#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal

Synergistic enhancement of supercapacitor
performance using covalent organic frameworks
integrated with nitrogenated-reduced graphene
oxide and polyaniline

i ") Check for updates ‘

Cite this: DOI: 10.1039/d5na00698n

Daniel Malesela Teffu,® Katlego Makgopa® and Kwena Desmond Modibane & *2°

The demand for advanced energy storage systems has driven research into supercapacitors and
supercabatteries due to their high-power density, rapid charge—discharge capabilities, and long cycle
life. This study explores the synergistic enhancement of supercapacitor performance by integrating
Covalent Organic Frameworks (COFs) with nitrogen-doped reduced graphene oxide (NrGO) wrapped
with polyaniline (PANI). The unique structural and electrochemical properties of COFs provide high
surface area and tunable porosity, which are critical for optimizing ion transport and charge storage.
Incorporating nitrogen into the rGO lattice improves electrical conductivity and enhances
electrochemical performance by providing additional active sites for charge storage. The resulting
composite exhibits a hierarchical structure that facilitates efficient ion diffusion and enhances
capacitance. characterization was conducted using CV, GCD, and EIS. The
electrochemical performance of the PANI-COF/NrGO composite demonstrated battery-type behaviour
with a significantly increased specific capacity of 409 C g~* at a scan rate of 20 mV s~ in CV and 410 C
g™t at a current density of 2 A g~ in GCD. Moreover, the full cell (two electrode system) analysis of

Electrochemical

PANI-COF/NrGO composite revealed an energy density of 9.2 Wh kg™* at a power density of 300 W
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, with a 60% capacitance retention after 5000 cycles, indicating excellent durability. This study
provides valuable insights into the design of high-performance supercapacitors by utilizing the

synergistic effects of COFs, NrGO, and PANI. The findings highlight the potential of the PANI-COF/NrGO
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rsc.li/nanoscale-advances sustainable energy solutions.

1. Introduction

The demand for efficient and sustainable energy storage devices
is rapidly increasing due to the growing use of intermittent
renewable energy sources (such as solar and wind energy)."?
Energy storage devices, including Supercapacitors (SCs), are
essential for storing excess energy when production exceeds
demand and ensuring a reliable supply of energy, even when
renewable energy sources are not actively producing sufficient
power.*>* SCs have emerged as promising devices for bridging
the gap between conventional capacitors and batteries.’
However, the currently used electrode materials often produce
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composite material for applications in energy storage devices, paving the way for future developments in

limited or relatively low energy density, which restricts their
widespread adoption in large-scale applications.®

To overcome this limitation, significant efforts in research
have been devoted to the development and improvement of
advanced electrode materials that can enhance energy storage
performance.” However, the effectiveness of current SC tech-
nologies is constrained by the limitations of conventional
electrode materials (i.e., EDLCs and pseudocapacitive electrode
materials), making the search for novel battery-type alternatives
essential.** A combination of materials with complementary
properties, such as high surface area, electrical conductivity,
and redox activity, can lead to the development of advanced
hybrid electrode materials.'***

Porous electrode materials such as Covalent Organic Mate-
rials (COFs) and Metal Organic Frameworks (MOFs) with high
specific surface areas and sufficient electroactive sites are
believed to produce enhanced electrochemical performance
due to their porous nature, which is linked to the transportation
of ions, thereby resulting in improved specific capacitances.™
COFs have recently gained attention as a novel class of materials
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for energy storage applications because of their unique struc-
tural characteristics, such as high surface area, tunable pore
sizes, and excellent chemical stability. These properties make
COFs ideal candidates for enhancing the electrochemical
performance of energy storage devices." Pristine COFs
employed as SCs or supercapattery electrodes have been well
documented.™ However, COFs often face limitations in
conductivity, which can hinder their practical applications, and
this limitation mainly arises from their insulating organic
backbones, which restrict charge carrier mobility and impede
efficient electron transport across the framework.'® To tackle
these challenges, hybridizing COFs with other conductive
materials presents a promising strategy. Carbon materials such
as reduced graphene oxide (NrGO) and conductive polymers
like polyaniline (PANI) are two key candidates for enhancing the
electrochemical performance of COF-based composites." NrGO
provides an excellent conductive backbone that facilitates rapid
electron and ion transport, while PANI, a conducting polymer,
boosts overall capacitance through its redox-active properties.*

