO, TPBT-
COF, TPBT@rGO-30, TPBT@rGO-40, and TPBT@rGO-50.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.5c00111
ACS Polym. Au 2025, 5, 930−943

934

https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.5c00111/suppl_file/lg5c00111_si_001.pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00111?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00111?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00111?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00111?fig=fig1&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.5c00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


TPBT-COF, representing S 2p3/2 and S 2p1/2 signals,
respectively.47

Thermogravimetric analysis under nitrogen atmosphere
revealed enhanced thermal stability of the composite materials,
with decomposition behavior intermediate between pure TPBT-
COF and the carbon substrates (Figure S7). The thermal
stability demonstrated a positive correlation with carbon
material content in both TPBT@CNT and TPBT@rGO
systems. Notably, despite the typical decomposition of surface
functional groups around 200 °C, incorporation of carbon
nanomaterials into the TPBT-COF significantly enhances the
thermal stability of the resulting composites. For the TPBT@
CNT series, thermal resilience progressively improves as CNT
content increases from 30% to 70%, evidenced by diminished
weight loss percentages at elevated temperatures. Similarly, the
TPBT@rGO composites demonstrate enhanced thermal
stability with increasing rGO content (30% to 50%) compared
to pristine TPBT-COF.
X-ray diffraction analysis revealed characteristic diffraction

peaks of TPBT-COF at 2θ angles of 4.64°, 8.08°, 9.26°, and
12.30°, corresponding to the (100), (110), (200), and (210)
crystal planes, respectively.39 The angular relationships con-
firmed a hexagonal crystal system structure. A broad peak at
25.5° (001) was attributed to π-π stacking in the COF layered
structure, with an interlayer spacing of d = 3.5 Å calculated using
Bragg’s law. The XRD pattern of f-CNT (Figure 1a) exhibited a
broad diffraction peak at 2θ = 25.84°, which overlapped with the
TPBT-COF (001) reflection. Consequently, despite the
decreased COF diffraction peak intensity with reduced TPBT-
COF content in TPBT@CNT composites, the peak intensity in
the 24−26° region showed a slight increase. The XRD pattern of
rGO (Figure 1b) displayed a broad peak at 24°, reflecting the
characteristic shift from 11.76° to 24−26° following reduc-
tion.43 This peak overlapped with the broad diffraction peak of
COF in the same region. As rGO content increased, while the
primary COF diffraction peaks decreased in intensity, the 24−
26° region showed enhanced intensity.
SEM analysis (Figure 2) revealed distinct morphological

features across the composite series. The precursor materials
showed characteristic morphologies: sheet-like structure with

wrinkled surfaces for GO, fibrous morphology for f-CNT, and
needle-like structures with evident agglomeration for TPBT-
COF (Figure S8). In TPBT@CNT composites, the presence of
carboxyl functional groups on f-CNT surfaces effectively
mitigated π-π stacking between COF layers, promoting
secondary interactions with the f-CNT surface. The TPBT-
COF layer thickness exhibited inverse correlation with f-CNT
content, while maintaining uniform surface coverage. TPBT@
rGO composites demonstrated similar morphological control,
with oxygen-containing functional groups on GO surfaces
facilitating uniform TPBT-COF distribution and preventing
agglomeration. The incomplete surface coverage, attributed to
GO’s high specific surface area and epoxy functional groups,
maintained uniform distribution patterns across varying
compositions.
TEM analysis of TPBT@CNT composites at various ratios

(Figure 3 a-c) reveals that TPBT-COF (pure form shown in

Figure S8c) uniformly encapsulates the exterior surface of f-
CNT (pure CNT shown in Figure S8a), with the needle-like
morphology of TPBT-COF exhibiting a shortening trend as f-
CNT content increases, suggesting preferential physical stacking
and reactivity with f-CNT rather than self-stacking; similarly,
TEM micrographs of TPBT@rGO composites (Figure 3 d-f)
demonstrate uniform growth of TPBT-COF on both rGO
surfaces (pure rGO shown in Figure S8b), where increasing rGO
content correlates with more prevalent vacant sites (semi-
transparent regions) on the rGO surface due to the relatively
lower proportion of TPBT-COF available to interact with the
functional groups and provide complete coverage, while the
growth of TPBT-COF simultaneously facilitates exfoliation of
the otherwise tightly stacked GO layers, resulting in nearly
transparent rGO in regions lacking TPBT-COF growth.
The isothermal adsorption−desorption curves obtained

through BET analysis for both composite systems are presented
in Figure 4 (a,b). TPBT@CNT and TPBT@rGO composites
exhibit rapidly increasing adsorption at low relative pressures,
indicating the presence of micropores in these materials. These
profiles represent typical Type I adsorption isotherms,
characteristic of microporous materials with limited external

Figure 2. SEM images of (a) TPBT@CNT-30, (b) TPBT@CNT-50,
(c) TPBT@CNT-70, (d) TPBT@rGO-30, (e) TPBT@rGO-40, and
(f) TPBT@rGO-50.

