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Abstract   Hypercrosslinked polymers (HCPs) are promising electrode materials for supercapacitors owing to their rigid three-dimensional net-

works and excellent structural stability; however, their electrochemical performance is often limited by an over-reliance on electric double-layer

capacitance or insufficient redox-active sites. Herein, we report a series of hypercrosslinked polymers (HCPs) constructed from tetraaniline (TANI)

and 2,6-diaminoanthraquinone (DAQ) to integrate abundant redox-active sites with robust three-dimensional porous networks for high-capaci-

tance and long-life supercapacitor electrodes. By tuning the TANI-to-DAQ molar ratio, the optimized TADA11-HCP exhibits a hierarchical micro-

/mesoporous architecture for exposed active sites and facilitated mass diffusion, along with the lowest optical bandgap (acid-treated) among the

series for fast electron transport. Benefiting from the combined advantages of structural strength, hierarchical porosity, and an optimized elec-

tronic structure, TADA11-HCP achieves 700 F·g−1 at 1 A·g−1 and retains 92% capacitance after 10000 cycles, demonstrating excellent cycling sta-

bility. A flexible quasi-solid-state symmetric supercapacitor further demonstrates 278.4 F·g−1 and an energy density of 38.7 Wh·kg−1, highlighting

the practical potential of TADA-HCPs for advanced supercapacitor applications. This work demonstrates an effective molecular-level strategy to

enhance the capacitance of HCP-based electrodes while maintaining long-term stability, providing insights into the rational design of high-per-

formance HCPs for supercapacitor applications.
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INTRODUCTION

Nowadays, the inherent intermittency of renewable sources, to-
gether  with  the  rapid  expansion  of  electric  vehicles,  portable
electronics, and smart grid systems, has driven the growing de-
mand for high-efficiency energy-storage technologies.[1−3] With-
in this context, supercapacitors have become one of indispens-
able  electrochemical  storage  devices.  By  simultaneously  deliv-
ering  high  power  output,  rapid  charge-discharge  on  the  mil-
lisecond  scale,  prolonged  cycling  lifetime,  and  wide  tempera-
ture  adaptability,  these  systems  overcome  the  intrinsic  perfor-
mance  limitations  of  separating  conventional  capacitors  from
secondary batteries.[4,5]

Supercapacitors can be classified into two main types: elec-
tric double-layer capacitors and pseudocapacitors,  according
to their underlying charge-storage mechanisms.[6] Among the
pseudocapacitive  electrode  materials,  polyaniline  (PANI)  has

received  considerable  attention  due  to  its  unique  electro-
chemical  activity,  facile  synthesis,  and  environmental  com-
patibility.[7,8] Tetraaniline (TANI), the shortest aniline oligomer
of  PANI,  retains  the  reversible  redox  activity  and  distinctive
doping-responsive  behavior  inherent  to  PANI.  TANI  has
demonstrated  a  superior  specific  capacitance  owing  to  its
well-defined  molecular  and  crystal  structures.[9,10] However,
frequent  electrochemical  doping  and  dedoping  processes
cause  pronounced  volumetric  changes  in  TANI,  accelerating
the short chain’s degradation.[11] Several strategies, like com-
positing with conductive carbon materials, crystallization en-
gineering and in situ grafting, have been devoted to improve
TANI’s  stability  for  supercapacitor  electrode.[11−14] For  in-
stance,  Lee et  al.  physically  loaded  TANI  onto  the  surface  of
graphene oxide (GO)  sheets via chemical  oxidative  polymer-
ization,  forming a  core-shell  structured composite.  Owing to
the  combined  contributions  of  the  pseudocapacitive  TANI
and conductive GO, the specific  capacitance of  this  compos-
ite  electrode  reached  769  F·g−1 at  1  A·g−1.  The  two-dimen-
sional layered framework of GO not only effectively suppress-
es the dissolution of TANI in the electrolyte, but also provides
robust mechanical support and buffering capacity to accom-
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modate  the  volumetric  changes  of  the  polymer  during
charge-discharge  cycling.  As  a  result,  after  2000  charge-
discharge  cycles,  the  composite  maintains  90.2%−95.1%  ca-
pacitance  retention,  significantly  enhancing  the  structural
stability  of  TANI  during  prolonged  cycling.[12] Shao et  al.  en-
hanced  the  conductivity  and  structural  rigidity  of  TANI
through  the  synthesis  of  crystalline  TANI  nanosheets.  In  a
neutral  NaCl  electrolyte,  charge  storage proceeds via the  re-
versible  insertion/extraction  of  chloride  ions,  effectively  cir-
cumventing the degradation issues  associated with the con-
ventional proton-doping mechanism. Consequently, the crys-
talline  TANI  electrode  achieves  600.7  F·g−1 specific  capaci-
tance at 2 mV·s−1 and maintains 84.4% capacitance retention
after  2000  cycles.[13] Kaner et  al.  employed  perfluoropheny-
lazide  (PFPA)-mediated  coupling  chemistry  to  covalently
graft  TANI  molecules  onto  a  three-dimensional  graphene
scaffold to construct an ATgGN composite.  This robust cova-
lent  interface  firmly  anchors  the  active  material  to  the  con-
ductive  network,  effectively  suppressing  material  detach-
ment and agglomeration during charge-discharge cycles. At 1
A·g−1,  the  ATgGN  electrode  achieved  an  impressive  specific
capacitance  of  278  F·g−1,  accompanied  by  85%  capacitance
retention  over  30000  charge-discharge  cycles.[14] Although
these efforts, achieving both high capacitance and stability is
still desirable.