Several studies have reported improved electrochemical
performance by combining COFs or PANI with graphene-based
support. For example, Peng et al,** developed an electrode
material using a composite of three-dimensional porous kenaf
stem-derived carbon (3D-KSC), COF-LZU1, and polyaniline
(PANI). COF-LZU1 was synthesized through a condensation
reaction and uniformly attached to the inner walls of 3D-KSC,
enhancing structural stability. PANI was then polymerized on
this structure via chemical oxidation. Characterization tech-
niques, such as SEM, FTIR, and Raman spectroscopy, were
employed to confirm the successful synthesis and uniform
distribution of the components. The resulting 3D-KSC/COF-
LZU1/PANI composite showed a high specific capacitance of
583.0 mF cm 2 at 0.1 mA cm 2, retaining 81.5% of its capacity
after 2000 cycles, indicating excellent electrochemical perfor-
mance and the promise of COF and PANI-based composites as
electrode materials for Sc applications. Nevertheless, a ratio-
nally designed triple hybrid system that integrates PANI with
COF/NrGO has not yet been systematically investigated. Such an
approach is expected to synergistically combine the unique
merits of each component for enhanced performance.*

Herein, we report a novel PANI-COF/NrGO composite
designed to synergistically integrate the structural versatility of
COFs, the conductivity of NrGO, and the pseudocapacitance of
polyaniline. This unique tri-component hybrid is engineered to
overcome the intrinsic limitations of COFs and graphene
derivatives, offering a pathway toward improved specific
capacitance, energy density, and cycling stability. To our
knowledge, this is among the first studies to comprehensively
evaluate COF/NrGO-based composites in supercapacitors, sup-
ported by morphological, thermal, and electrochemical anal-
yses. This work not only demonstrates a promising electrode
material but also provides insights into interface engineering
for next-generation energy storage devices.
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2. Experimental section

2.1. Chemicals and materials

Aniline (C¢HsNH,), trimesic acid (1,3,5-benzenetricarboxylic
acid), potassium hydroxide (KOH), Iron chloride (FeCl;), poly-
vinylidene fluoride binder (PVD binder), N-methyl pyrrolidone
(NMP), graphite powder (C), melamine (C;HgNp), nickel foam
(NF), carbon black, activated carbon (AC), and ammonium
persulfate (NH,),S,0g) were obtained from Sigma-Aldrich
(South Africa). Sulfuric acid (H,SO,), dimethylformamide
(DMF), hydrogen peroxide (H,0,), and dimethyl sulfoxide
(DMSO) were purchased from Rochelle Chemicals (South
Africa). SAARCHEM (South Africa) supplied hydrochloric acid
(HCI) and potassium permanganate (KMnO,), while Moncon
(South Africa) supplied hydrogen peroxide (H,O,). Sodium
nitrate (NaNO3) was purchased from Riedel-de Haen.

2.2. Synthesis of COF/NrGO and PANI-based composites

The melamine-based COF was synthesized using a previously
used method.”® NrGO was prepared using the modified
Hummers' method.>® COF/NrGO composite was produced by
the impregnation method.* In brief, 0.1 g of the COF sample
was suspended in 10 mL of DMSO. In a separate beaker, 0.1 g of
NrGO was dispersed in 1.4 mL DMSO, and then the two
mixtures were mixed and stirred magnetically for 24 hours at
room temperature. The resulting product was recovered by
filtration and washed with ethanol and then dried overnight at
50 °C.

The PANI-based composites were prepared using the in situ
polymerization of aniline in the presence of the previously
prepared materials (i.e., either COF, NrGO, or COF/NrGO). In
brief, 1 mL of the aniline monomer and 3.6 wt% of the materials
(COF, NrGO, or COF/NrGO) were dissolved in a 1: 10 solution of
H,0 and HCl in a 250 mL round-bottom flask. The solution was
stirred for 30 min and kept at 50 °C. About 2.40 g of (NH,),S,0s
and 1.88 g of FeCl; were added to the solution. The reaction
mixture was stirred for an additional 3 hours at the same
temperature. The mixture was placed in an oven overnight to
evaporate the solvents; the remaining content was washed with
ethanol several times and re-dried at 50 °C (Scheme 1).2°

2.3. Electrode preparation

The preparation of electrodes was carried out according to the
literature. A NF with a 1 cm? area was soaked in 1 mol L™* HCI
and ultrasonicated for 15 minutes to remove the nickel oxide

NH,

1. APS
2. FeCl3

3.1:1 H20 : HCI
3.6 wt% COF/NrGO

Scheme 1 Synthesis scheme for PANI-COF/NrGO composite.