Figure 3. TEM images of (a) TPBT@CNT-30, (b) TPBT@CNT-50,
(c) TPBT@CNT-70, (d) TPBT@rGO-30, (e) TPBT@rGO-40, and
(f) TPBT@rGO-50.
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surface area. As detailed in Table S2, the specific surface areas of
both TPBT@CNT and TPBT@rGO composites demonstrate a
decreasing trend with increasing carbon material content (CNT
or rGO). This phenomenon can be attributed to the reduction in
COF content per unit area, as the carbon-based materials
contribute less to the overall surface area compared to the highly
porous TPBT-COF structure. The pore size distributions
derived using the Horvath−Kawazoe (H−K) model are
illustrated in Figure 4 (c,d). These analyses reveal that the
main pore diameters of TPBT@CNT and TPBT@rGO are
approximately 0.7 and 1.15 nm, respectively, which are notably
smaller than the 1.21 nm pore size observed in pure TPBT-COF.
Additionally, the emergence of new pore populations is evident
in the composite materials. The observed reduction in pore size
can be explained by the structural organization at the interface
between TPBT-COF and the carbon materials. The carbon
substrates promote uniform and dense growth of TPBT-COF
on their surfaces,49 creating a well-integrated composite
structure. When TPBT-COF is grafted onto the carbon
materials, the portion of the COF structure in direct contact
with the carbon substrate becomes positionally constrained.
This constraint induces distortion and misalignment in the π-π
stacking arrangement of TPBT-COF, thereby reducing the main
pore diameter. However, the TPBT-COF regions that are more
distant from the carbon material interface retain greater
structural flexibility and can undergo reversible redox-induced
structural adjustments, resulting in pore characteristics more
closely resembling those of pure TPBT-COF.

3.1.2. Characterizations of TPBT-COF@CNT/CNT/RC
and TPBT-COF@rGO/rGO/RC Composite Films. SEM of
the TPBT@CNT-50/CNT/RC composite reveals optimal
microstructural organization, characterized by a pervasive
CNT network architecture embedded within the cellulose

framework (Figure S9). The synergistic interaction between the
elongated CNT geometry and the fibrillar cellulose structure
facilitates superior interfacial adhesion and promotes effective
matrix integration (Figure S10a). This morphological compat-
ibility results in homogeneous TPBT-COF deposition along the
CNT periphery, establishing a well-ordered composite
architecture. The cylindrical CNT geometry generates favorable
void spaces throughout the cellulose network, simultaneously
mitigating particle agglomeration and preserving essential ionic
conductivity pathways. Conversely, the TPBT@rGO/rGO/RC
composites demonstrate compromised microstructural integrity
within the cellulose environment (Figure S9). Microscopic
analysis identifies pronounced heterogeneity, manifesting as
agglomerated rGO domains with irregular TPBT-COF spatial
distribution. The inherent geometric incompatibility between
the laminar rGO structure and the three-dimensional cellulose
network promotes phase segregation over uniform blending
(Figure S10b). This structural mismatch generates composi-
tionally distinct microdomains, featuring densely aggregated
rGO clusters interspersed with cellulose-dominated regions.
Such morphological deficiencies severely compromise electro-
lyte infiltration efficiency and disrupt the establishment of
continuous electron transport networks.
The XRD patterns of the TPBT-COF@CNT/CNT/RC and

TPBT-COF@rGO/rGO/RC composite films are presented in
Figure S11. Diffraction peaks corresponding to TPBT-COF can
be observed in the range of 2θ = 4−12.5°, while those of RC
appear in the range of 2θ = 12−22°. A strong peak of f-CNT and
rGO was observed at 2θ = 25.84°, which overlapped with the
TPBT-COF (001) reflection.

Figure 4. (a) Isothermal adsorption−desorption curves of TPBT@CNT and (b) TPBT@rGO composite materials; (c) Pore size distribution of
TPBT@CNT and (d) TPBT@rGO composite materials.
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3.2. Electrochemical Performance of
TPBT-COF@CNT/CNT/RC and TPBT-COF@rGO/rGO/RC
Composite Film Electrodes for Supercapacitors

The CV curves, capacitance retention curves, and EIS spectra of
CNT/RC (7:3, w/w) and rGO/RC (7:3, w/w) composite films
are presented in Figure S12. The results indicate that the CNT/
RC film-based electrode exhibits a higher capacitance value and
better capacitance retention compared with the rGO/RC film-
based electrode, while also showing a lower resistance. CNTs
generally exhibit higher capacitance than rGO due to their
superior electrical conductivity, open tubular structure, and
efficient ion transport pathways. In contrast, the sheet-like
morphology of rGO tends to restack, reducing the accessible
surface area, while their lower conductivity and more tortuous
ion diffusion paths further limit electrochemical performance.

