
One-pot synthesis of heteroatom-rich anthraquinone-based 
benzoxazine-linked porous organic polymers for high 
performance supercapacitors

Ahmed F. Saber a, Shimaa Abdelnaser b, Ahmed F. M. EL-Mahdy b,*, Shiao-Wei Kuo b,*

a Interdisciplinary Research Center for Hydrogen Technologies and Carbon Management (IRCHTCM), King Fahd University of Petroleum & Minerals, Dhahran 31261, 
Saudi Arabia
b Department of Materials and Optoelectronic Science, National Sun Yat-Sen University, Kaohsiung 80424, Taiwan

A R T I C L E  I N F O

Keywords:
Porous organic polymers
Benzoxazine
Heteroatom-rich
Energy storage

A B S T R A C T

Recently, the search for efficient and durable electrodes for energy storage has prompted the development of 
novel porous organic polymers (POPs). Here, we have studied the design, preparation and comprehensive 
characterization of a novel set of anthraquinone-based benzoxazine-linked POPs as electrode materials for 
supercapacitors (SCs). The polymers with high yield have been synthesized by direct coupling of various tri
amines, diphenol and paraformaldehyde. The benzoxazine linkagés formation and porosity parameters were 
readily analyzed using FTIR spectra, solid-state 13C NMR and N2 sorption analysis. The benzoxazine backbone 
provides the POPs with abundant nitrogen and oxygen heteroatoms, making them efficient candidates for storing 
energy. We observed that the superior benzoxazine-linked polymer exhibited the greatest electrochemical 
capacitance up to 117.7 F g‒1 at 1.0 A g‒1 was the An-TPA POP, which was mainly owing to the best microporous 
structure, accessible morphology and the largest specific surface area compared to others. In addition, it 
possessed the highest retention stability after 10,000 charge-discharge cycles (81.55 %), as well as lower ohmic 
resistance (5.38 Ω). Interestingly, a two-electrode system holding the An-TPA POP displayed an excellent elec
trochemical capacitance of 62 F g− 1 at 1.0 A g− 1, a greater cycling retention of 95.71 % after 5000 GCD cycles at 
10 A g− 1, as well as a prime energy density of 8.57 W h kg–1. The results obtained demonstrated a significant 
tactic for constructing heteroatoms-rich POPs for next-generation SCs, offering improved efficiency and stability.

1. Introduction

Energy and environmental concerns are becoming increasingly 
prominent, drawing significant attention to the development and use of 
clean, renewable energy sources like wind and solar power [1,2]. 
However, the intermittent nature of these renewable energy sources 
greatly limits their exploration and widespread application. Maximizing 
the utilization of large-scale energy conversion and storage systems is a 
crucial technology for addressing this challenge [3–7]. In nature, 
renewable energy sources are sporadic, therefore, renewable energy 
systems must comprise an energy storage component [8]. Super
capacitors (SCs) are considered among the most favorable energy stor
age techniques that are extremely used today [9–12]. SCs are green 
energy storage devices between conventional capacitors and batteries, 
which have comprehensive characteristics over both [13–16]. They 

have a significantly higher power density than batteries, enabling rapid 
energy delivery and charging. At the same time, their energy density is 
several orders of magnitude greater than that of traditional capacitors, 
allowing them to store much more energy [17–19]. In addition, SCs are 
useful for many applications such as power supply, electric vehicles, 
aircraft, cranes, and emergency doors owing to their higher power 
density [20–22]. So, developing highly efficient electrode materials has 
a pivotal importance, to gain greater energy densities and effective en
ergy conversion.

Electrode materials for SCs should be constructed with flexible and 
sturdy mechanical strength, because the systematic preparation of 
porous redox-active electrodes plays a substantial and favorable part in 
the improvement of high-performance SCs [23–25]. The electrode ma
terials currently used are categorized into carbon-based materials [26,
27], transition metal oxides [28,29], conductive polymeric materials, 
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and organic polymeric materials [30]. Compared to metal oxides and 
conductive polymers, carbon-based electrodes offer several advantages 
including safety, wide availability, and facile preparation [31]. How
ever, carbon materials are mostly in powder form, complicating the 
electrode manufacturing process [32–34]. On the other side, 
organic-based electrodes have gained increasing interest due to their 
outstanding features of high electrochemical efficiency, environmental 
friendliness, and easy preparation [35].

