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Background: Engineering of porous organic polymers (POPs) with redox activity, considerable porosity, and high
conductivity is more crucial for their practical applications in energy storage systems.

Methods: In this context, we describe the synthesis and comprehensive characterization of two novel fluorene-
based benzoxazine-linked POPs as efficient electrode materials for supercapacitors. The polymers have been
obtained in high yields by direct polymerization of different triamine derivatives, diphenol and p-formaldehyde.
The structural integrity of the benzoxazine-based polymer linkage and porosity parameters have been readily
investigated through FTIR, solid-state 13C NMR spectra and Ny sorption analysis. The benzoxazine backbone
endows the POPs with abundant N and O heteroatoms, making them efficient candidates for storing energy.
Significant Findings: We have found that the benzoxazine-linked polymers exhibit outstanding electrochemical
specific capacitances. Of the two polymers synthesized investigated, FI-TPA POP displayed higher electro-
chemical specific capacitance of up to 276 F g™! at 0.5 A g~} than FI-Cz POP, which is attributed to the higher
microporosity and the larger specific surface area. Furthermore, FI-TPA POP exhibited the maximum energy
density of 38.33 Wh kg ™! at a power density of 250 W kg~}, top cyclic stability after 5000 charge-discharge

cycles (95.23 %) and the lowest ohmic internal resistance (21.83 Q).

1. Introduction

Over the past decade, there has been remarkable progress and
heightened attention on sustainable energy sources, driven by growing
concerns about environmental pollution, climate change, and the urgent
need to address energy security. These challenges have prompted
considerable efforts to discover novel alternatives for energy storage to
meet future energy demands [1-5]. Consequently, there has been an
increasing emphasis on wind energy management and renewable energy
conversion. However, several obstacles, including low energy density,
lack of structural integrity, and limited lifespan, hinder the imple-
mentation of energy storage devices. Alternatively, advanced energy
storage systems are crucial owing to their enhanced energy efficiency,
rapid energy absorption, and support for the evolution of renewable
energy sources [6,7]. The current energy crisis has intensified the focus
on innovative technologies, particularly energy storage solutions [8].
Recently, substantial research has been dedicated to developing energy
storage technologies from renewable sources and utilizing them as
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needed [9-11]. These technologies are essential for keeping pace with
rapid advancements in sectors that require high power and energy
densities, such as portable electronics and electric vehicles. Super-
capacitors (SCs) are considered one of the most promising devices for
electrochemical energy storage. SCs have the potential to replace
traditional capacitors and batteries, offering key advantages for sus-
tainable energy storage [12,13]. Among their many advantages, SCs are
known for their safety, exceptional electrochemical performance, long
cycle life, and environmental sustainability [14-16]. SCs hold notable
value in various applications owing to their fast charge-discharge ca-
pabilities, extended service life, and excellent operational performance.

Porous organic polymers (POPs) represent multidimensional
network materials characterized by intrinsic porosity and composed of
various geometric and topological organic monomers interconnected by
robust covalent bonds [17-19]. Recently, POPs have attracted consid-
erable attention as a rapidly evolving research domain within the field of
porous materials [20]. POPs can be classified into two primary cate-
gories based on their degree of order: amorphous polymers, which
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Scheme 1. Preparation of (a) FI-TPA and (b) FI-Cz POPs.

include porous aromatic frameworks (PAFs), conjugated microporous
polymers (CMPs), and hyper-crosslinked polymers (HCPs), and crystal-
line polymers, exemplified by covalent organic frameworks (COFs) [21,
22]. Furthermore, based on their porosity, POPs can be categorized into
macroporous (with pore sizes exceeding 50 nm), mesoporous (2-50
nm), and microporous (<2 nm) materials [23]. The lightweight nature,
substantial porosity, high physicochemical stability, customizable
structures, and ease of modification of POPs have generated consider-
able interest in both research and practical applications [24-29]. The
synthesized POP materials have demonstrated diverse applications in
gas capture and separation, photoelectric conversion, photocatalysis,
supercapacitors, and biomedical fields such as drug delivery and bio-
sensing [30-33]. Notably, POPs have emerged as exceptional electrode
materials for SCs owing to their cost-effectiveness, large specific surface
areas, tunable pore sizes, and high stability [34].