Consequently, CNT-based electrodes provide better charge
storage compared with rGO.
The electrochemical properties of TPBT@CNT and TPBT@

rGO composite films were systematically investigated to develop
high-performance flexible electrodes for energy storage
applications. Composite films with various weight ratios of
TPBT@CNT/CNT/RC and TPBT@rGO/rGO/RC were
fabricated and characterized using a comprehensive suite of
electrochemical techniques. As shown in Figure S13, CV and
GCD analyses were conducted on various composite
formulations. The composite with a TPBT@CNT-50/CNT/
RC ratio of 35/35/30 (w/w) exhibited maintained good shape
retention even at higher scan rates, indicating excellent rate
capability and efficient charge transfer kinetics, delivering a
specific capacitance of 550.0 F/g at a current density of 1 A/g
(Figure S14a). Electrochemical impedance spectroscopy (EIS)

Figure 5. CV curves of composite films: (a) TPBT@CNT-30/CNT/RC (35/35/30, w/w), (b) TPBT@CNT-50/CNT/RC (35/35/30, w/w), (c)
TPBT@CNT-70/CNT/RC (35/35/30, w/w), (d) TPBT@rGO-30/rGO/RC (35/35/30, w/w), (e) TPBT@rGO-40/rGO/RC (35/35/30, w/w),
and (f) TPBT@rGO-50/rGO/RC (35/35/30, w/w).
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revealed significant insights into the interfacial properties of the
composites. Figure S14b presents their corresponding Nyquist
plots, characterized by a semicircle and a straight line in the high-
and low-frequency regions, respectively. The radius of the
semicircle represents the charge transfer resistance (Rct) and the
slope of a straight line corresponds to the diffusion resistance of
electrolyte ions. The intercept of the high-frequency semicircle
with the X-axis is associated with the equivalent series resistance
associated with the equivalent series resistance (RS).

47 The
TPBT@CNT-50/CNT/RC (70/0/30) formulation exhibits
the largest semicircular arc, indicating substantial charge transfer
resistance (Rct ≈ 25 Ω) and compromised electron transfer
kinetics due to insufficient conductive pathways. The TPBT@
CNT-50/CNT/RC (46.7/23.3/30) composition shows mark-
edly reduced impedance with a smaller semicircle and improved
low-frequency response, while the TPBT@CNT-50/CNT/RC
(35/35/30) material demonstrates optimal impedance charac-

teristics with an ideal balance between charge transfer resistance
and ion diffusion properties, evidenced by a moderate semicircle
and the most pronounced vertical line in the low-frequency
region. In contrast, the TPBT@CNT-50/CNT/RC (0/70/30)
sample exhibits low charge transfer resistance but limited
capacitive behavior with a truncated response curve. These
impedance profiles directly correspond to the electrochemical
performance trends observed in CV and GCD measurements,
confirming that the 35/35/30 composition achieves an optimal
synergistic balance between electronic conductivity from
pristine CNTs and pseudocapacitive contributions from
TPBT-functionalized CNTs, resulting in superior supercapaci-
tor performance through minimized electronic and ionic
transport resistances.

3.2.1. Electrochemical Performance of TPBT@CNT/
CNT/RC and TPBT@rGO/rGO/RC Composite Film Electro-
des. To further elucidate the electrochemical behavior of the

Figure 6.GCD curves of composite films: (a) TPBT@CNT-30/CNT/RC (35/35/30, w/w), (b) TPBT@CNT-50/CNT/RC (35/35/30, w/w), (c)
TPBT@CNT-70/CNT/RC (35/35/30, w/w), (d) TPBT@rGO-30/rGO/RC (35/35/30, w/w), (e) TPBT@rGO-40/rGO/RC (35/35/30, w/w),
and (f) TPBT@rGO-50/rGO/RC (35/35/30, w/w).
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TPBT@CNT/CNT/RC and TPBT@rGO/rGO/RC compo-
site films, CV measurements were conducted in a three-
electrode configuration within a potential window of−0.2 to 0.8
V in 1 M H2SO4 electrolyte at various scan rates (5−50 mV/s)
(Figure 5). The curves exhibit quasi-rectangular shapes with
visible redox peaks, indicating a combination of electric double-
layer capacitance from carbon materials (CNT or rGO) and
pseudocapacitance from the TPBT-COF. In all cases, increasing
scan rates lead to expanded CV curve areas and slightly distorted
shapes, reflecting diffusion limitations at higher rates. The
TPBT@CNT demonstrate superior capacitive properties with
larger enclosed areas in their CV curves, suggesting better
electrical conductivity and electroactive surface area. EIS
analysis (Figure S15) provided further evidence of the superior
electrical properties of the TPBT@CNT-based composite. The
TPBT@CNT/CNT/RC (35/35/30, w/w) exhibited signifi-
cantly lower charge transfer resistance compared to its TPBT@
rGO/rGO/RC (35/35/30, w/w) counterpart, confirming
enhanced and improved ionic/electronic conductivity. The Rs
and Rct values of the TPBT@CNT/CNT/RC composite films
decreased with a reduction in the TPBT-COF deposition
content on CNT. Specifically, the Rs values of TPBT@CNT-
30/CNT/RC, TPBT@CNT-50/CNT/RC, and TPBT@CNT-
70/CNT/RC were 10.1, 6.0, and 5.8 Ω, respectively, while the
corresponding Rct values were 7.2, 6.6, and 2.7 Ω. In addition,
the Rs values of TPBT@rGO-30/rGO/RC, TPBT@rGO-50/
rGO/RC, and TPBT@rGO-70/rGO/RC were 80.1, 9.2, and
17.1 Ω, respectively, while the corresponding Rct values were
56.3, 65.1, and 35.5 Ω. The aggregation of TPBT-COF on CNT
and rGO led to higher Rs and Rct values for the TPBT@CNT/
CNT/RC and TPBT@rGO/rGO/RC composite films with
increased TPBT-COF content.
GCD measurements conducted at current densities ranging