Porous organic polymers (POPs), including conjugated microporous 
polymers (CMPs), covalent organic frameworks (COFs), and hyper
crosslinked polymers (HCPs), have been considered as hopeful materials 
offering large specific surface areas and porous characteristics. They 
have been utilized in various applications, such as energy storage, 
catalysis, pollutant removal and gas uptake/separation [36–43]. For 
instance, Jiang and Tan research groups demonstrated that POPs 
possessed a higher capacitance for carbon dioxide and iodine capture 
[44,45]. Wang et al. prepared a 3D-COF membrane for mono- and 
multivalent sieving of ions [46]. Pan’s team have also synthesized a set 
of POPs holding dibenzothiophene-S,S-dioxide building block for 
hydrogen generation [47]. Additionally, Mai’s group successfully con
structed a porphyrin-based tube-like CMP featuring a large surface area 
for application in photocatalysis [48]. POPs in particular have emerged 
as outstanding electrode materials for SCs owing to their cheapness, 
great specific surface areas, tunable pore size, and high stability [49]. 
Diverse synthetic reactions (e.g., Yamamoto, Suzuki, Schiff base for
mation, and Friedel-Crafts coupling) have been applied to synthesize 
POPs with several linkages (e.g., imine, imide, boroxine, triazine, and 
hydrazine units) [50–56].

The heteroatom-rich POPs are a remarkable type of organic materials 
due to their high concern for energy storage and other applications. 
Nitrogen-rich polymers have substantial photoelectric characteristics 
that lead to more interest from all research groups [57]. For illustration, 
the existence of nitrogen heteroatoms within polymeric structure im
proves not only the conductivity, but also enhances wettability, and 
endows pseudocapacitance, resulting in greater electrochemical effi
ciency [58,59]. Benzoxazine-based derivatives (BZ) are a kind of moti
vating heteroatom-rich materials that can be constructed via the 
condensation chemical reaction of phenol, amine and formaldehyde, 
with the merits of excellent electronic, thermal, and mechanical char
acteristics and great stabilities as well [60–64]. The oxazine ring consists 
of nitrogen and oxygen heteroatoms that exist above and below it, with a 
deformed half chair conformation, leading to certain rigidity [65]. As a 
result, the BZ building unit can grant their derivatives with high degree 
of nitrogen and oxygen contents. Lately, several researchers have 
focused on the synthesis of polybenzoxazine-based porous materials 
through ring-opening thermal polymerization or synthesis of micropo
rous carbons using polybenzoxazine starting material [66–69]. How
ever, the direct use of BZ linkage for the synthesis of POPs has been 
achieved rarely [70].

Anthraquinones (An), also referred to as anthracenediones, are aro
matic hydrocarbons with polycyclic planar structure representing a 
subclass of the quinone family. The core structure 9,10-anthracenedione 
(C14H8O2) consists of three fused benzene rings with two carbonyl 
functional groups in the medium ring [71]. The variety of the An-based 
compounds depends on the nature and the location of the substituent 
groups that displace the hydrogen atoms on the main skeleton such as 
hydroxyl, methyl, methoxy, hydroxymethyl, formyl, carboxylic, or more 
complex substituents. The An-based derivatives have a wide spectrum of 
applications, in which they can be used as anticancer agents [72,73], 
antiplasmodial [74], antiviral agents [75], antibacterial agents [76], 
and anti-inflammatory agents [77]. In addition, cheap An-based de
rivatives have been applied as electroactive candidates in aqueous flow 
batteries [78].

In this context, we have reported for the first time a novel series of 
An-based BZ-linked POPs, which were constructed using various tri
amine monomers condensed directly in one step with paraformaldehyde 