Recently,  hypercrosslinked  polymers  (HCPs),  where  are
three-dimensional network materials formed by densel cova-
lent  crosslinking  of  molecular  building  blocks  through  rigid
short spacers, have attracted increasing interest for the fabri-
cation of  robust  functional  porous networks.[15] The main in-
terest stems from the fact that they can retain permanent in-
trinsic  microporosity  after  solvent  removal,  yielding  a  high
surface  area,  abundant  nanoscale  channels,  and  excellent
physicochemical  stability.[16−18] The  merits  of  this  strategy
have  been  preliminarily  validated  in  energy-storage  applica-
tions.[19−23] As  electrode  materials  for  supercapacitors,  HCPs
have  mainly  been  explored  through  three  representative
strategies.  In  many  cases,  HCPs  have  been  employed  as
porous frameworks or precursors to provide large surface ar-
eas  for  electric  double-layer  charge  storage,  which  generally
ensures excellent cycling durability but often results  in limit-
ed  capacitance  enhancement  due  to  the  lack  of  intrinsic  re-
dox-active  sites.[20] To  introduce  pseudocapacitive  behavior,
redox-functional  units  such  as  quinone  or  carbonyl  moieties
have  also  been  incorporated  into  HCP  backbones.  For  in-
stance,  Mohamed et  al.  synthesized  a  tetraphenylan-
thraquinone-based  HCP  (An-CPOP-2)  with  a  Brunauer-
Emmett-Teller  (BET)  specific  surface  area  (SBET=1130  m2·g−1)
that  exhibited  a  capacitance  of  98.4  F·g−1 and  95.3%  capaci-
tance retention after 2000 cycles.[21] Similarly, Goudar et al. re-
ported  a  HCP  with  electron-deficient π-system  (BPI-HCP-I).
This material possessed a high SBET of 544 m2·g−1 with a hier-
archical  pore  size  distribution (0.9−2.6  nm).  When employed
as  a  supercapacitor  electrode,  BPI-HCP-I  achieved  112  F·g−1

capacitance  at  5  mV·s−1.  Furthermore,  it  maintained 90% ca-
pacity  after  4000  charge-discharge  cycles  in  an  acidic  elec-
trolyte.[22] While  these  studies  demonstrate  the  excellent
structural  stability  and  durability  of  HCP-based  electrodes,
their capacitive performance is often constrained by the limit-