from 0.5 to 5 A/g within a potential window of 0−0.8 V (Figure
6) demonstrated a direct correlation with the CV results. The
TPBT@CNT/CNT/RC composites exhibited remarkable
capacitive properties, achieving specific capacitances of
1182.36, 1288.26, and 1137.60 F/g at 0.5 A/g for TPBT@
CNT-30, TPBT@CNT-50, and TPBT@CNT-70 composi-
tions, respectively. These values substantially exceed those of the
TPBT@rGO/rGO/RC composites, which delivered compara-
tively lower capacitances of 227.42, 335.50, and 398.75 F/g for
TPBT@rGO-30, TPBT@rGO-40, and TPBT@rGO-50 com-
positions, respectively. Analysis of rate capability revealed that
the TPBT@CNT-50/CNT/RC (35/35/30, w/w) achieved the
highest specific capacitance of 1288.26 F/g at 0.5 A/g among all

tested compositions, while TPBT@rGO-50/rGO/RC (35/35/
30, w/w) exhibited the best performance among rGO-based
composites with 398.75 F/g at 0.5 A/g. The superior
performance of the TPBT@CNT-based composites can be
attributed to several factors: (1) the one-dimensional tubular
structure of CNTs facilitates more efficient electron transport
compared to the two-dimensional sheet-like morphology of
rGO; (2) CNTs create a more interconnected conductive
network within the cellulose matrix; and (3) The dispersion
characteristics of TPBT-COF within the composite matrices
demonstrate a pronounced dependence on the carbonaceous
substrate employed (Figure S16). For TPBT@CNT/CNT/RC
systems, an inverse relationship exists between TPBT@CNT
loading ratios and TPBT-COF aggregation phenomena, with
higher ratios promoting homogeneous distribution across CNT
surfaces. In contrast, TPBT@rGO/rGO/RC composites dis-
play persistent TPBT-COF clustering, originating from the
intrinsic stacking behavior of graphene oxide layers. Apart from
that, COF-based electrodes exhibit exceptionally high capaci-
tance at low charge/discharge current densities, due to their
highly porous framework and large specific surface area, which
allow efficient ion diffusion and full utilization of electroactive
sites. However, at higher current densities, the capacitance drops
sharply, likely because the rapid charge/discharge process limits
ion accessibility to the inner pores, reducing the effective
utilization of the electrode material.
Based on the GCD curves (Figure 6), the Coulombic

efficiency (CE) can be directly calculated from the ratio of
discharge time to charge time. CE reflects the reversibility of the
electrochemical process, with values near 100% signifying
efficient charge recovery and minimal energy loss. Compared
to the TPBT@CNT-70/CNT/RC electrode, the lower CE
values of the TPBT@CNT-30/CNT/RC and TPBT@CNT-
50/CNT/RC electrodes can be attributed to the aggregation
and stacking of TPBT-COF on the CNTs, which hinder ion
diffusion during charging. Longer charge times thus result in
lower CE values, particularly at lower charge current densities
(0.5 A/g). In contrast, the TPBT@rGO/rGO/RC composite
films exhibit a high CE close to 100%, indicating that most of the
charges stored during charging can be efficiently recovered
during discharging. Nevertheless, these electrodes show
relatively low capacitance, suggesting that the dominant
contribution to the capacitance arises from the electric
double-layer capacitance of the rGO rather than the TPBT-
COF.

Figure 7. (a) Capacitance versus current density relationship of TPBT@CNT/CNT/RC (35/35/30, w/w) and TPBT@rGO/rGO/RC (35/35/30,
w/w) composite films. (b) Cycling stability test of TPBT@CNT-50/CNT/RC (35/35/30, w/w) and TPBT@rGO-50/rGO/RC (35/35/30, w/w)
composite films.
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Long-term cycling stability is a critical parameter for practical
energy storage applications. As shown in Figure 7(a), the
capacitance decreased with increasing charge current density.
When the current density exceeded 4 A g−1, the TPBT@rGO-
50/rGO/RC electrode exhibited signs of structural degradation
or even potential damage. In contrast, the TPBT@CNT-50/
CNT/RC electrode was able to tolerate higher charge current
densities. Therefore, the long-term cycling stability of the
TPBT@CNT-50/CNT/RC and TPBT@rGO-50/rGO/RC
electrodes were measured at current density of 10 and 4 A
g−1, respectively. The TPBT@CNT-50/CNT/RC (35/35/30,
w/w) composite film demonstrated exceptional electrochemical
durability, retaining 85.87% of its initial capacitance after 10,000
charge−discharge cycles at a high current density of 10 A/g. In
contrast, the TPBT@rGO-50/rGO/RC (35/35/30, w/w)
composite film could only withstand current densities up to 4
A/g and retained 81.82% of its initial capacitance after 10,000
cycles at this lower current density (Figure 7b). The superior
cycling stability of the TPBT@CNT-based composite can be
attributed to its robust structural integrity during repeated
charge−discharge processes. The one-dimensional tubular
structure of CNTs provides enhanced mechanical support to
the TPBT-COF framework, preventing structural collapse
during prolonged cycling. Additionally, the stronger interaction
between TPBT-COF and CNTs minimizes active material
detachment from the electrode during cycling, thus preserving
electrochemical performance over extended periods. Never-
theless, compared with the TPBT@CNT-50/CNT/RC (35/
35/30, w/w) and TPBT@rGO-50/rGO/RC (35/35/30, w/w)

electrodes before cycling (Figure 2 and Figure S9), the SEM
images indicated that the amount of TPBT-COF deposited on
CNT and rGOdecreased after the charge−discharge cycling test
(Figure S16), with a more pronounced reduction observed for
the TPBT@rGO-50/rGO/RC sample.