and 1,5-dihydroxyanthracene-9,10‑dione via Mannich reaction 
(Scheme 1). In contrast to the conventional BZ resins, that can be pre
pared through thermal polymerization and ring-opening reaction of BZ 
rings, the as-synthesized POPs in the outlined study consist of extended 
oxazine units with porous network polymeric structures [61,79]. The 
BZ-linked POPs which were named as An-TPA, An-TPP, and An-TPT, 
have been produced by polymerization reaction of 1,5-dihydroxyan
thracene-9,10‑dione and paraformaldehyde with tris(4-aminophenyl) 
amine, 2,4,6-tris(4-aminophenyl)pyridine, and 2,4,6-tris(4-amino
phenyl)triazine, respectively. The An-TPA, An-TPP, and An-TPT POPs 
were obtained as insoluble solid materials in 85.35 %, 86.48 %, and 
81.62 % yields, respectively. The porosity nature has been specified by 
nitrogen sorption isotherms, which confirmed the porous structure of 
polymers with pore sizes distributed mostly in the microporous range. 
The capability of the synthesized BZ-based POPs to be utilized as elec
trodes for SCs have been investigated by electrochemical measurements 
with a specific capacitance up to 117.7 F g‒1 in three-electrode system, 
and 62 F g‒1 in two-electrode system, which were among the best values 
for polymer-based electrodes.

2. Experimental section

2.1. Materials and characterizations

All solvents and chemicals were obtained from commercial suppliers 
and have been utilized as obtained unless otherwise noted. 1,5-Dihy
droxyanthracene-9,10‑dione (An-2OH), paraformaldehyde (HCHO), 
sodium hydroxide (NaOH) and acetic acid (AcOH) (99.8 %) were or
dered from Sigma-Aldrich. Palladium on activated carbon (10 % Pd/C) 
as well as p-nitrobenzaldehyde (99 %) were ordered from Acros. p- 
Nitroaniline (99 %) was acquired from Fluka. Ammonium acetate 
(NH4OAc) (97 %) was obtained from Showa. Whereas p-nitro
acetophenone (98 %), hydrazine hydrate (NH2NH2.H2O) (≥ 98 %), p- 
fluoronitrobenzene (99 %), trifluoromethanesulfonic Acid (≥ 98 %), 
potassium carbonate (K2CO3, 99.9 %), chloroform (CHCl3) and meth
anol (MeOH) were obtained from Alfa Aesar. 1,4-Dioxane and dimethyl 
sulfoxide (DMSO) were purchased from J. T. Baker. p-Aminobenzonitrile 
(98 %) was purchased from Matrix scientific. Ethanol (EtOH) was pur
chased from Kelong Chemistry Reagent. All characterizations of the 
constructed BZ-linked polymers have been shown in Supporting Infor
mation (ESI).

2.2. Preparation of POPs

In brief, a solution of 3.3 mmol of the utilized triamines (TPA-3NH2, 
TPP-3NH2, TPT-3NH2) in dioxane was gradually added to a suspension 
of 40 mmol HCHO in dioxane with two drops of 1 M NaOH at 5–10 ◦C. 
The resulting suspension was stirred for 2 h before 10 mmol of An-2OH 
in dioxane was added. Then the mixture was stirred at 80 ◦C for an 
additional 8 h. The produced solid was filtered and washed several times 
to yield the corresponding An-based POPs. Eventually, the produced 
solid materials were dried at 100 ◦C for 10 h. The complete synthetic 
procedures have been shown in Supporting information (ESI).

3. Results and discussion

3.1. Structural design, preparation, and characterizations

Firstly, we have utilized Fourier transform infrared (FTIR) spectra to 
characterize the BZ linkage’s formation for all the polymers (Fig. 1A). 
For the An-TPA POP, the vibrational peaks at 1231 and 1087 cm− 1 were 
attributed to the existence of the aromatic ether oxazine unit, owing to 
the asymmetric and symmetric C–O-C vibrational modes, respectively 
[80]. The An-TPP POP exhibited the corresponding peaks at 1236 and 
1076 cm− 1, respectively, whereas the observed peaks for the An-TPT 
POP were centered at 1241 and 1070 cm− 1, respectively. In 
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particular, the absorption bands at 907, 922 and 937 cm− 1 are ascribed 
to stretching vibrations of benzene rings that directly linked to the 
oxazine units for An-TPA, An-TPP and An-TPT POPs, respectively. Also, 
the absorption bands assigned to C=O stretching vibrations of An units 
were located at 1709, 1685 and 1677 cm− 1 corresponding to the 
An-TPA, An-TPP and An-TPT polymers, respectively. Moreover, the 
stretching vibration absorption peaks assigned to C–H aliphatic and 
C–H aromatic functional groups for the An-TPA polymer were 2929 and 
3034 cm− 1, respectively, for the An-TPP polymer were 2927 and 3032 
cm− 1, respectively, and for the An-TPT polymer were 2926 and 3030 
cm− 1, respectively. Additional investigation into the structural compo
sition of the prepared BZ-linked POPs was conducted using solid-state 
13C nuclear magnetic resonance (NMR) spectra. In the obtained 
spectra of the An-TPA, An-TPP and An-TPT polymers, three various 
modes of resonance peaks have been obviously noticed. The intense 
signals in the range of 100–155 ppm are characteristic of aromatic 
carbon atoms. The observed signals in the range 58–86 ppm are related 
to the methylene carbons directly connected to oxygen and nitrogen 
atoms, as a logic proof for the presence of oxazine ring. In addition, the 
small peaks within the range (155–200 ppm) are assigned to C=O, C–O 
and C–N carbon nuclei of the An-TPA POP, and are also characteristic of 
the C=O, C=N, C–O and C–N carbons of both the An-TPP and An-TPT 
polymers (Fig. 1B).