Aniline

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) FTIR patterns of PANI, PANI/COF, and PANI-COF/NrGO

composite, (b) XRD patterns of PANI-COF and PANI-COF/NrGO, (c)
TGA spectrum of PANI, PANI-COF, and PANI-COF/NrGO, (d) N
adsorption—desorption isotherms for PANI-COF/NrGO.

layer. The electrodes were then ultrasonicated in a mixture of
deionized water and ethanol for an additional 15 minutes. The
NF electrodes were further pressed at high pressure to close the
pores in their structure before coating. The electrodes consisted
of three different materials: 70% of the synthesized materials
(PANI, PANI-COF, and PANI-COF/NrGO composite), 20% carbon
black material (used to enhance capacitance), and 10% binder
(PVDF). The materials were mixed and crushed before being
saturated with NMP to form a sludge, which was coated on the
NF current collector. The prepared electrodes were dried for 12
hours at 50 °C. The coated materials averaged a mass loading of
5 mg. 3 mol L™' KOH solution was prepared in a 250 mL
volumetric flask and used as an electrolyte. CV, GCD, and EIS
measurements were used to evaluate the electrochemical
properties of the materials. A three-electrode setup was used for
electrochemical characterization, where active material was
coated onto nickel foam to serve as the working electrode, Ag/
AgCl as the reference electrode and platinum wire as the
counter electrode. The two-electrode supercapacitor device was
assembled using a split cell with AC as the anode and a PANI-
COF/NrGO composite as the cathode. A membrane was used
as a separator, and 3 mol L' electrolyte was employed.?” All
tests were performed at room temperature.
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2.4. Electrode material characterization

The successful synthesis of PANI, PANI-COF, and PANI-COF/
NrGO ternary composites was confirmed using an FTIR-TGA
hybrid system (Spectrum II PerkinElmer). The analysis was
conducted at room temperature over a wavenumber range of
4500 to 400 cm™'. The structure of the prepared powder
samples was examined with a Malvern Panalytical Aeris
diffractometer, equipped with a PIXcel detector and fixed slits,
using Fe-filtered Co-Ka radiation. Thermal analysis was carried
out using a PerkinElmer STA 6000 instrument connected to
a PolyScience digital temperature controller under a nitrogen
environment with a flow rate of 20 mL min~". Samples weighing
from 30 mg were heated from 30 to 800 °C at a steady rate of 10 ©
Cmin ", Data were collected and analyzed with Pyris software®.
The surface morphology of the samples was observed using
a field-emission scanning electron microscope (FE-SEM, Auriga
Carl Zeiss) operated at 30 kV. The FE-SEM was integrated with
an energy-dispersive spectroscopy (EDS) elemental analyzer.
Nitrogen adsorption-desorption isotherms were obtained using
a NOVA 800 instrument (St 4 module) through N2 adsorption
and desorption. Degassing was performed under vacuum,
raising the sample temperature to 150.0 °C at a rate of 5 ©
C min~!, then maintained for 240 minutes. Electrochemical
measurements were performed in a temperature-controlled
laboratory using a Biologic potentiostat (VMP300) and EC-Lab
software.

3. Results and discussion

3.1. Structural characterization

Fig. 1(a) shows the FTIR spectra of PANI, PANI-COF, and PANI-
COF/NrGO. The FTIR spectra of all the prepared materials were
similar to the spectrum of PANI, with varying peak intensities.*
This is attributed to the wrapping of the synthesized materials
with the PANI around their surfaces. The main characteristic
peak of PANI was observed as a broad peak at around
3200 cm ™', which is ascribed to the N-H stretching 29. The peak
at 3000 cm ™' was assigned to the aromatic C-H stretching, and
the band at around 2840 cm-1 was due to the stretching vibra-
tion of the methyl group. The benzenoid and quinoid rings of
the polyaniline ring were represented by the peaks around 1490
and 1570 cm ™', respectively. The peak at 1375 cm ' was
attributed to the C-N stretching connecting the quinoid and the
benzenoid 30. The peak at 1105 cm ' was attributed to the
aromatic C-H bending in the plane for the 1,4-disubstituted
aromatic ring, and the band appearing at 830 cm ' was
attributed to an aromatic C-H out-of-plane bending vibration
31. In the PANI-COF spectrum, the COF contribution is evident

Table 1 XRD parameters for PANI, PANI-COF, and PANI-COF/NrGO composite

Material CI (%) D (nm) Strain (x1077) Dislocation density (x10"® m™2 d (A) R(A)
PANI 56.25 5.48 6.32 3.32 2.97 3.72
PANI-COF 68.58 4.69 7.38 4.53 2.99 3.74
PANI-COF/ NrGO 78.39 6.08 5.69 2.70 3.00 3.75

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 BET results summary of COF, NrGO, and PANI-COF/NrGO composite

Surface area (m* g )

Pore volume (cm® g™ ")

Pore diameter (nm) Isotherm and pore types

COF 142.09 0.588
NrGO 12.33 0.0191
PANI-COF/NrGO 33.11 0.186

from additional absorptions around 1650 cm ™" (C=O stretch-
ing) and 1240-1260 cm™ " (C-N stretching), indicating the
preservation of the imine-linked COF backbone within the
composite. The overlap of these peaks with those of PANI
confirms chemical compatibility and composite formation 32.
Finaly, the ternary composite spectrum further validates the
successful integration of NrGO. The small absorption features
in the range 1720-1740 cm ™" correspond to C=0 stretching of
oxygenated groups in NrGO. The incorporation of NrGO is also
evidenced by the broadening of bands in the region of 1000-
1300 cm ™', which can be attributed to overlapping C-O and
C-N vibrations. Importantly, the spectral changes, including
peak shifts, broadening, and slight intensity variations, confirm
strong interfacial interactions and successful formation of the
PANI-COF/NrGO ternary composite.**