ed density or utilization efficiency of electroactive sites. Alter-
natively, composite strategies combining HCPs with conduct-
ing  polymers  have  been  developed  to  improve  capacitance
by  introducing  additional  redox  activity.  For  instance,  a
PANI/HCP  composite  (PANI@SOAM-Cy  HCP)  was  further  de-
veloped, delivering 678 F·g−1 and preserving 81.9% of its ini-
tial  capacitance over  5000 cycles.[23] However,  such compos-
ite  architectures  may  suffer  from  interfacial  mismatch,
nonuniform  distribution  of  active  components,  and  compli-
cated charge/ion transport pathways, which can compromise
long-term  reliability  and  limit  further  performance  optimiza-
tion.  Overall,  these  studies  indicate  that  although  hyper-
crosslinking  provides  an  effective  route  toward  constructing
porous  electrodes  with  high  stability,  it  remains  challenging
to  simultaneously  realize  abundant  redox  activity,  efficient
charge  utilization,  and  structural  robustness  within  a  single,
molecularly integrated HCP framework.

In  this  study,  we  report  HCPs  from  TANI  and  an-
thraquinone  (AQ)  with  numerous  active  sites  for  pseudoca-
pacitive  energy  storage,  high  porosity  for  electric  double-
layer energy storage, and improved structural robustness for
an  extended  cycle  life.  TANI  served  as  the  key  conductive
building  block,  which  was  hypercrosslinked  with  2,6-di-
aminoanthraquinone  (DAQ)—a  quinone-rich  unit—through
methylene  bridges  (TADA-HCPs).  TADA-HCPs  not  only  inte-
grate the redox activity of TANI and AQ, but also exhibit high
porosity arising from the hypercrosslinked three-dimensional
network.  By systematically adjusting the initial  molar ratio of
TANI to DAQ, TADA11-HCP obtained at a 1:1 ratio,  showed a
hierarchical pore structure, characterized by micropores cen-
tered at approximately 1.6 nm and mesopores spanning 2−20
nm  for  exposed  active  sites  and  facilitated  mass  diffusion,  it
also  exhibited  the  lowest  optical  bandgap  of  1.26  eV  (acid-
treated)  among  the  series,  suggesting  enhanced π-electron
delocalization and improved electronic conductivity.

Therefore,  it  showed  an  impressive  specific  capacitance
(700 F·g−1 at 1 A·g−1), coupled with outstanding sustained cy-
cling  performance,  maintaining  91%  after  1×104 cycles  at  2
A·g−1 within  a  three-electrode  configuration.  In  contrast,  the
pristine  TANI  electrode  demonstrated  a  capacitance  of
618 F·g−1 under  the  same  conditions,  but  suffered  from  se-
vere capacity fading, retaining only 33% of its original capaci-
tance.  To verify  its  practical  applicability,  we successfully  de-
signed  a  flexible  quasi-solid-state  symmetric  supercapacitor
incorporating  a  poly(vinyl  alcohol)  (PVA)/H2SO4 gel  elec-
trolyte,  with  TADA11-HCP  as  the  electrode  material.  At  1
A·g−1,  the  device  exhibited  a  capacitance  of  278.4  F·g−1.
Meanwhile,  the  device  delivered  38.7  Wh·kg−1 at  500.43
W·kg−1,  demonstrating  competitive  energy-storage  capabili-
ties. Moreover, by connecting multiple devices in series, a row
of  commercial  yellow  LEDs  were  powered,  highlighting  the
practical  capabilities  of  the  device.  The  synthesized  TADA-
HCPs presented a  promising solution for  the construction of
next-generation  supercapacitor  electrodes  with  long  cycle
stability and high power density.

EXPERIMENTAL

Materials
2,6-Diaminoanthraquinone  (DAQ,  >97.0%)  was  acquired  from
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TCI  (Shanghai)  Chemical  Industry  Development  Co.,  Ltd.  Di-
iodomethane (CH2I2, RG, 99%+, stabilized with copper) and N,N-
dimethylformamide  (DMF,  anhydrous,  water  ≤50  ppm  water)
were obtained from Shanghai Titan Co., Ltd. Anhydrous potassi-
um  carbonate  (K2CO3,  ≥98.0%)  was  acquired  from  Sinopharm
Chemical  Reagent  Co.,  Ltd.  TANI  was  synthesized according to
the procedure outlined by Zhang et al. via oxidative coupling of
N-phenyl-1,4-phenylenediamine under acidic conditions.