Heteroatom-rich POPs are noteworthy organic materials that have
garnered substantial interest due to their applications in energy storage
and various other fields [35,36]. In particular, N-rich polymeric mate-
rials exhibit inherent photoelectric properties, which have attracted
considerable attention from researchers [37]. For instance, polymeric
structures with a high nitrogen heteroatom content have demonstrated
not only increased conductivity but also enhanced wettability, which
contributes significantly to pseudo-capacitance and results in superior
electrochemical performance [38,39].

Benzoxazine-linked materials (BZ) are a fascinating class of
heteroatom-rich compounds synthesized through the condensation re-
action of phenol, amine, and formaldehyde. These materials exhibit
outstanding electronic, thermal, and mechanical properties, along with
excellent stability [40-44]. The oxazine ring contains nitrogen and ox-
ygen heteroatoms distributed above and below the ring, adopting a
deformed half-chair conformation that imparts a degree of rigidity [45].
Consequently, the BZ building unit provides significant amounts of ni-
trogen and oxygen heteroatoms to the polymers. In recent years, re-
searchers have focused on synthesizing BZ-based porous materials
through ring-opening thermal polymerization or by creating micropo-
rous carbons from polybenzoxazine starting materials [46-49]. How-
ever, the direct application of BZ linkages for the preparation of POPs
has been infrequently achieved [50].

Fluorene-based (Fl) derivatives exhibit a range of advantageous
properties that render them promising candidates for applications in
optoelectronics, membranes, sensors, photomechanical materials, and
various other domains within science and technology [51-56]. Fluo-
renes are notable materials characterized by a rigid planar biphenyl
structure and a highly conjugated system [57]. This unique structural
unit provides several benefits over other polyaromatic scaffolds,
including enhanced solubility, stability, and exceptional photophysical

properties. A key advantage of the Fl ring is its capacity for facile sub-
stitution with diverse aromatic or heterocyclic fragments, which facili-
tates modifications of its electronic properties and broadens its
applicability [58]. Consequently, numerous Fl-based polymeric mate-
rials have been designed and synthesized over the past few decades.

Based on the information presented, two novel Fl-based BZ-linked
POPs were synthesized using different triamine monomers, which were
condensed with paraformaldehyde and 4,4’-(9H-fluorene-9,9-diyl)
diphenol via Mannich condensation. (Scheme 1). Unlike conventional
BZ polymeric resins, typically obtained through thermal polymerization
and ring-opening of BZ rings within polymer chains, the POPs synthe-
sized in our research consist of extended oxazine units without under-
going a ring-opening process [59,60]. The BZ-linked POPs, named
FI-TPA and FI-Cz, were synthesized through the polymerization reac-
tion of 4,4-(9H-fluorene-9,9-diyl)diphenol (FI-20H) and para-
formaldehyde with tris(4-aminophenyl)amine (TPA-3NH;) and
9-(4-aminophenyl)—9H-carbazole-3,6-diamine (Cz-3NH), respectively.
The FI-TPA and FI-Cz POPs were obtained as insoluble solid materials
with yields of 88.46 % and 84.57 %, respectively. The porosity of the
materials was characterized using N2 sorption isotherms, which
confirmed the polymers porous structure, with pore sizes predomi-
nantly the microporous range. The potential of the synthesized BZ-based
POPs as efficient electrodes for SCs has been evaluated through elec-
trochemical measurements, yielding a specific capacitance of up to 276
F g ! and an energy density of up to 38.33 Wh kg~ .

2. Experimental section
2.1. Materials and characterizations

All chemicals were obtained from commercial suppliers and used as
received, unless otherwise noted. 4,4'-(9H-fluorene-9,9-diyl)diphenol
(F1-20H), paraformaldehyde (HCHO), sodium hydroxide (NaOH), acetic
acid (99.8 %), copper(Il) nitrate trihydrate (98 %), acetic anhydride (99
%), and carbazole (>95 %) were sourced from Sigma-Aldrich. Palladium
on activated carbon (10 % Pd/C) was obtained from Acros, while hy-
drazine monohydrate (>98 %), 1-fluoro-4-nitrobenzene (99 %), and
potassium carbonate (K2COs, 99.9 %) were procured from Alfa Aesar.
1,4-Dioxane and dimethyl sulfoxide (DMSO) were purchased from J.T.
Baker. 4-Nitroaniline (99 %) was acquired from Fluka, and ethanol
(EtOH) was ordered from Kelong Chemistry Reagent. All characteriza-
tions of the prepared BZ-linked polymers are presented in the Support-
ing Information (ESI).
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Fig. 1. (A) FTIR spectroscopy; and (B) SS 13C NMR spectroscopy of FI-TPA and Fl-Cz POPs.