Fig. 1(b) shows the XRD analysis of PANI-COF and PANI-
COF/NrGO. The PANI-COF curve showed a distinctive broad
peak is observed around 26 = 26°, which corresponded to the
(002) plane as the presence of the m-m stacking interactions
between the conjugated aromatic systems in the COF and PANI
chains.** Additional broad features below 26 = 20° were also
evident, which were attributed to the intrinsic structural
disorder within the hybrid framework. In contrast, the PANI-
COF/NrGO composite exhibited a noticeable reduction in the
intensity and broadening of the diffraction peak around 26 =
26°, along with a shift to slightly lower angles. This attenuation
and broadening were indicative of reduced structural ordering,
likely due to the intercalation and partial exfoliation of NrGO
layers within the PANI-COF matrix. The incorporation of NrGO
disrupted the -7 stacking and interlayer ordering, which was
reflected in the diminished crystallinity. The shift to lower
angles suggests an increased interlayer spacing, possibly arising
from the interaction between the NrGO nanosheets and poly-
meric chains or COF segments. On the other hand, the degree of
crystallinity index (CI, %) was calculated from the ratio of
crystalline peak area to total peak area. The percentage crys-
tallinity of PANI, PANI-COF, and PANI-COF/NrGO, as deter-
mined from the plots, were around 56.25%, 68.58% and
78.39%, respectively (see Table 1). The higher the degree of
regularity in the arrangement and ordering of the polymer
chains, the higher the crystallinity as observed in PANI-COF/
NrGO composite due to the presence of COF and NrGO
dopant. The d-spacing (d) of the highest intense crystalline peak
was calculated by the Debye-Scherrer method using Bragg's
relation.®® The calculated values of d-spacing values are pre-
sented in Table 1. The d value was small in the PANI, highest for
PANI-COF/NrGO, and in between for PANI-COF. This indicated
that the polymer chains in PANI crystals were the most compact,

Nanoscale Adv.

11.19 Type IV, mesopores
3.63 Type IV, mesopores
24.48 Type IV, mesopores

followed by the least compact in PANI-COF/NrGO and inter-
mediate in PANI-COF, due to the doping effects of COF and
NrGO. In addition, the crystallite size (D) of the highest-intense
crystalline peak was also determined from the Scherrer rela-
tion.*® The increase in crystallite size was observed in PANI-
COF/NrGO composite as an indication for the reduction of
grain boundaries, which helps improve electrical conductivity,
charge transport, structural stability by minimizing defects, and
better long-term cycling stability.”” The D value was in the
following order: PANI-COF/NrGO > PANI > PANI-COF. This
crystallite size trend was due to the relatively higher inter-chain
separation and d-spacing (see Table 1) for PANI-COF/NrGO
compared to PANI, which showed that the polymer chains in
PANI-COF/NrGO were more oriented but less compact. The
reason for the high interchain separation in PANI-COF/NrGO
can be related to the presence of strong inter-chain H-
bonding through COF/NrGO groups, as well as the planar gra-
phene sheets which facilitate m-m interactions with PANI
chains, promoting their alighment and stacking.*® The decrease
in crystallite size can further be attributed to the COF acting as
a nucleation inhibitor (due to its rigid, porous framework)
limiting the growth of large PANI domains by providing
multiple nucleation sites and steric hindrance, which favours
the formation of smaller, more dispersed crystallites.*® This was
supported by the strain and dislocation density as given in
Table 1. The PANI-COF/NrGO showed to have a small strain and
dislocation density values as compared to PANI, which was in
agreement with the degree of crystallinity.