3.2.2. Electrochemical Performance of Symmetric
Supercapacitors. To evaluate the practical application
potential of the optimized composite films, symmetric super-
capacitor devices were fabricated using TPBT@CNT-50/
CNT/RC (35/35/30, w/w) and TPBT@rGO-50/rGO/RC
(35/35/30, w/w) composite films as both positive and negative
electrodes. The CV curves of the TPBT@CNT-based
symmetric device (Figure S17a) exhibited a more rectangular
shape compared to the three-electrode configuration, this
rectangular shape is maintained even at higher scan rates,
demonstrating rapid ion transport and efficient charge
accumulation at the electrode−electrolyte interface. Addition-
ally, the increased current response with rising scan rates without
significant distortion in the CV curve shape suggests low internal
resistance and fast electron transfer kinetics, which can be
attributed to the synergistic effect between the TPBT-COF
structure and the conductive CNT network established during
the in situ polymerization process. In contrast, the TPBT@rGO-
based symmetric device (Figure S17b) showed diminished
capacitance compared to its three-electrode counterpart, which
can be attributed to increased ionic diffusion resistance within
the electrode structure. EIS analysis (Figure S17c) further
confirmed the superior electrical properties of the TPBT@
CNT-based symmetric device, exhibiting lower internal

Figure 8. (a) GCD curves of symmetric devices fabricated with TPBT@CNT-50/CNT/RC (35/35/30, w/w) films, (b) GCD curves of symmetric
devices fabricated with TPBT@rGO-50/rGO/RC (35/35/30, w/w) films, (c) energy density versus power density relationship of symmetric devices
made with TPBT@CNT-50/CNT/RC (35/35/30, w/w) and TPBT@rGO-50/rGO/RC (35/35/30, w/w), (d) Cycle life of symmetric devices
fabricated with TPBT@CNT-50/CNT/RC (35/35/30, w/w) and TPBT@rGO-50/rGO/RC (35/35/30, w/w) (the inset shows a digital
photograph of the LED powered by the SSC, and flexibility of film).
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resistance and more efficient charge transfer kinetics compared
to the TPBT@rGO-based device. The stacking of the sheet-like
rGO reduces the accessible surface area, while its lower
conductivity and more tortuous ion diffusion pathways further
hinder charge transport within the composite film. As a result,
the TPBT@rGO-based symmetric device exhibits higher
internal resistance. The GCD measurements of symmetric
devices revealed significant performance disparities between
CNT and rGO-based composites (Figure 8a,b). The TPBT@
CNT-50/CNT/RC (35/35/30, w/w) symmetric device
delivered an impressive specific capacitance of 84.32 F/g at 1
A/g, substantially outperforming the TPBT@rGO-50/rGO/
RC (35/35/30, w/w) symmetric device, which achieved only
10.07 F/g under identical conditions. Nevertheless, the
capacitance values of the symmetric devices are lower than
those of the TPBT@CNT/CNT/RC (35/35/30, w/w) and
TPBT@rGO/rGO/RC (35/35/30, w/w) composite film
electrodes (Figure 7a). This reduction is expected, since in a
symmetric two-electrode configuration the two identical
electrodes are connected in series, resulting in an overall device
capacitance that is inherently half of the single-electrode
capacitance measured in a three-electrode system.50 Further-
more, in practical two-electrode devices, additional ionic
transport limitations can arise from the separator and the finite
thickness of the electrolyte layer, which hinder ion diffusion
between the electrodes. These effects increase internal resistance
and reduce the utilization of the active material compared with
three-electrode measurements. Analysis of energy and power
density relationships (Figure 8c) demonstrated that the
TPBT@CNT-50/CNT/RC device achieved maximum energy
and power densities of 11.71 Wh/kg and 312.5 W/kg,
respectively. These values significantly exceed those of the
TPBT@rGO-50/rGO/RC device, which delivered maximum
energy and power densities of 0.90 Wh/kg and 160 W/kg,
respectively. The superior energy storage performance of the
TPBT@CNT-based device can be attributed to its enhanced
electrical conductivity, reduced charge transfer resistance, and
more efficient electrode−electrolyte interface. The specific
capacitance, energy density, and power density of the TPBT@
CNT-50/CNT/RC electrode-based supercapacitor were found
to be comparable to, or even superior to, those of recently
reported triazine-COF/CNT and triazine-COF/GO super-
capacitors (Table S3).17,33,35,36,51