The thermal gravimetric analysis (TGA) showed that the POPs under 
study possessed considerable degree of thermal stabilities. One can 
observe that the An-TPP and An-TPT polymers had the highest thermal 
stabilities with values of 400 ◦C and 434 ◦C, respectively, which are 
slightly greater than that of the An-TPA POP (348 ◦C). Besides that, TGA 
analysis provided that the char yield values for the An-TPA and An-TPT 
polymers were estimated to be 39 % and 35 %, respectively, whereas the 
top value was recorded as 42 % corresponding to the An-TPP polymer. 
From the above-mentioned results, it can be concluded that our porous 
polymers are thermally stable (Fig. S15 and Table S1).

XRD measurements for the as-prepared BZ-linked polymers demon
strated no observed diffraction peaks which emphasize their amorphous 
nature (Fig. S16), as reported for other polymers [81,82].

3.2. Porosity and morphology

The porosity measurements have been carried out using N2 sorption 
at 77 K. The resultant curves revealed type II isotherms which are 
featured for microporous structure. The An-TPA polymer had the 
highest Brunauer-Emmett-Teller specific surface area (SBET) up to 26.51 
m2 g− 1 among the series, whereas the An-TPP and An-TPT POPs 
possessed the SBET of 18.52 m2 g− 1 and 9.00 m2 g− 1, respectively 
(Fig. 2a). The pore size distributions of the as-prepared BZ-linked 

Scheme 1. Synthesis of (a) An-TPA, (b) An-TPP and (c) An-TPT POPs.

Fig. 1. (A) FTIR spectra; (B) solid state 13C NMR spectra of An-TPA, An-TPP and An-TPT polymers.
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polymers were also estimated based on a non-local density functional 
theory (NLDFT). The pore sizes observed were basically distributed in 
microporous and mesoporous ranges, in accordance with the isothermal 
curves. The An-TPA polymer displayed one micropore with a pore width 
of 1.96 nm in addition to one mesopore at 5.71 nm. For the An-TPP, 
there is only one mesopore at 2.45 nm, while a micropore at 1.88 nm 
was observed for the An-TPT polymer. Furthermore, the total pore 
volume for the polymers have been determined to be 0.005, 0.001 and 
0.001 cm3 g− 1 corresponding to the An-TPA, An-TPP and An-TPT POPs, 
respectively. Both the An-TPP and An-TPT polymers represented a 
smaller SBET in comparison to the An-TPA POP, which can be explained 
in terms of their highly packed structure due to the presence of planar 
pyridine and triazine rings, respectively (Fig. 2b and Table S2).

The structural morphologies of our novel polymers have been probed 
by both field emission scanning electron microscope (FE-SEM) as well as 
the high-resolution transmission electron microscope (HR-TEM). The 
SEM photos represented the polymers as accumulated microgel particles 
with sizes ranged from 1 to 2 µm scale. The An-TPA POP was displayed 
as plate like morphology, while either the An-TPP or An-TPT polymers 
showed spherical like morphologies (Fig. 3a–c). The elemental mapping 
resulted from the energy dispersive X-ray spectroscopy (EDS) revealed 
the existence of carbon, nitrogen and oxygen atoms with symmetrical 

distribution on the surface of all polymers (Fig. S17). The HR-TEM 
photos showed the amorphous porous texture for all polymers 
(Fig. 3d–f).