2.2. Preparations of POPs

A solution of 3.3 mmol of the triamines (TPA-3NH,, Cz-3NH,) in
dioxane was gradually added to a suspension of 40 mmol HCHO in
dioxane, along with two drops of 1 M NaOH, while maintaining a
temperature of 5 °C-10 °C. The resulting suspension was stirred for 2 h
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prior to the addition of 10 mmol of FI-20H in dioxane. The mixture was
subsequently stirred at 80 °C for an additional 8 h The resulting powder
was filtered and extensively washed to yield the corresponding Fl-based
POPs. Finally, the obtained precipitate was dried at 120 °C for 10 h
under vacuum. The complete synthetic procedures are detailed in the
(ESD).

(b)

—o—FI-TPA POP adsorption :m 4001 _o—Fi.cz POP adsorption 8
—=F|-TPA POP desorption = —=F|-Cz POP desorption Q
&)
- 300+
(]
Kol
]
9 200-
2
(1] c
.;E' 100 jj,
o - PPN ,,,M;‘,&"J‘ﬁ
8 0 poa SO PN R 2
00 02 04 06 08 1.0 00 02 04 06 08 10
Relative pressure (P/P,) Relative pressure (P/P,)
(c) (d)
0.03
1o —o—FI-TPAPOP | ~ R —o—FI-Cz POP
3 ‘:’U)
E 0.02 !’
£
=
2 0.011
o
L | \
i MA’)“;"’Q?‘:&Q—O&“‘.‘O 0.00 i .°[ : -o-o-o-o-/\o—n
2 4 6 8 10 2 4 6 8 10

Pore width (nm)

Fig. 2. Nitrogen sorption curves of (a,b) FI-TPA and FI-Cz polymers and the pore size distribution profiles of (c,d) FI-TPA and F1-Cz POPs.
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Fig. 3. SEM images of (a) FI-TPA and (e) F1-Cz POPs. EDX images of (b—d) FI-TPA and (f-h) FI-Cz polymers. TEM images of (i) FI-TPA and (k) FI-Cz POPs. HR-TEM

images of (j) FI-TPA and (1) F1-Cz polymers.
3. Results and discussion
3.1. Structural design, preparation, and characterization

Scheme 1 illustrates the construction of Fl-based BZ-linked polymers
utilizing the one-pot Mannich coupling reaction. The successful poly-
merization was confirmed through Fourier transform infrared spec-
troscopy (FTIR) and solid-state 13C nuclear magnetic resonance (SS 3¢
NMR). First, as depicted in Fig. 1A and Figures S10 and S11, the FI-TPA
polymer exhibited vibrational peaks at 1234 and 1078 em ™}, indicating
the presence of the aromatic ether group in the BZ unit. These peaks
correspond to the asymmetric and symmetric C-O-C vibrational modes,
respectively [61]. The corresponding peaks for the FI-Cz polymer were
observed at 1236 and 1080 cm L. Notably, the absorption bands at 922
and 927 cm™! are attributed to the vibration of phenyl rings attached to
oxazine units in the FI-TPA and FI-Cz polymers, respectively. Further-
more, the stretching vibrational peaks associated with C-H aliphatic and
C-H aromatic functionalities for the FI-TPA polymer were noted at 2927
and 3035 cm™!, respectively, while for the F1-Cz polymer, they were
observed at 2923 and 3088 cm .