Preparation of Hypercrosslinked Polymers
(TADA-HCPs)
The  TADA-HCPs  were  synthesized via a  microwave-assisted N-
alkylation  reaction,  following  a  typical  hypercrosslinking  poly-
merization protocol (Fig. 1a).[17] Initially, under a continuous in-
ert  nitrogen  atmosphere,  tetraaniline  (0.2  mmol,  0.06  g),  2,6-
diaminoanthraquinone  (0.1  mmol,  19.5  mg),  anhydrous  K2CO3

(7.24 mmol, 1 g), and anhydrous DMF (10 mL) were sequentially
charged  into  a  dry  20  mL  microwave  vial.  Following  complete
dissolution of the solids, diiodomethane (2 mL) was introduced
as  the crosslinker.  Upon sealing,  the vial  was  placed into a  mi-
crowave reactor. The reaction mixture was heated at 100 °C for
20 min, after which it was ramped to 130 °C and held for 1 h. Af-
ter cooling to ambient temperature, the crude material was iso-
lated via vacuum  filtration,  followed  by  a  thorough  cleaning
with DMF, deionized water, and ethanol remove inorganic salts,
catalyst  residues,  and  unreacted  monomers.  Further  purifica-
tion involved Soxhlet extraction with DMF over 24 h. Finally, the
material was vacuum-dried at 80 °C for 24 h. To yield a dark hy-
percrosslinked  polymer  powder,  designated  as  TADA21-HCP.
Control  experiments  were  carried  out  using  the  same  proce-
dure but with different amounts of DAQ, 0.2 mmol (0.039 g) and
0.4 mmol (0.078 g), affording the polymers denoted as TADA11-
HCP and TADA12-HCP, respectively.

Materials Characterization
The  comprehensive  properties  of  the  TADA-HCPs,  including
their  chemical  composition,  physical  form,  thermal  resilience,
and pore arrangement,  were thoroughly analyzed using multi-
ple methodologies. A Nicolet 6700 spectrometer was utilized to
acquire Fourier transform infrared (FTIR) spectra,  which provid-
ed  a  detailed  analysis  of  the  functional  groups  and  chemical
bonds  present  in  the  materials  under  investigation.  The  sam-
ples’ microstructure and surface topography were meticulously
examined with a  Zeiss  Gemini  SEM 500,  a  high-end field-emis-
sion  scanning  electron  microscope  (SEM).  With  the  advanced
Thermo Scientific  ESCALAB 250Xi  equipment,  X-ray  photoelec-
tron spectroscopy (XPS) analyzed the sample's  elemental  com-
position  and  chemical  state.  The  thermal  properties  were  as-
sessed using a  NETZSCH Libra  2F1 thermogravimetric  analyzer
(TGA), with samples heated at 10 °C·min–1 from 30 °C to 900 °C
in  a  nitrogen  atmosphere.  UV-Vis  diffuse  reflectance  spectra
(200−1400  nm)  were  measured  using  a  UV-2610  spectropho-
tometer, which includes an integrating sphere for enhanced re-
flectance  analysis.  A  Bruker  D8  ADVANCE  diffractometer  was
employed  for  X-ray  diffraction  (XRD)  analysis  of  the  crystalline
structure,  utilizing  Cu  Kα radiation  (λ=1.5406  Å).  The  scanning
range  was  set  as  2θ=5°−90°  at  1200  W.  At  about −196  °C,  the
Micromeritics ASAP 2020 physical adsorption analyzer was em-
ployed  to  acquire  N2 adsorption-desorption  isotherms,  reveal-
ing data  on the specific  surface area and pore structure  of  the
material.  A  Bruker  AVANCE  400  NMR  spectrometer  was  em-

ployed to obtain solid-state (13C CP/MAS NMR) spectra  to ana-
lyze polymer molecular architecture