3.3. Electrochemical measurements

Focusing on polymeric organic materials as efficient candidates for 
sustainable energy storage, we have studied the potential of our syn
thesized BZ-linked polymers as electrode materials for SCs. The cyclic 
voltammetry (CV) studies of the obtained polymers have been carried 
out using a three-electrode system with KOH electrolyte (1.0 M) over a 
specific potential range of − 1.0 to 0 V. The CV curves obtained, showed 
semi-rectangular shapes with small peculiar humps within the applied 
potential window (Fig. 4a-c). By increasing the scan rate potential, there 
is also an observed increase in the CV’s peak current of our BZ-linked 
electrodes, demonstrating that their electrochemical capacitance is 
influenced by both pseudocapacitance and electric double-layer capac
itance (EDLC) with minimum charge transfer resistance [83]. The reason 
of such humps in the CV curves was mainly the presence of nitrogen and 
oxygen heteroatoms as well as electron-rich benzene rings, which can 
also improve the pseudocapacitance (Figs. S18–S20).

For all the synthesized An-based POPs, galvanostatic 

Fig. 2. Nitrogen sorption curves of (a) An-TPA, An-TPP and An-TPT polymers. The pore size distribution profiles of (b) An-TPA, An-TPP and An-TPT POPs.

Fig. 3. SEM photos of (a) An-TPA, (b) An-TPP and (c) An-TPT POPs. TEM photos of (d) An-TPA, (e) An-TPP and (f) An-TPT.
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charge− discharge (GCD) has been investigated in the range from 1.0 to 
20 A g− 1 (Fig. 4d-F). A typical triangular shape with trivial deviation 
was observed in the GCD curves, confirming both EDLC and pseudoca
pacitance types of capacitances, in full agreement with the results ob
tained from the CV measurements. GCD analysis displayed specific 
capacitances for An-TPA POP to be 117.7, 95.64, 86.28, 76.6, 71.82, and 
66.2 Fg− 1 at specific current densities of 1, 2, 3, 5, 7, and 10 A g− 1, 
aligning with the CV’s findings. At 1.0 A g− 1 current density, the greater 
electrochemical capacitance of An-TPA POP, nearly 3 times of those of 
the An-TPP POP (38.12 Fg− 1) and the An-TPT POP (39.63 F g− 1), is 
mainly because of slower diffusion rate of KOH ions into the polymer’s 
sunken pores as well as their inability to reach the electrode’s surface at 
higher current densities (Fig. 5a). Then, by increasing the current den
sity, the ion motion is dramatically reduced, resulting in a significant 
reduction in specific capacitance. Moreover, Table S3 compares the ef
ficiency of our BZ-linked POPs with other polymers previously reported. 
For example, Mei group prepared the MPc-CMPs and then hybridized 
them with CNTs by vacuum filtration. The GCD analysis at 1.0 A g− 1 

represented that the capacitance of CoPc-CMP is 13.8 F g− 1 in 1 M H2SO4 
[84]. Also, Khattak et al. prepared DAB-TFP COF and applied it as 
electrode material for SCs. The electrochemical capacitance was 
measured to be 98 F g–1 at 0.5 A g–1 [85]. Moreover, the TBN-Py and 
TBN–Car polymers possessed electrochemical capacities of 31 and 18.9 
F g− 1 at 0.5 A g− 1 [86]. However, the as-prepared An-based POPs 
exceeded other electrode materials in terms of electrochemical perfor
mance. Its synthetic route is also simple, cheap, and scalable for further 
research.

The specific capacitance Cs (F g–1) can be calculated from GCD curves 
by applying the relationship (1). 

Cs =
1 × Δt
m × ΔV

(1) 

where, I/m (A g–1) refers to the utilized current density, Δt (s) refers to 

the discharging time, ΔV (V) refers to the applied potential.
In case of resemblance to battery type behavior, the specific capacity 

Qs (C g–1) can be calculated by utilizing the relationship (2). 

Qs =
1 × Δt

m
(2) 

In addition, the applied potential window in the three-electrode 
system for our polymeric electrodes was 1.0 V, so, the specific capaci
tance and the specific capacity are the same and we can use either of 
their units [87].