In the SS 3C NMR spectra, three distinct regions of peaks were
clearly observed. The signals in the range of 52-100 ppm were primarily
characteristic of quaternary carbon atoms and methylene carbons
directly bonded to oxygen and nitrogen atoms, providing strong evi-
dence for the formation of the oxazine ring. The quaternary carbon
atoms were located around 65-70 ppm, followed by benzylic CHy car-
bons around 80 ppm, and N—CHy—O carbon nuclei around 90-100 ppm
[62,63]. The intense peaks observed in the range of 103-152 ppm are
associated with the aromatic carbon atoms. Additionally, the faint peaks
within the range of 153-181 ppm are attributed to C-O and C-N carbon
nuclei of the as-prepared polymers. (Fig. 1B)

The enhanced thermal stability of the synthesized BZ-linked poly-
mers was evaluated using thermogravimetric analysis (TGA) performed
in a nitrogen atmosphere. The TGA results indicated a substantial degree
of thermal stability, with the FI-Cz POP demonstrating the highest

thermal stability at 388 °C, slightly exceeding that of the FI-TPA POP,
which exhibited a thermal stability of 368 °C. Additionally, TGA pro-
vided char yield values for the FI-TPA and F1-Cz polymers, estimated at
42 % and 69 %, respectively. (Figure S12 and Table S1)

X-ray diffraction (XRD) analysis of our polymers shows no diffraction
signals, confirming their amorphous structure (Figure S13), as reported
for other POPs in the literature [64,65].

3.2. Porosity and morphology

Porosity investigations were conducted using Ny sorption at 77 K.
The N sorption isotherms revealed a class II isotherm, indicative of
microporosity. (Figs. 2a,b) The FI-TPA polymer exhibited the maximum
BET surface area (Sggr) of 455 m? g_l, while the F1-Cz POP demon-
strated the smallest Spgr at 92 m> g’l. The pore size distributions of the
Fl-based polymers were estimated using non-local density functional
theory. The calculated pore sizes were primarily distributed within the
microporous and mesoporous ranges. The observed mesoporosity can be
attributed to the interparticle voids created by the loose packing of small
particles. The FI-TPA polymer displayed three micropores with pore
widths of 0.44, 0.92, and 1.72 nm, as well as two mesopores at 2.05 and
2.82 nm. In contrast, the F1-Cz POP exhibited one micropore at 1.96 nm
along with three mesopores at 2.82, 5.71, and 8.90 nm. Furthermore, the
total pore volumes were estimated to be 0.40 and 0.03 cm® g~ for the
major micropores of the FI-TPA and FI-Cz POPs, respectively. (Figs. 2c,
d and Table S2) . The FI-TPA polymer demonstrated a higher Sggr value
compared to the FI-Cz POP, which can be explained by the more densely
packed structure of the F1-Cz POP resulting from the planar arrangement
of the Cz building unit. The particle size of the prepared polymers was
analyzed using Dynamic Light Scattering. As depicted in Figure S14, the
dispersed aqueous solution of the FI-TPA polymer contains irregularly
agglomerated large particles, with sizes ranging from 458 to 6096 nm. In
comparison, the FI-Cz polymer exhibits particle sizes between 569 and
6024 nm. The presence of these large particles, particularly in the FI-
TPA POP, may increase light scattering due to the broad particle size
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Fig. 4. CV curves of (a) FI-TPA and (b) FI-Cz polymers. GCD curves of (c) FI-TPA and (d) FI-Cz polymers, measured at different current densities.

distribution [66].

The structure and morphology of our novel polymers were examined
using both scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The SEM images indicated that the BZ-linked
polymers formed accumulated microgel particles with sizes <1 pm.
The FI-TPA POP exhibited a spherical morphology, whereas the Fl-Cz
POP displayed a sponge-like morphology (Figs. 3a,e). Elemental map-
ping from energy dispersive X-ray spectroscopy revealed a symmetrical
distribution of C, N and O atoms on the surface of all polymeric materials
(Figs. 3b—d, 3f-h). The TEM and corresponding high-resolution TEM
(HR-TEM) images demonstrated an amorphous porous texture for all
polymers. (Figures 3i-1)

3.3. Electrochemical measurements

In our pursuit of sustainable energy storage solutions, we have
investigated the potential of our synthesized Fl-based BZ-linked poly-
mers, focusing on their efficacy as organic electrode materials for SCs.
Cyclic voltammetry (CV) measurements were conducted on these
polymers using a three-electrode system with a 1.0 M KOH aqueous
solution, evaluating their electrochemical behavior over a defined po-
tential range (—1.0 to 0 V). The resulting CV curves exhibited a semi-
rectangular shape, with small distinct humps observed within the
applied potential window. (Figs. 4a,b) As the scan rate increased, a
corresponding rise in the CV peak current was observed for our BZ-
linked electrodes. This phenomenon suggests that their electro-
chemical specific capacitance is influenced by both pseudo-capacitance

and electric double-layer capacitance (EDLC), with minimal charge
transfer resistance [67]. The small humps observed in the CV curves are
primarily attributed to the presence of N and O heteroatoms, as well as
electron-rich phenyl rings. These features also contribute to the
enhanced pseudo-capacitance of the materials.