The long-term electrochemical stability of the TPBT@CNT-
50/CNT/RC- and TPBT@rGO-50/rGO/RC-based symmet-
ric supercapacitors was evaluated over 10,000 charge−discharge
cycles at current densities of 10 and 4 A g−1, respectively (Figure
8d). The TPBT@CNT-50/CNT/RC (35/35/30, w/w)
symmetric device demonstrated superior cycling durability,
retaining 77.0% of its initial capacitance after 10,000 cycles. In
comparison, the TPBT@rGO-50/rGO/Cellulose (35/35/30,
w/w) device retained 74.3% of its initial capacitance under the
same testing conditions. A drop in capacitance retention was
observed after 1,500−2,000 charge−discharge cycles for the
TPBT@rGO-50/rGO/RC-based device. This degradation may
be attributed to insufficient adhesion between the TPBT-COF
and the rGO, where repeated cycling can cause interfacial
delamination and consequently reduce the amount of effectively
active material. The SEM image of the TPBT@rGO-50/rGO/
RC film revealed that the amount of TPBT-COF deposited on
rGO decreased after the charge−discharge cycling test (Figure
2f and Figure S16b). While both devices exhibited slightly lower
stability compared to their respective electrodes in three-

electrode configurations, the TPBT@CNT-based symmetric
device maintained higher capacitance retention, further
confirming its enhanced electrochemical stability for practical
energy storage applications. The exceptional cycling stability of
the TPBT@CNT-based device can be attributed to the
synergistic integration of TPBT-COF with CNT, resulting in a
robust composite structure capable of withstanding repeated
charge−discharge cycles without significant degradation. What’s
more, four symmetric device of TPBT@CNT-50/CNT/RC
(35/35/30, w/w) connected in series can successfully light up a
“NCHU” panel consisting of 49 LEDs.

3.2.3. Structure−Property Relationships and Mecha-
nistic Insights. The remarkable electrochemical performance
disparities between TPBT@CNT and TPBT@rGO composite
films can be explained by examining their fundamental
structure−property relationships. The one-dimensional tubular
structure of CNTs facilitates more efficient electron transport
pathways compared to the two-dimensional sheet-like morphol-
ogy of rGO. Additionally, CNTs create a more interconnected
conductive network within the cellulose matrix, enhancing
overall electrical conductivity and charge transfer kinetics. The
superior performance of the TPBT@CNT-50/CNT/Cellulose
(35/35/30, w/w) composite can be attributed to an optimal
balance between active material (TPBT-COF) content and
conductive additive (CNT) proportion. This optimized
composition enables effective utilization of the high theoretical
capacitance of TPBT-COF while maintaining efficient electron
transport pathways through the CNT network. The synergistic
integration of TPBT-COF with CNT in a cellulose matrix
represents a significant advancement in the development of
high-performance flexible electrodes for next-generation energy
storage systems. The exceptional specific capacitance (1288.26
F/g at 0.5 A/g), excellent rate capability, and superior cycling
stability (85.87% retention after 10,000 cycles) of the TPBT@
CNT-50/CNT/RC (35/35/30, w/w) composite electrode
demonstrate its potential for practical supercapacitor applica-
tions.

4. CONCLUSION
In conclusion, we have demonstrated successful synthesis of
TPBT-COF grafted onto CNT and rGO substrates, effectively
addressing COF aggregation challenges. The TPBT@CNT-50
composite exhibited exceptional thermal stability with a
decomposition temperature of 577.43 °C, while microscopic
analyses confirmed uniform TPBT-COF growth on carbon
material surfaces. The grafting mechanism, verified through XPS
analysis, induced structural modifications that resulted in
distinctive pore size distributions, as evidenced by BET
measurements. The electrochemical performance evaluation
revealed that TPBT@CNT-50/CNT/Cellulose (35/35/30, w/
w) composite electrodes achieved remarkable capacitive
performance (1288.26 F/g at 0.5 A/g) with excellent cycling
stability (85.87% retention after 10,000 cycles at 10 A/g). When
assembled into symmetric supercapacitor devices, the CNT-
based composite demonstrated superior energy and power
densities (11.71 Wh/kg and 312.5 W/kg, respectively)
compared to its rGO-based counterpart (0.90 Wh/kg and 160
W/kg). This enhanced performance can be attributed to the
optimal TPBT-COF/CNT ratio, which maximizes interfacial
contact while preventing aggregation, combined with superior
dispersion and interaction with the cellulose matrix. These
findings suggest that TPBT@CNT-based composites represent
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a promising direction for developing high-performance flexible
energy storage devices.
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(29) Martín-Illán, J. Á.; Sierra, L.; Guillem-Navajas, A.; Suárez, J. A.;
Royuela, S.; Rodríguez-San-Miguel, D.; Maspoch, D.; Ocón, P.;
Zamora, F. β-Ketoenamine-linked covalent organic frameworks
synthesized via gel-to-gel monomer exchange reaction: From aerogel
monoliths to electrodes for supercapacitors. Adv. Funct. Mater. 2024,
34, 2403567.
(30) Dutta, T. K.; Patra, A. Post-synthetic modification of covalent
organic frameworks through in situ polymerization of aniline for
enhanced capacitive energy storage. Chem. Asian. J. 2021, 16, 158−164.
(31) Wang, W.; Zhao, W.; Chen, T.; Bai, Y.; Xu, H.; Jiang, M.; Liu, S.;
Huang, W.; Zhao, Q. All-in-one hollow flower-like covalent organic
frameworks for flexible transparent devices. Adv. Funct. Mater. 2021, 31,
2010306.
(32) Liu, S.; Yao, L.; Lu, Y.; Hua, X.; Liu, J.; Yang, Z.; Wei, H.; Mai, Y.
All-organic covalent organic framework/polyaniline composites as
stable electrode for high-performance supercapacitors. Mater. Lett.
2019, 236, 354−357.
(33) Liu, L.; Cui, D.; Zhang, S.; Xie, W.; Yao, C.; Xu, Y. Integrated
carbon nanotube and triazine-based covalent organic framework
composites for high capacitance performance. Dalton Trans. 2023,
52, 2762−2769.