The TGA analysis was used to evaluate the thermal stability
of the prepared materials (i.e., PANI, PANI-COF, and PANI-COF/
NrGO composite), and their thermograms are presented in
Fig. 1(c). The thermogram of pristine PANI revealed a two-step
degradation pattern. The initial minor weight loss observed
below 100 °C was attributed to the evaporation of physically
adsorbed moisture. The major weight loss occurring between
250 °C and 500 °C was ascribed to the thermal degradation of
the polyaniline backbone and the elimination of dopant
species. The PANI-COF composite displayed an enhanced
thermal profile compared to pristine PANI. Similar to PANI, the
initial weight loss below 100 °C was due to moisture removal.
However, a significant degradation step was observed starting
around 350 °C, corresponding to the decomposition of both the
PANI chains and the covalent COF network. Notably, the residue
retained at higher temperatures was slightly greater than that of
PANI, suggesting enhanced thermal resistance imparted by the
COF matrix. Among the three materials, the PANI-COF/NrGO
composite demonstrated the highest thermal stability. The
onset of degradation occurred at a comparatively higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature, and the rate of weight loss was more gradual
throughout the heating range. This improved thermal perfor-
mance was attributed to the synergistic interaction between the
NrGO, COF, and PANI components. The highly stable carbo-
naceous nature of NrGO, combined with the structural integrity
of the COF and the conducting PANI chains, contributed to the
significant retention of mass beyond 600 °C. The high residual
weight confirmed the robust thermal characteristics of the
composite, making it suitable for applications involving high-
temperature processes or prolonged operational durability.
The BET analysis was performed to determine the textural
properties of PANI-COF/NrGO composite as shown in Fig. 1(d).
The summarized BET data for pristine COF, NRGO, and the
PANI-COF/NrGO composite are displayed in Table 2. The
adsorption-desorption isotherms (Fig. 1(d) revealed a charac-
teristic Type IV hysteresis loop, indicative of a mesoporous
structure based on IUPAC classification. The presence of
a distinct hysteresis between the adsorption and desorption
branches further confirmed the existence of capillary conden-
sation within mesopores and a specific surface area of 33.11 m>
g~ !, which is higher than that of NrGO (12.33 m* g ") but less
than COF (142.09 m> g~ ). This reduction can be attributed to
the deposition of PANI within the COF pores and the wrapping
of COF particles by NrGO sheets. The polymer chains of PANI
partially occupy the COF's porous framework, while the flexible
NrGO sheets cover external surfaces and interconnect COF
particles, resulting in partial pore blockage.** The inset figure
(Fig. 1(d): insert) showed the Barrett-Joyner-Halenda (BJH)
pore size distribution curve, which showed that the PANI-COF/
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Fig. 2 SEM images of (a) PANI, (c) PANI-COF, (e) PANI-COF/NrGO.
EDS spectrum of (b) PANI, (d) PANI-COF, (f) PANI-COF/NrGO.
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NrGO ternary composite possessed a narrow distribution of
mesopores with a pore volume of 0.186 cm® ¢~ " and a high pore
diameter of 24.48 nm. The peak centered within the mesopore
range (2-50 nm) indicated uniform pore sizes, likely facilitating
enhanced ion transport and diffusion pathways in electro-
chemical applications. The observed surface area and porosity
are crucial for understanding the charge storage capabilities of
the synthesized materials in SCs.

3.2. Morphological characterization

The structural integrity, surface texture, and full morphology of
the synthesized samples were thoroughly examined using SEM,
as shown in Fig. 2. Fig. 2(a) displays the SEM micrograph of
pristine PANI, which reveals a distinct tubular or wire-like
morphology characteristic of the conductive polymer. These
tubular structures provided improved surface area, which is
advantageous for electrochemical applications due to enhanced
electrolyte/electrode interaction. This was supported by the EDS
spectrum in Fig. 2(b), revealing the presence of carbon and
oxygen. Chlorine, sulphur, and iron may be from the building
materials of the PANL* The polymerization of aniline in the
presence of COF to form PANI-COF composite displayed
a notable transformation in morphology, as displayed in
Fig. 2(c)." The surface became rougher and more textured,
confirming the successful embedding or coating of PANI on the
COF matrix. The EDS spectrum (Fig. 2(d) showed an increment
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Fig. 3 (a) Comparison CV curves of PANI, PANI-COF and PANI-COF/
NrGO at scan rate of 40 mV s, (b) CV curves of COF/NrGO at
different scan rates, (c) specific capacities of the PANI, PANI-COF, and
PANI-COF/NrGO composite at various scan rates, (d) comparison
GCD curves of PANI, PANI-COF and PANI-COF/NrGO at a current
density of 2.5 A g%, (e) GCD curves of PANI-COF/NrGO at different
current densities, (f) specific capacities of the PANI, PANI-COF, and
PANI-COF/NrGO composite at various current densities.
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capacitive processes at different scan rates, (c) fitted EIS curves of
PANI, PANI-COF, and PANI-COF/NrGO composite, (b) circuit used for
fitting the EIS data.

of the atom percentage of carbon and oxygen due to the doping
with COF. The morphological features of the ternary PANI-COF/
NrGO composites are presented in Fig. 2(c). The image
demonstrated the presence of COF particles deposited on the
NrGO sheets, forming a hybrid architecture and further
encapsulated or wrapped by PANI nanotubes, which interlinked
across the NrGO sheets as supported by the EDS spectrum
(Fig. 2(f)). This interconnected structure enhanced both
mechanical integrity and electronic conductivity. The uniform
dispersion of COF and the tubular PANI throughout the NrGO
network indicated the formation of a well-integrated composite
with potential for synergistic electrochemical behaviour.*