Electrochemical Testing
A Gamry Interface 1100E electrochemical  workstation was em-
ployed  to  perform  cyclic  voltammetry  (CV),  electrochemical
impedance  spectroscopy  (EIS),  and  galvanostatic  charge-
discharge (GCD) measurements. In the preparation of the work-
ing electrode,  TADA-HCPs,  conductive carbon black,  and PVDF
were blended in a 7:2:1 weight proportion, followed by the ad-
dition  of  NMP  as  a  solvent.  The  resulting  mixture  was  subse-
quently pulverized into a uniform blend. The slurry was evenly
distributed  across  the  pretreated  carbon  paper  current  collec-
tors  before  being  placed  in  vacuum  oven  at  60  °C  overnight,
which guaranteed that no residual solvent remained. The load-
ing  of  TADA-HCPs  was  maintained  at  roughly  1.0  mg·cm−2 on
the  electrodes.  Electrochemical  performance  evaluation  was
conducted employing a three-electrode configuration, with the
electrolytic  medium  being  a  1.0  mol·L−1 H2SO4 solution.  The
working  electrode  was  pretreated,  the  counter  electrode  con-
sisted of a graphite rod, with Ag/AgCl (saturated KCl) serving as
the  reference.  To  assess  the  practical  performance  of  the  opti-
mized material  in the device configuration, a symmetric super-
capacitor  was  assembled.  In  this  two-electrode  system,  two
identical electrodes fabricated using the optimal TADA material
were  used  as  both  positive  and  negative  electrodes,  and  the
electrolyte  was  1.0  mol·L−1 H2SO4 aqueous  solution.  To  further
investigate the material’s performance in practical applications,
the device was subsequently assembled into a quasi-solid-state
symmetric  supercapacitor,  utilizing  PVA/H2SO4 gel  as  the  elec-
trolyte.

RESULTS AND DISCUSSION

Structural and Morphological Characterization of
TADA-HCPs
FTIR,  solid-state 13C-NMR  and  XPS  spectra  were  performed  to
confirm the  successful  hypercrosslinking reaction between the
TANI and DAQ via methylene (―CH2―) bridges. Fig. 1(b) shows
the  FTIR  spectra  of  TANI,  DAQ,  and  TADA-HCPs.  The  observed
two  new  distinct  bands  at  2927  and  2860  cm−1 in  the  TADA-
HCPs  are  attributed  to  the  asymmetric  and  symmetric  stretch-
ing  vibrations  in ―CH2― groups,  respectively,  indicating  suc-
cessful  crosslinking  reaction  of  TANI  and  DAQ  with  di-
iodomethane.[24] The  observed  sharp  absorption  band  at  1665
cm−1 of  TADA-HCPs  is  originates  from  the  C＝O  stretching  vi-
bration  of  the  AQ  units  in  DAQ.[25] The  1580  and  1500  cm−1

bands correspond to the C＝C skeletal vibrations in quinoid and
benzenoid rings of TANI, respectively.[26] It can be seen that with
the  increasing  DAQ  content,  the  quinoid  peak  intensity  be-
comes progressively stronger, as well as the intensity of ―NH―
characteristic  bond located at  3350 cm−1,  indicating successful
incorporation of AQ units. In the solid-state 13C-NMR profiles of
the TADA-HCPs (Fig. 1c), a characteristic peak at δ=181 ppm was
assigned to the carbonyl carbon (C＝O) in the AQ moieties, con-
firming  that  DAQ  units  are  integrated  into  the  polymer  back-
bone.[27] With  increasing  DAQ  content  from  TADA21-HCP  to
TADA12-HCP, this C＝O resonance showed an enhanced inten-
sity  together  with  a  slight  downfield  shift,  which  is  consistent
with the higher concentration of  carbonyl  groups and a modi-
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fied local electronic environment of the carbonyl carbons. Such
a  shift  may  be  associated  with  stronger  electronic  interactions
within  the  polymer  framework  induced  by  the  increased  DAQ
fraction.[28] The broad and intense signal observed in the range
of δ=30−50 ppm  corresponds  to  the  carbon  atoms  of
―CH2―.[29,30] In  addition,  a  set  of  overlapping  signals  over
δ=100−165  ppm  arises  from  all  aromatic  carbons  in  the  TANI
and  AQ  units,  including  benzenoid  and  quinoid  rings.[26,27,31]