Batteries and SCs differ in their charge-storage properties due to their 
electrochemical processes. In lithium-ion batteries, the movement of 
lithium ions, which enables redox processes within bulk electrode ma
terials, is governed by diffusion and can be relatively slow. On the other 
hand, SCs store energy by adsorption of electrolyte ions on the elec
trode’s surface. There are no redox reactions required, so the response to 
potential’s changes without diffusion limitations is fast and gives a great 
power. However, the energy density of SCs is smaller than that of bat
teries because the charge is confined to the surface. SCs can be recog
nized from batteries using potentiostatic and galvanostatic techniques. 
To clarify, SCs are characterized by rectangular CV curves and a linear 
time-dependent change in potential at a fixed current. Whereas, in 
batteries, the CV curves are distinguished by faradaic redox peaks with 
wide voltage separation between them [88,89].

The cyclic stability measurements are more important for the eval
uation of electrode’s Coulombic efficacy and capacitive retention. 
Fig. 5b and Fig. S21 represent the cycling stability of the An-based POP 
electrodes, maintaining 81.55, 78.52, and 75.05 % of their original 
capacitance, respectively, over 10,000 GCD cycles. As illustrated in 
Fig. 5c,d, further electrochemical measurements of the electrode’s na
ture are also crucial. The Nyquist plot represented the resistance spec
trum with a straight line at both higher and lower frequency regions. 
The first intersection of this plot with the X-axis demonstrates the 
resistance of solutions, including the intrinsic electrode resistance, the 

Fig. 4. CV curves of (a) An-TPA, (b) An-TPP and (c) An-TPT polymers. The corresponding GCD curves of (d) An-TPA, (e) An-TPP and (f) An-TPT polymers, recorded 
at various current densities in the three-electrode system.
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ionic KOH resistance, the interior impedance of the electrode, and the 
interfacial impedance on the electrode/electrolyte interface. The slope 
in the small frequency region of the Nyquist curve is signalized of 
diffusion Warburg resistance, that describes the diffusion of KOH ions as 
well as electrons through the electrode, confirming easy transfer. The 
Nyquist plots and their fitting showed the resistance of the An-TPA, An- 
TPP, and An-TPT POPs to be 5.38, 3.94, and 7.45 Ω, respectively, 
showing smaller resistance and delivering greater electrochemical 
capacitance of our polymeric electrodes. The excellent capacitive 
behavior of our POPs was extra confirmed using the frequency- 
dependent magnitude Bode plots which demonstrated negative slope 
lines at lower frequencies, and very small resistance at higher frequency 
range (Fig. S22a). The knee frequency at 45◦ phase angle (equal 
capacitance and resistance properties) were estimated using frequency- 
dependent phase-angle Bode plots for the as-prepared polymers. The 
calculated knee frequencies for the An-TPA, An-TPP, and An-TPT POPs 
were estimated to be 21.26, 57.21, and 83.97 Hz, respectively, sug
gesting their great performance for energy storage applications 
(Fig. S22b).

By using the power law Eq. (3), we have studied the correlation 
between current (i) and scanning rate (v) to learn deeply about the 
capacitive contribution of the synthesized polymers [90,91]. 

i= avb (3) 

The b factor was calculated by plotting log (i) versus log (v), where a, 

b, and v are constants. Diffusion-controlled processes have a value of 
0.5, while capacitive processes have a value of 1.0 for b. The calculated b 
values for the cathodic and anodic peaks of the An-TPA polymer were 
0.64 and 1.34, respectively, while the b values for the An-TPP POP were 
0.67 and 0.89, respectively, and for the An-TPT POP were 0.85 and 0.94, 
respectively (Fig. 6a–c). These results indicate that the energy storage of 
the polymers can be attributed to a combination of diffusion-controlled 
and capacitive processes occurring simultaneously [92]. The An-TPT 
polymer exhibited superior rate capacity compared to others, primar
ily due to its higher capacitive contribution, which can be attributed to 
its greater nitrogen content.