3.3. Electrochemical evaluation of the prepared materials

3.3.1. Three-electrode evaluation. The electrochemical
performance of PANI, PANI-COF, and PANI-COF/NrGO
composites were systematically investigated using a three-
electrode setup, and the results obtained from CV, GCD (at
a potential of 0.5 V vs. Ag/AgCl), and EIS offer critical insights
into the storage behavior and rate performance of the different
electrode materials. The measurements were performed on NF
in 3 mol L' KOH solution. The overlaid CV curves of PANI,
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PANI-COF, and PANI-COF/NrGO at a scan rate of 40 mV s ' are
displayed in Fig. 3(a). All the prepared materials exhibited redox
peaks typical of battery-type storage behaviour. Notably, the
area of the CV curve for PANI-COF/NrGO was significantly larger
than that for PANI and PANI-COF, indicating that the intro-
duction NrGO enhanced the charge storage capacity of PANI-
COF. Fig. 3(b) shows the CV curves of PANI-COF/NrGO at scan
rates ranging from 20 to 100 mV s~ " within a positive potential
range of 0 to 0.5 V. The redox peak in the CV curves increased
with increasing scan rate, signifying that the low resistance of
the interfacial composite material enhanced ionic accessibility
and facilitated rapid electron transfer. Nonetheless, at higher
scan rates, the redox peaks began to diminish, which was
attributed to the polarization of the electrode material.** The
specific capacities of the PANI-COF/NrGO composite, calculated
using the CV curves, were obtained to be 409.79, 190.69, 179.20,
and 140.44 C g~ ' at scan rates of 20, 40, 60, and 80 mV s ',
respectively, as indicated in Fig. 3(c). The specific capacities
were determined from the CV data, using the eqn (1):

. L W

mxvyxAV

where Q, is the specific capacity in C g%, I is the current in ma,
m is the active mass in mg, v is the scan rate in mv s~* and V is
the potential window.

Fig. 3(d) represents the overlaid GCD results of the prepared
electrode materials (PANI, PANI-COF, and PANI-COF/NrGO) at
a current density of 2.5 A g~ *. The charge-discharge profiles of
the materials were non-linear, indicating good reversibility of
the redox reactions and confirming the battery-type capacitive
characteristics as a key feature for their performance. Amongst
the prepared materials, the PANI-COF/NrGO ternary composite
exhibited the longest discharge time, which usually results in
the highest specific capacity. Fig. 3(e) shows the charge-
discharge curves of the ternary composite at different current
densities, and the highest discharge time of 328.6 s was ob-
tained at a current density of 2 A g'. The GCD results
confirmed that PANI-COF/NrGO offered the best capacitance
performance, which agreed with the CV results presented in
Fig. 3(b). At current densities of 2, 2.5, 3, and 4 A g™, the
specific capacitance values were 410.8, 377.28, 355.88, and
333.05 C g, respectively (as indicated in Fig. 4(f)). The highest
specific capacity of 410.8 C g~ ', which was higher than previ-
ously reported COF and PANI-based electrode materials, as

Table 3 Comparison of the PANI-COF/NrGO composite with other reported electrode materials in a three-electrode system

Electrode material Current density (A g™") Specific capacity/capacitance electrolyte Potential range (V) Ref.
rGO@PANI 1.0Ag™" 3142Fg! 3 mol L' KOH 0.8 45
TpPa-COF@PANI 02Ag" 95Fg! 1 mol L' H,S0, 0.7 46
TFP-COF 20Ag" 291.1Fg! 1 mol L' KOH 1.1 47
NWNU-COF-4 0.3Ag" 13344 Fg ! 6 mol L”" KOH 0.5 48
Pani/rGO 24Ag7" 261 Fg ! 1 mol L™ ! H,SO, 1.0 49
PANI-COF/NrGO 20Ag7" 4108Cg ! 3 mol L' KOH 0.5 This work
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shown in Table 3. The specific capacities from the GCD data
were determined using eqn (2):

I x At
T oom

o @)

where Q; is the specific capacity in C g%, I is the discharge
current in mA, At is the discharge time in s, and AV is the
potential window.**

The diffusion coefficient, D, was determined to understand
the diffusion-controlled electron transfer of the PANI-COF/
NrGO ternary composite using the Randles-Sev¢ik equation

(eqn (3)):
Ip = 2.65 x 10°n'°ACVvD (3)

In the formula, the peak current is depicted by I, n is the
number of electrons transferred, A is the electrode area in cm?,
~1 C is the bulk molar
concentration of the electroactive species in mol cm™>, and v is
the scan rate is Vs .

The graph of peak current (I,) vs. v/scan rate curve for the
PANI-COF/NrGO composite is shown in Fig. 4(a), and the slope
of the graph was used to calculate the diffusion coefficient of
PANI-COF/NrGO ternary composite, which was calculated to be
1.55 x 10 ®em s~ .