XPS analysis further corroborates the chemical structure from a
surface-sensitive  perspective.  In  the  C  1s  spectra,  the  peak  in-
tensity at 287.0 eV, corresponding to the C＝O group, increases
with  the  nominal  DAQ  content  (Fig.  1d).[25] The  relative  peak
area  of  C＝O  rises  from  11%  for  TADA21-HCP  to  13%  for
TADA11-HCP  and  further  to  16%  for  TADA12-HCP.  In  the  N  1s
spectra,  a  relative area of  a  distinct  peak observed at  400.8 eV,
corresponding  to  nitrogen  atoms  covalently  bonded  to  three
carbon atoms (N―C3),  is  18%, 19%, and 17% for TADA21-HCP,
TADA11-HCP,  and  TADA12-HCP,  respectively  (Fig.  1e).[14] The
highest  N―C3 contribution  in  TADA11  indicates  a  higher
crosslinking density in this sample. XRD patterns of TADA-HCPs
display broad diffraction peaks around 2θ≈18°−25°, rather than
sharp  crystalline  peaks,  which  are  characteristic  of  amorphous
materials  and  consistent  with  the  expected  structure  of  irre-
versibly formed hypercrosslinked polymers (Fig.  S2 in the elec-
tronic supplementary information,  ESI).  Subtle variations in the
diffraction  features  suggest  changes  in  molecular  packing  in-
duced by increasing DAQ content in the TADA-HCPs.[32]

Fig.  1(f)  shows  the  nitrogen  adsorption-desorption
isotherm,  in  which  TADA21-HCP  and  TADA11-HCP  exhibit
typical  Type II  characteristics,  indicating  multilayer  adsorp-
tion  and  reflecting  a  moderate  level  of  porosity.  In  contrast,
TADA12-HCP displays  a  distinct  Type IV  profile  accompanied
by a pronounced H3-type hysteresis loop. This behavior con-
firms  the  presence  of  a  well-developed  mesoporous  struc-
ture, where the pores are likely derived from slit-shaped inter-
particle voids generated by nanoparticle stacking.[33] The cal-
culated SBETs of TADA21-HCP, TADA11-HCP, and TADA12-HCP
are  110,  114,  and  131  m2·g−1,  respectively.  Further  non-local
density functional theory (NLDFT) analysis of pore-size distri-
bution (Fig. 1g) indicates that TADA21-HCP and TADA11-HCP
have  micropores  around  1.6  nm  and  mesopores  between  2
and  20  nm.  This  indicates  a  hierarchical  micro-/mesoporous
architecture.  In  contrast,  TADA12-HCP  exhibits  a  mesopore-
dominated structure with a main pore-size maximum around
3.7 nm, while retaining a distinct micropore contribution near
1.7  nm.  As  the  SEM  images  shown  in  Fig.  S3  (in  ESI),  TADA-
HCPs  shows  the  morphology  of  aggregated  nanoparticles.
The stacking of  these nanoparticles  may lead to large meso-
pores  formation.[22] To  further  clarify  the  influence  of
crosslinking degree on the pore structure, the total pore vol-
ume and micropore fraction were compared (Table S1 in ESI).
Although TADA12-HCP exhibits the highest SBET, it shows the
lowest micropore volume ratio (0.011 cm3·g−1,  4.7%), indicat-
ing  that  its  surface  area  mainly  originates  from  mesopores
formed by interparticle  stacking (H3-type hysteresis).  In  con-
trast,  TADA11-HCP with the highest crosslinking degree pos-
sesses  the  largest  micropore  fraction  (0.021  cm3·g−1,  7.2%),
suggesting  a  more  rigid  and  densely  crosslinked  network
with intrinsically generated micropores, which is beneficial for