The capacitive and diffusion contributions to the total capacity were 
quantified using the following equation: [90,91] 

i(V) = k1v+ k2v1/2 (4) 

where i(V) is the overall current at a specific potential V and k1v and 
k2v1/2 are the currents generated by the diffusion-controlled and 
capacitive effects, respectively. The capacitive contributions of the An- 
TPA, An-TPP and An-TPT POPs were 12 %, 16 % and 72 % at 5 mV 
s–1 of the total capacity, respectively. This confirms that the An-TPT POP 
exhibits a higher capacitive contribution than the other two polymers 
under study. By increasing the scan rate from 5 mV s− 1 to 200 mV s− 1, 
the capacitive contribution also rose, reaching values of 47 % for the An- 
TPA polymer, 55 % for the An-TPP polymer and 94 % for the An-TPT 

Fig. 5. (a) GCD electrochemical capacitances of An-TPA, An-TPP and An-TPT POPs measured at different current densities (1.0 to 20 A g− 1). (b) Cycling stability of 
the polymeric electrodes, measured at a current density of 10 A g− 1 over 10,000 cycles. (c) Nyquist plots of three-electrode system for POPs before and after fitting. 
(d) Equivalent fitting circuit.
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polymer (Fig. 6d–F). The relative contributions of capacitive and 
diffusion currents of polymers recorded at 5 mV were shown in Fig. S23.

To evaluate the feasibility of using the An-TPA polymer as a device, 
we have tested its electrochemical performance within symmetric SCs 
(CR2032) in which our POP acts as both cathode and anode as well. The 
CV curves were measured at various scan rates from 5 to 200 mV s− 1 

(Fig. 7a), and GCD profiles at various current densities (1.0 − 10 A g− 1) 
with almost all CV curves had rectangular shapes (Fig. 7b).

The GCD profiles of the An-TPA POP showing an almost triangular 
shape with minimal curvature during discharge. This shape confirms 
both pseudocapacitive and EDLC behavior, aligning with the charac
teristics observed in the three-electrode system. The GCD discharge time 
was notably longer than the corresponding charge time, highlighting its 
suitability for practical applications. Moreover, after operation at 
specified current densities (1, 2, and 3 A g− 1), the coin device holding 
the An-TPA polymer demonstrated electrochemical capacitances of 62, 
46.86, and 45 F g− 1, respectively (Fig. 7c). According to Ragone plot in 
Fig. 7d, at a value of 500 W kg− 1 power density, the An-TPA polymer 
achieved excellent energy density value of 8.57 W h kg− 1, which was a 
comparative value to other porous materials (Table S4). The stability 
measurement for our synthesized redox-active An-TPA polymer over 
5000 cycles at constant current density (10 A g− 1) was tested, the long- 
term cycling stability was confirmed by providing capacity retentions of 
95.71 % (Fig. S24a). In addition, the Nyquist plots and the equivalent 
electric circuit of the An-TPA POP revealed that the internal resistance 
offered by its SSCs was 4.05 Ω, proving lower resistance and higher 
conductivity of this polymer (Fig. S24b,c). This value suggests that the 
polymer possesses high electrical conductivity and can be ideal source as 
electrode material for energy storage applications.

Furthermore, the frequency-dependent magnitude Bode plots have 
been applied to determine the resistance behavior, and the frequency- 
dependent phase-angle Bode plots have been studied to investigate the 
knee frequencies for the An-TPA POP. As shown in Fig. S25, this polymer 

exhibited negative slope’s line at lower frequencies, minimum resistance 
at higher frequency range, and the estimated knee frequency at 45◦

phase angle was 58.78 Hz.
A key factor affecting the performance of SCs using inorganic elec

trolytes is their wettability [93]. When wettability is enhanced, ion 
transfer is facilitated, charge transfer is improved, and internal resis
tance is diminished. As a result, electrodes can achieve great capacities 
and have a longer cycle life [94]. Small contact angles (below 90◦) allow 
the liquid to spread effectively on solid surfaces, suggesting relatively 
great wettability [95]. In addition, the presence of oxygen-containing 
functionalities significantly enhances the adsorption ability of elec
trode towards other materials, preventing the electrode from dissolving 
in the electrolyte and ensuring stable connection between the two ma
terials during long-term cycling [96].