The charge storage mechanism of the PANI-COF/NrGO
composite was further elucidated by analyzing the capacitive
and diffusion-controlled contributions at various scan rates, as
illustrated in the percentage contribution bar chart (Fig. 4(b)).
This analysis provides insight into the dominant charge storage
possessed by the composite and its evolution with increasing
scan rate (i.e., 20 (K,V = 0.0178, K,V*'* = 0.0558), 40 (K,V =
0.0356, K,V*'* = 0.0792), 60 (K,V = 0.0534, K,V*"* = 0.0970), 80
(K.V = 0.0712, K,V"* = 0.112) and 100 mV s~ (K,V = 0.089,
K,V"* = 0.125). At the lowest scan rates, the diffusion-controlled
process is predominant, accounting for about 75% of the total
charge storage. This indicates that faradaic redox reactions
involving ion intercalation dominate at slower scan rates,
allowing sufficient time for ions to penetrate the bulk of the
electrode material. The redox kinetics become limited at higher
scan rates, leading to the charge storage being increasingly
dominated by rapid surface processes, which are more acces-
sible under fast voltage sweeps. Therefore, leading to about 42%
capacitive contribution at the highest scan rate.>

The EIS data of the synthesized materials (PANI, PANI-COF,
and PANI-COF/NrGO composites) were presented in the Nyquist
plot shown in Fig. 4(c). The Nyquist plots featured a typical
semicircular arc in the high-to-medium frequency region. These
characteristics were an indication of a charge transfer
resistance-dominated process and capacitive behaviour,
respectively. The diameter of the semicircle corresponds to the
charge transfer resistance (R..), which provides insight into the
electrical conductivity and electrochemical kinetics of the
materials. Among the three materials, the PANI-COF exhibited
the largest semicircle, suggesting higher charge transfer resis-
tance. This was due to the less conductive nature of the COF
framework, which hindered electron mobility across the inter-
face. In contrast, PANI showed a reduced arc diameter

D is the diffusion coefficient in cm s

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 EIS parameters obtained from fitting the data in the circuit

EIS parameters

Material R1 (Ohm) C1 (F) R2 (Ohm)
PANI 1.231 0.000782 41.743
PANI-COF 0.799 0.00226 411.365
PANI-COF/NrGO 0.923 0.00111 296.853

compared to PANI-COF, implying enhanced conductivity owing
to the intrinsically conductive nature of the polyaniline back-
bone. However, the most significant reduction in R. was
observed for the PANI-COF/NrGO composite, which showed the
smallest semicircle diameter among the samples. This result
demonstrated that the incorporation of NrGO significantly
improved electron transport and reduced interfacial resistance.
The circuit used to fit the EIS data is shown in Fig. 4(d), and the
parameters are displayed in Table 4.

3.3.2. Two-electrode evaluation of the AC//PANI-COF/NrGO
asymmetric device. To further assess the practical applicability
of the PANI-COF/NrGO composite, an asymmetric super-
capattery device was assembled using PANI-COF/NrGO as the
positive electrode and activated carbon (AC) as the negative
electrode, with the electrode mass loading carefully balanced
according to the mass balance eqn (4) to ensure charge

neutrality.
mt Qg (AV™
m- Ot (AV+) (4)

In the equation m*, AV" and Q," represents the mass active
material, potential range, and the specific capacity of the posi-
tive electrode, respectively; (variables with (—) correspond to the
components of the negative electrode).

The asymmetric device is systematically illustrated in
Scheme 2 to show the various components that build up the
device, including the cathode, anode, electrolyte, and the
separating membrane.

The CV curves of the device at a scan rate of 100 mV s~
across different potential windows (1.0-1.6 V) are displayed in
Fig. 5(a). It is evident that at lower potential windows (1.0-1.4 V),

1

Supercapattery
Cathode

Anode

AC

MRLMRRRRRRRRS

PANI-COF/NrGO

KASSSSL LSS LS

membrane

Scheme 2 Illustration of the supercapattery device.
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Fig. 5 (a) CV curves of the AC//PANI-COF/NrGO at various potential
windows (constant 20 mV s7%), (b) CV curves of the AC//PANI-COF/
NrGO at various scan rates, (c) GCD curves of the asymmetric device at
various current densities, (d) specific capacity vs. current density of the
device, (e) ragone plot of the AC//PANI-COF/NrGO device, and (f)
cycling stability testing of the device (insert: EIS before and after
cycling).