exposing  redox-active  sites  and  facilitating  efficient  charge
storage.  As  shown  in  the  TGA  curves  in  Fig.  S4  (in  ESI),  the
TANI  and  TADA-HCPs  exhibited  distinct  thermal  decomposi-
tion  behaviors  reflecting  their  different  molecular  architec-
tures. For TANI, a gradual weight loss occurred in the range of
approximately 180−300 °C, which can be attributed to the de-
composition  of  residual  dopants,  terminal  oligomeric  seg-
ments,  and  relatively  unstable  conjugated  units.  The  subse-
quent major weight loss starting near about 300 °C is mainly
associated with the thermal degradation of the aromatic ani-
line  backbone,  accompanied  by  partial  carbonization.[34] In
contrast, all TADA-HCPs display a clearly delayed decomposi-
tion  profile.  A  minor  weight  loss  below  about  100  °C  arises
from  physically  adsorbed  moisture,  while  the  gradual  mass
loss at around 200−336 °C is attributed to the release of resid-
ual  solvent  molecules  trapped  within  the  rigid  porous  net-
work. The primary decomposition stage beginning at around
336  °C  corresponds  to  the  cleavage  of  methylene  (―CH2―)
crosslinking  bridges  together  with  the  degradation  of  the
aromatic  framework,  followed  by  carbonization.[24,35] The  re-
sults  showed  that  the  hypercrosslinked  structure  greatly  im-
proved the thermal  stability  of  the  materials.  Among the se-
ries, TADA11-HCP showed particularly good thermal stability,
retaining  a  high  char  yield  of  approximately  45%  at  800  °C,
which further indicated the superior structural integrity of its
highly crosslinked network.

Electrochemical Testing
The  electrochemical  properties  of  the  TANI  and  TADA-HCPs
were  systematically  evaluated  within  a  three-electrode  setup
employing  1.0  mol·L−1 H2SO4 as  the  electrolyte.  CV  measure-
ments  were  first  conducted  at  a  scanning  rate  of  5−50  mV·s−1

(Fig.  2e,  and Fig.  S5 in ESI). Fig.  2(a)  displays the representative
CV profiles of all materials at 20 mV·s−1 within a 0−0.9 V window
(versus Ag/AgCl). As observed, all the TADA-HCP electrodes ex-
hibited  two  distinct  oxidation  peaks  (denoted  as  O1  and  O2)
and two reduction peaks  (R1 and R2)  within  the tested poten-
tial  window,  indicating  the  involvement  of  multiple  reversible
Faradaic  redox  processes.  These  redox  features  were  primarily
due to the redox-active ―N＝ moieties of  TANI and the C＝O
functional groups of the AQ units, highlighting the pronounced
pseudocapacitive  characteristics  of  the  TADA-HCP
electrodes.[26,36] Notably,  the  CV  curves  deviate  significantly
from  the  ideal  rectangular  shape  seen  in  electric  double-layer
capacitors,  suggesting that charge storage is  mainly controlled
by  reversible  Faradaic  reactions  rather  than  pure  electrostatic
adsorption. Moreover, a comparison of the integrated CV areas
revealed  that  TADA11-HCP  encloses  a  substantially  larger  area
than pristine TANI and the other TADA-HCP samples, indicating
its superior charge-storage capability and the highest initial spe-
cific  capacitance.[37] The  capacitive  properties  were  further
quantified by GCD measurements within the same voltage win-
dow  at  1  A·g−1 to  10  A·g−1 (Fig.  S6  in  ESI).  The  GCD  profile  of
TADA11-HCP  displays  excellent  symmetry  and  a  pronounced
discharge  plateau,  confirming  its  dominant  pseudocapacitive
character  and  high  electrochemical  reversibility.[38] Fig. 2(b)
summarizes the specific capacitance of all  materials versus cur-
rent density. TADA11-HCP delivers the maximum capacitance of
700 F·g−1 at a rate of 1 A·g−1, corresponding to its greatest cyclic
voltammetry area under the curve. Even at 10 A·g−1, it retains a
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Fig. 1    (a) Synthesis routes to TADA-HCPs; (b) FTIR spectra of TANI and TADA-HCPs; (c) 13C TADA-HCPs NMR spectra; (d) C 1s XPS spectra of TADA-
HCPs; (e) N 1s XPS spectra of TADA-HCPs; (f) N2 adsorption-desorption isotherms of TADA-HCPs; (g) Pore size distributions for TADA-HCP.
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capacitance of about 454 F·g−1,  corresponding to a capacity re-
tention  of  about  65%  and  outperforming  all  other  samples,
demonstrating  its  better  rate  capability.  EIS  was  conducted  to
investigate  the  kinetics  and  interfacial  behavior, Fig.  2(c)
presents  the  Nyquist  plots  along  with  their  corresponding
equivalent-circuit fits. All electrodes show a small high-frequen-
cy intercept with the real axis, reflecting low solution resistance
and  good  electrical  contact.[37,39] The  fitted  charge-transfer  re-
sistance (Rct) values are 0.74 Ω (TADA21-HCP), 0.57 Ω (TADA11-
HCP),  and 1.3 Ω (TADA12-HCP).  The lowest Rct of  TADA11-HCP
signifies  the  most  rapid  faradaic  kinetics  at  the  electrode/elec-
trolyte  interface,  consistent  with its  excellent  pseudocapacitive
performance  in  CV  and  GCD  tests.  Furthermore,  the  steepest