The electrochemical storage properties of SCs are influenced by both
EDLC and faradaic redox reactions. In the CV analysis of our Fl-based
polymers, we observed distinct redox peaks in each case. The FI-TPA
POP included a strong redox peak at —0.29/—0.21 V, while the FI-Cz
POP exhibited this redox peak at —0.28/—0.23 V with lower intensity.
These redox peaks result from the presence of sufficient redox-active
nitrogen and oxygen heteroatoms. Furthermore, the presence of such
peaks indicates that redox processes significantly contribute to the
capacitance of these polymeric materials. To further clarify this point,
the existence of these redox peaks demonstrates that the Fl-based POPs
undergo reversible redox reactions during the charge-discharge cycles,
enhancing their overall capacitance. The specific potentials at which
these redox reactions occur suggest that certain functional groups within
the Fl framework are actively participating in the electrochemical pro-
cess. This behavior is characteristic of faradaic reactions, where electron
transfer occurs between the electrode and the electroactive species in
the polymer.

Galvanostatic charge-discharge (GCD) measurements were con-
ducted for all synthesized Fl-based POPs over a current density range of
0.5t0 20 A g 1. (Figs. 4c,d) The GCD curves exhibited a triangular shape
with minor deflections, indicating the contributions of both EDLC and
pseudo-capacitance to the overall electrochemical capacitance. These
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curves of the polymeric electrodes.

results are consistent with the findings from the CV analysis. GCD cycles
at varying current densities were plotted to determine the actual time for
each charge-discharge cycle for both polymers. (Figure S15) The GCD
measurements revealed specific capacitances for the FI-TPA polymer of
276, 98, 63, and 52 F g’1 at current densities of 0.5, 1, 2, and 3 A g’l,
respectively, which align well with the findings from the CV curves. Ata
current density of 0.5 A g~1, the higher electrochemical capacitance of
the FI-TPA polymer (276 F g~1), nearly double that of the F1-Cz polymer
(129 F g_l), can be attributed to the smaller diffusion rate of KOH ions
within the confined pores of the FI-Cz POP. This limitation hinders the
ability of ions to effectively reach the polymeric electrode at higher
currents. (Fig. 5a) Consequently, increasing the current density results in
a notable decrease in ion mobility, which markedly reduces the specific
capacitance. Furthermore, Table S3 compares the performance of our
BZ-linked POPs with other previously reported electrodes. For example,
Mei et al. synthesized MPc-CMPs and subsequently hybridized them
with carbon nanotubes (CNTs) using vacuum filtration. Their GCD
analysis at 1.0 A g ! indicated that the GCD capacitance of CoPc-CMP is
13.8 F g7 in 1 M HS04 [68]. Additionally, Khattak et al. synthesized
DAB-TFP COF and utilized it as electrode material, obtaining an elec-
trochemical capacitance of 98 F g~! at a current density of 0.5 A g~}
[69]. Moreover, the TAPT-DHTA-COF0.05@PPZS900 demonstrated
electrochemical capacitances of up to 178 Fg ' at 1.0 Ag ' ina 6 M
KOH aqueous solution [70]. However, the synthesized Fl-based POPs
surpassed these other electrode materials in terms of electrochemical
performance. Furthermore, their synthetic route is straightforward,
cost-effective, and scalable for future research.

The Ragone plots of the FI-TPA POP demonstrated an energy density
of 38.33 Wh kg~ in a three-electrode system at a power density of 250
W kg™!, while the corresponding energy density for the Fl-Cz POP was
measured at 17.92 Wh kg’l. (Fig. 5b) Stability retention measurements
are critical for evaluating the Coulombic efficiency and retention ca-
pacity of the electrode material. Fig. 5c illustrates the retention stability
of the Fl-based POP electrodes, which maintained 95.23 % and 86.69 %
of their original capacitance, respectively.