(34) Xu, L.; Liu, Y.; Xuan, X.; Xu, X.; Li, Y.; Lu, T.; Pan, L.
Heterointerface regulation of covalent organic framework-anchored
graphene via a solvent-free strategy for high-performance super-
capacitor and hybrid capacitive deionization electrodes. Mater. Horiz.
2024, 11, 2974−2985.
(35) Yang, H. C.; Chen, Y. Y.; Suen, S. Y.; Lee, R. H. Triazine-based
covalent organic framework/carbon nanotube fiber nanocomposites
for high-performance supercapacitor electrodes. Polymer 2023, 273,
No. 125853.
(36) Ibrahim, M.; Abdelhamid, H. N.; Abuelftooh, A. M.; Mohamed,
S. G.; Wen, Z.; Sun, X. Covalent organic frameworks (COFs)-derived
nitrogen-doped carbon/reduced graphene oxide nanocomposite as
electrodes materials for supercapacitors. J. Energy Storage 2022, 55,
No. 105375.
(37) Sun, B.; Cui, D.; Xu, X.; Liu, W.; Xie, W.; Xu, Y. Functionalized
graphene/tetraphenylethylene-based covalent organic framework
composites for enhanced electrochemical energy storage. Colloids
Surf., A 2025, 715, No. 136659.
(38) Jyothibasu, J. P.; Kuo, D. W.; Lee, R. H. Flexible and freestanding
electrodes based on polypyrrole/carbon nanotube/cellulose compo-
sites for supercapacitor application. Cellulose 2019, 26, 4495−4513.
(39) Wu, C. W.; Cai, C. E.; Feng, Y. C.; Chen, Z. T.; Liu, B. T.; Yang,
H.; Suen, S. Y.; Kuo, D. W.; Lee, R. H. Covalent organic framework-
incorporated MAPbI3 for inverted perovskite solar cells with enhanced
efficiency and stability. ACS Appl. Nano. Mater. 2024, 7, 23087−23100.
(40) Cai, J.; Niu, H.; Li, Z.; Du, Y.; Cizek, P.; Xie, Z.; Xiong, H.; Lin, T.
High-performance supercapacitor electrode materials from cellulose-
derived carbon nanofibers. ACS Appl. Mater. Interfaces 2015, 7, 14946−
14953.
(41) Nasiri, A.; Shariaty-Niasar, M.; Rashidi, A. M.; Khodafarin, R.
Effect of CNT structures on thermal conductivity and stability of
nanofluid. Int. J. Heat Mass Transfer 2012, 55, 1529−1535.
(42) Xu, S.; Zhang, Q. Recent progress in covalent organic frameworks
as light-emitting materials. Mater. Today Energy 2021, 20, No. 100635.
(43) Zhang, Q.; Xu, Y.; Li, C.; Chen, W.; Zhu, W.; Wang, L. Staggered
nickel−vanadium layered double hydroxide nanosheets on reduced
graphene oxide via in-situ growth for enhanced supercapacitor
performance. J. Alloys Compd. 2023, 935, No. 168048.
(44) Liu, W.; Zhang, S.; Hao, L.; Yang, F.; Jiao, W.; Li, X.; Wang, R.
Fabrication of carbon nanotubes/carbon fiber hybrid fiber in industrial
scale by sizing process. Appl. Surf. Sci. 2013, 284, 914−920.
(45) Wang, L.; Rao, L.; Xia, B.; Wang, L.; Yue, L.; Liang, Y.; DaCosta,
H.; Hu, X. Highly efficient CO2 adsorption by nitrogen-doped porous
carbons synthesized with low-temperature sodium amide activation.
Carbon 2018, 130, 31−40.
(46) Ossonon, B. D.; Bélanger, D. Synthesis and characterization of
sulfophenyl-functionalized reduced graphene oxide sheets. RSC Adv.
2017, 7, 27224−27234.
(47) Li, X.; Zhang, J.; Wang, Z.; Fu, J.; Li, S.; Dai, K.; Liu, M.
Interfacial C−S Bonds of g-C3N4/Bi19Br 3S27 S-Scheme Hetero-
junction for Enhanced Photocatalytic CO2 Reduction. Chem. - Eur. J.
2023, 29, No. e202202669.
(48) Nundy, S.; Ghosh, A.; Nath, R.; Paul, A.; Tahir, A. A.; Mallick, T.
K. Reduced graphene oxide (rGO) aerogel: Efficient adsorbent for the
elimination of antimony (III) and (V) from wastewater. J. Hazard.
Mater. 2021, 420, No. 126554.
(49) Yang, X.; Lin, C.; Han, D.; Li, G.; Huang, C.; Liu, J.; Wu, X.; Zhai,
L.; Mi, L. In situ construction of redox-active covalent organic
frameworks/carbon nanotube composites as anodes for lithium-ion
batteries. J. Mater. Chem. A 2022, 10, 3989−3995.
(50) Jyothibasu, J. P.; Wang, R. H.; Ong, K.; Ong, J. H. L.; Lee, R. H.
Cellulose/carbon nanotube/MnO2 composite electrodes with high
mass loadings for symmetric supercapacitors.Cellulose 2021, 28, 3549−
3567.
(51) Jagdale, S. D.; Rao, C. R. K.; Bhosale, S. V.; Bhosale, S. V.
Molecular engineered A-D−A−D−A organic electrode system for
efficient supercapacitor applications. Mater. Adv. 2023, 4, 3061−3072.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.5c00111
ACS Polym. Au 2025, 5, 930−943