The hydrophilicity of the as-prepared polymers was compared with 
each other via water contact angle measurements (Fig. S26). As a result 
of higher heteroatoms content in the An-TPA, An-TPP, and An-TPT 
polymers, their contact angles were measured to be 47.7◦, 74.1◦, and 
60.7◦, respectively, confirming their increased hydrophilicities. The An- 
TPA POP with the top hydrophilicity possessed the best wettability, thus 
providing the highest electrochemical capacitance [95]. It is reported 
that the hydrophilicity is directly proportional to the heteroatoms’ 
contents within the polymer, however, the An-TPA POP with the lowest 
contents of heteroatoms displayed the highest hydrophilicity [51]. This 
can be explained in terms of increased planarity of TPP and TPT units 
which leads to higher pi-pi stacking and greater shielding effect of their 
heteroatoms, but in case of TPA unit, which is not planar, it gives rise to 
lower pi-pi stacking and smaller shielding effect. In addition, the An-TPT 
polymer possessed higher hydrophilicity compared to the An-TPP 
polymer owing to its higher nitrogen content.

Fig. 6. (a-c) Log (i) versus Log (v) plots of (a) An-TPA, (b) An-TPP, and (c) An-TPT POPs. (d-f) The relative contribution of the capacitive and diffusion-controlled 
energy storage of (d) An-TPA, (e) An-TPP, and (f) An-TPT POPs, recorded at various scan rates.
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4. Conclusions

To conclude, three robust BZ-linked POPs have been successfully 
developed through the Mannish coupling reaction of triamino- 
derivatives with 1,5-dihydroxyanthracene-9,10‑dione in the presence 
of paraformaldehyde. The produced polymers demonstrated a high de
gree of thermal stability with the maximum Td10 value of 434 ◦C and the 
top char yield value up to 42 %. The heteroatom enriched POPs were 
confirmed to be efficient electrodes for SCs with an electrochemical 
capacitance value of 117.7 F g‒1 (measured at 1.0 A g‒1), and an 
impressive retention stability of 81.55 % after 10,000 cycles (measured 
at 10 A g‒1) in three-electrode system. Furthermore, a two-electrode 
system holding An-TPA polymer displayed a good capacitance (62 F 
g− 1) at 1.0 A g− 1, a high stability retention (95.71 %) over 5000 cycles at 
10 A g− 1, and an outstanding energy density (8.57 W h kg–1) at 500 W 
kg–1 power density. The present work could pave a new synthetic tool 
for exploring novel approaches in preparing heteroatom-rich POPs as 
promising candidates for energy storage.
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Anthraquinones and derivatives from marine-derived fungi: structural diversity 
and selected biological activities, Mar. Drugs 14 (2016) 64, https://doi.org/ 
10.3390/md14040064.

[72] G. Greco, E. Turrini, E. Catanzaro, C. Fimognari, Marine anthraquinones: 
pharmacological and toxicological issues, Mar. Drugs 19 (2021) 272, https://doi. 
org/10.3390/md19050272.

[73] Q. Huang, G. Lu, H.M. Shen, M.C. Chung, C.N. Ong, Anti-cancer properties of 
anthraquinones from rhubarb, Med. Res. Rev. 27 (2007) 609–630, https://doi.org/ 
10.1002/med.20094.

[74] C.P. Osman, N.H. Ismail, R. Ahmad, N. Ahmat, K. Awang, F.M. Jaafar, 
Anthraquinones with antiplasmodial activity from the roots of Rennellia elliptica 
Korth. (Rubiaceae), Molecules 15 (2010) 7218–7226, https://doi.org/10.3390/ 
molecules15107218.

[75] D.L. Barnard, D.W. Fairbairn, K.L. O’Neill, T.L. Gage, R.W. Sidwell, Anti-human 
cytomegalovirus activity and toxicity of sulfonated anthraquinones and 
anthraquinone derivatives, Antivir. Res. 28 (1995) 317–329, https://doi.org/ 
10.1016/0166-3542(95)00057-7.

[76] S. Mahanty, K. Rathinasamy, The natural anthraquinone dye purpurin exerts 
antibacterial activity by perturbing the FtsZ assembly, Bioorg. Med. Chem. 50 
(2021) 116463, https://doi.org/10.1016/j.bmc.2021.116463.

[77] D. Xin, H. Li, S. Zhou, H. Zhong, W. Pu, Effects of anthraquinones on immune 
responses and inflammatory diseases, Molecules 27 (2022) 3831, https://doi.org/ 
10.3390/molecules27123831.
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