the device displayed nearly rectangular CV profiles, character-
istic of electric double-layer capacitance (EDLC) behavior
dominated by the AC anode. However, when the potential
window was extended to 1.6 V, clear redox peaks emerged,
which can be attributed to the faradaic contribution from the
PANI-COF/NrGO cathode. This demonstrates the hybrid charge
storage mechanism of the device, combining both EDLC from
AC and battery-type from the redox-active PANI and COF,
thereby justifying its classification as a supercapattery device.>
The rate performance of the device was further investigated by
CV at scan rates ranging from 20 to 130 mV s~ (Fig. 5(b)). The
CV curves retained their overall shape with minimal distortion
even at higher scan rates, reflecting the excellent ion diffusion
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kinetics and electrical conductivity of the composite. This
suggests that the interconnected porous structure of the COF
and the conductive NrGO backbone facilitated efficient charge
transport, while PANI contributed to fast and reversible redox
reactions.” The GCD profiles of the supercapattery device at
current densities from 0.4 to 1 A g~ " are shown in Fig. 5(c). The
device delivered a specific capacity of 44.19 Cg ' at 0.4 A g™,
which gradually decreased to 24.97 C g ' at 1 A g~ " (Fig. 5(d)),
corresponding to a retention of more than 56% of the initial
capacity. This relatively high-capacity retention under increased
current density highlights the synergistic effect of the
composite electrode, where NrGO ensures high conductivity,
PANI provides rapid redox activity, and COF offers ion-
accessible porosity.>® The Ragone plot (Fig. 5(e)) revealed that
the AC//PANI-COF/NrGO device achieved an energy density of
9.2 Wh kg ' at a power density of 300 W kg ', surpassing
several previously reported COF- and PANI-based electrode
systems (as benchmarked in Table 5). Such performance
reflects the efficient energy-power balancing of the device,
making it attractive for high-power energy storage applications.
Finally, the long-term cycling stability of the supercapattery
device was evaluated over 5000 charge/discharge cycles at
a fixed current density. As shown in Fig. 5(f), the device retained
approximately 60% of its initial capacity, indicating reasonable
durability. The partial capacity fade could be associated with the
volumetric expansion/contraction of PANI during repeated
redox cycling, which is a well-known limitation of conducting
polymers.** Furthermore, the Nyquist plots of the AC//PANI-
COF/NrGO device before and after 5000 charge-discharge
cycles are shown in Fig. 5(f) insert, with notable changes. Before
cycling, the semicircle at high frequency is relatively small,
indicating low charge-transfer resistance and efficient electron
transfer at the electrode-electrolyte interface. After 5000 cycles,
the semicircle increases in diameter, suggesting a moderate
increase in charge-transfer resistance (likely due to slight
structural or interfacial changes during long-term cycling).>
The assembled device demonstrates the potential of PANI-COF/
NrGO battery-type electrode as a high-performance cathode
material for hybrid devices, combining high energy density with
good rate performance and moderate cycling stability.

Table 5 Comparison of the PANI-COF/NrGO composite with other reported electrode materials in a two-electrode system

Electrode material Energy density (Wh kg ™) Power density (W kg™?) Ref.
Pani/rGO//CNF 0.6 300 49
Pani/rGO//MWCNT 2.4 350 49
Pani/rGO//PMAC 7.9 325 49
PANI-ZnCo0,0,//AC 13.25 375 56
rGO/MXene-PPy//rGO/MXene-PPy 11.3 500 57
4KT-Tp COF 12.5 240 58
AC//NWNU-COF-4 14.85 394.83 48
AC//PANI-COF/NrGO 9.2 300 This work
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Conclusions

This work focused on a ternary composite based on COF/NrGO
composite wrapped with PANI to produce PANI-COF/NrGO
composite. The successful preparation of the PANI-COF/NrGO
composite was confirmed using XRD, FTIR, TGA, BET, and
SEM analytical techniques. Furthermore, the electrochemical
performance of the prepared materials was evaluated using CV,
GCD, and EIS, and the prepared electrode materials (PANI,
PANI-COF, and PANI-COF/NrGO) exhibited battery-type storage
behaviour in 3 mol L™! KOH at a potential window of 0.5 V vs.
Ag/AgCl. The PANI-COF/NrGO composite has shown superior
specific capacities of 409.79 (scan rate: 20 mvV s~ *)and 410 Cg ™"
(current density: 2 A g~') calculated using CV and GCD,
respectively. The PANI-COF/NrGO composite exhibited higher
electrochemical performance compared to its precursors and
was further used as an electrode material in an asymmetric
supercapattery device. The asymmetric device was constructed
using PANI-COF/NrGO composite as a positive electrode and AC
as a negative electrode. The device displayed a specific capacity
of 44.2 C g~" at a current density of 0.4 A ¢ and delivered an
energy density of 9.2 Wh kg™ " at a power density of 300 W kg ™"
The PANI wrapped composite has shown impressive electro-
chemical performance, and it may be used as a promising
electrode material for developing new generation energy storage
devices (i.e., supercapatteries, batteries, and supercapacitors).
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