943

https://doi.org/10.1021/acsami.4c00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.micromeso.2020.110766
https://doi.org/10.1016/j.micromeso.2020.110766
https://doi.org/10.1016/j.micromeso.2020.110766
https://doi.org/10.3390/polym14163428
https://doi.org/10.3390/polym14163428
https://doi.org/10.1039/D5CC01105A
https://doi.org/10.1039/D5CC01105A
https://doi.org/10.1021/acsami.4c00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3PY00536D
https://doi.org/10.1039/D3PY00536D
https://doi.org/10.1039/D3PY00536D
https://doi.org/10.1002/smm2.1312
https://doi.org/10.1002/smm2.1312
https://doi.org/10.1002/smm2.1312
https://doi.org/10.1002/anie.202409421
https://doi.org/10.1002/anie.202409421
https://doi.org/10.1002/anie.201506570
https://doi.org/10.1002/anie.201506570
https://doi.org/10.31635/ccschem.023.202302773
https://doi.org/10.31635/ccschem.023.202302773
https://doi.org/10.31635/ccschem.023.202302773
https://doi.org/10.1021/acsami.5b09962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b09962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c04638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c04638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c04638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202403567
https://doi.org/10.1002/adfm.202403567
https://doi.org/10.1002/adfm.202403567
https://doi.org/10.1002/asia.202001216
https://doi.org/10.1002/asia.202001216
https://doi.org/10.1002/asia.202001216
https://doi.org/10.1002/adfm.202010306
https://doi.org/10.1002/adfm.202010306
https://doi.org/10.1016/j.matlet.2018.10.131
https://doi.org/10.1016/j.matlet.2018.10.131
https://doi.org/10.1039/D2DT03910A
https://doi.org/10.1039/D2DT03910A
https://doi.org/10.1039/D2DT03910A
https://doi.org/10.1039/D4MH00161C
https://doi.org/10.1039/D4MH00161C
https://doi.org/10.1039/D4MH00161C
https://doi.org/10.1016/j.polymer.2023.125853
https://doi.org/10.1016/j.polymer.2023.125853
https://doi.org/10.1016/j.polymer.2023.125853
https://doi.org/10.1016/j.est.2022.105375
https://doi.org/10.1016/j.est.2022.105375
https://doi.org/10.1016/j.est.2022.105375
https://doi.org/10.1016/j.colsurfa.2025.136659
https://doi.org/10.1016/j.colsurfa.2025.136659
https://doi.org/10.1016/j.colsurfa.2025.136659
https://doi.org/10.1007/s10570-019-02376-2
https://doi.org/10.1007/s10570-019-02376-2
https://doi.org/10.1007/s10570-019-02376-2
https://doi.org/10.1021/acsanm.4c04301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.4c04301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.4c04301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b03757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b03757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijheatmasstransfer.2011.11.004
https://doi.org/10.1016/j.ijheatmasstransfer.2011.11.004
https://doi.org/10.1016/j.mtener.2020.100635
https://doi.org/10.1016/j.mtener.2020.100635
https://doi.org/10.1016/j.jallcom.2022.168048
https://doi.org/10.1016/j.jallcom.2022.168048
https://doi.org/10.1016/j.jallcom.2022.168048
https://doi.org/10.1016/j.jallcom.2022.168048
https://doi.org/10.1016/j.apsusc.2013.08.045
https://doi.org/10.1016/j.apsusc.2013.08.045
https://doi.org/10.1016/j.carbon.2018.01.003
https://doi.org/10.1016/j.carbon.2018.01.003
https://doi.org/10.1039/C6RA28311J
https://doi.org/10.1039/C6RA28311J
https://doi.org/10.1002/chem.202202669
https://doi.org/10.1002/chem.202202669
https://doi.org/10.1016/j.jhazmat.2021.126554
https://doi.org/10.1016/j.jhazmat.2021.126554
https://doi.org/10.1039/D1TA09433E
https://doi.org/10.1039/D1TA09433E
https://doi.org/10.1039/D1TA09433E
https://doi.org/10.1007/s10570-021-03757-2
https://doi.org/10.1007/s10570-021-03757-2
https://doi.org/10.1039/D3MA00296A
https://doi.org/10.1039/D3MA00296A
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.5c00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