As outlined in Fig. 5d, further electrochemical measurements of the
electrode materials are warranted. The Nyquist curve illustrates the
resistance spectrum, featuring a straight line in both high and low fre-
quency regions. The first intercept of this curve with the X-axis indicates
the solution impedance, which includes intrinsic electrode impedance,
ionic KOH resistance, internal electrode resistance, and the impedance
between the electrode and KOH electrolyte. Additionally, the slope
observed at low frequencies in this curve indicates the diffusion War-
burg impedance, which describes the diffusion of both ions and electrons
within the electrode, facilitating their transfer. The Nyquist plots reveal
that the impedance of the FI-TPA and F1-Cz POPs is 21.83 and 32.13 Q,
respectively, indicating lower impedance and thereby greater electro-
chemical capacitance of the as-synthesized polymeric electrodes.

The excellent capacitive behavior of our POPs was further validated
by frequency-dependent magnitude Bode plots, which displayed nega-
tive slopes at lower frequencies and minimal impedance at higher fre-
quency ranges. (Figure S16a) The knee frequency, defined as the point at
a 45° phase angle where capacitance and resistance properties are
equivalent, was determined using frequency-dependent phase-angle
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Bode plots for the synthesized polymers. The calculated knee fre-
quencies for the FI-TPA and F1-Cz POPs were found to be 82.54 Hz and
146.5 Hz, respectively, indicating their great potential for energy stor-
age applications. (Figure S16b)

To gain a more comprehensive understanding of the capacitive
contribution in the FI-TPA and FI-Cz POPs, the correlation between
electrical current (i) and scan rate (v) was evaluated using the following
equation [71].

i=a’ @

By plotting log(i) against log(v), the resulting slope has been used to
determine the value of “b,” while the value of “a” remains constant. The
FI-TPA POP exhibited b values of 0.78 and 0.63 for the anodic and
cathodic currents, respectively (Fig. 6a), whereas the FI-Cz POP dis-
played b values of 0.49 and 1.05 for the anodic and cathodic currents,
respectively. (Fig. 6b)

The results obtained confirmed the presence of both capacitive and
diffusion-controlled mechanisms in energy storage [72]. The remark-
able capacitance rate of the FI-TPA POP was attributed to its greater
capacitive contribution compared to that of the Fl-Cz polymer. The
capacitive and diffusion contributions relative to the total current can be
calculated using the following equation: [71]

@

At a constant scan rate V, the total current i(V) can be expressed as
the sum of two components: kov'/2 which represents the current arising

i(V) = klv 4 k2v'/?

from diffusion-controlled processes, and kjv, which accounts for the
current due to capacitive mechanisms. For example, at a scan rate of 5
mV s, the capacitive contributions of the FI-TPA and FI-Cz polymers
were calculated to be 85 % and 35 % of their total capacity, respectively.
By increasing the scan rate to 200 mV s~*, the capacitive contribution of
the FI-TPA POP rose to 97 % (Fig. 6¢), while the FI-Cz polymer’s
capacitive contribution increased to 77 %. (Fig. 6d) The relative con-
tributions of capacitive and diffusion currents for the Fl-based polymers
recorded at 5 mV are shown in Figure S17.

4. Conclusions

In summary, two novel fluorene-based benzoxazine-linked POPs
with exceptional thermal stability of up to 388 °C have been synthesized
through a one-step Mannich coupling of triamino derivatives with 4,4
(9H-fluorene-9,9-diyl)diphenol and paraformaldehyde. The
heteroatom-enriched POPs demonstrated tunable porosities and favor-
able redox efficiency, rendering them effective electrodes for energy
storage. Due to their hierarchical microporosity, excellent redox effi-
cacy, and enhanced conductivity, the FI-TPA polymer achieved a
maximum electrochemical capacitance of 276 F g~ ! at a current density
of 0.5 A ¢! and retained 95.23 % of its initial GCD capacitance over
5000 cycles at a current density of 10 A g~!. Furthermore, the FI-TPA
POP exhibited a notable energy density of 38.33 Wh kg™! at a power
density of 250 W kg~?, along with a minimum resistance value of 21.83
Q. This current research may pave the way for new synthetic strategies,
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enabling the exploration of innovative approaches for the preparation of
heteroatom-rich POPs as promising candidates for energy storage
applications.
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