low-frequency  slope  in  the  Nyquist  plot  for  TADA11-HCP  re-
flects more ideal  capacitive characteristics and efficient ion-dif-
fusion  dynamics,  which  is  largely  due  to  its  hierarchical  micro-
/mesoporous  architecture,  where  micropores  provide  abun-
dant  electroactive  sites  and  interconnected  mesopores  facili-
tate  rapid  ion transport.[40] The kinetic  behavior  can be further
rationalized by the intrinsic electronic structure of the materials,
as reflected in their optical band gaps (Eg). Tauc-plot analysis of
UV-Vis spectra under acidic conditions yields Eg values of 1.06 eV
(TANI),  1.32 eV (TADA21-HCP),  1.26 eV (TADA11-HCP),  and 1.47
eV (TADA12-HCP) (Figs. S7 and S8 in ESI).  The relatively narrow
band gap of TADA11-HCP (1.26 eV) indicates enhanced intrinsic
conductivity,  which  aligns  with  its  record-low  charge-transfer
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resistance (0.75 Ω) and better rate performance, confirming a fa-
vorable  electronic  structure  for  fast  charge  kinetics.[41] Cycling
performance  was  assessed  across  10000  cycles  at  2  A·g−1 (Fig.
2d). TADA11-HCP exhibits outstanding durability, retaining 91%
of  its  initial  capacitance  after  the  cycling  test,  which  under-
scores  the  robustness  of  its  hypercrosslinked  network.  In  con-
trast, TANI retains only 33% of its capacitance after 10000 cycles,
highlighting the superior cycling stability of TADA11-HCP com-
pared to  TANI.  As  shown in  Fig.  S9  (in  ESI),  the  TANI  electrode
undergoes pronounced morphological collapse after long-term
cycling,  whereas  the  overall  porous  morphology  of  TADA11-
HCP is well preserved (Fig. S10 in ESI). Moreover, the nearly un-
changed FTIR  spectra  of  TADA11-HCP before  and after  cycling
(Fig. S11 in ESI) indicate excellent chemical stability of the redox-
active framework during repeated charge-discharge processes,
collectively accounting for its superior cycling durability.

To  delve  deeper  into  the  storage process  of  charge in  the
TADA11-HCP  electrode,  we  employed  the  Dunn  method  to
quantitatively  analyze  its  electrochemical  kinetic  behavior  at
different scan rates. By plotting log (peak currents) versus log
(scan  rate)  for  both  anodic  and  cathodic  processes  (Fig.  2f),

the calculated b values ranged between 0.5 and 1.0.  This  re-
sult indicates that charge storage in TADA11-HCP is a mixed-
control  process,  simultaneously  involving  surface-controlled
pseudocapacitive  behavior  (b=1)  and  diffusion-controlled
Faradaic  processes  (b=0.5).  To  further  quantify  the  contribu-
tion  ratio  of  these  two  mechanisms,  we  analyzed  and  calcu-
lated the CV curves at  different  scan rates.  As shown in Figs.
2(g) and 2(h), increasing the scanning speed from 5 mV·s−1 to
50 mV·s−1 significantly elevated the pseudocapacitive contri-
bution  from  49%  to  76%  of  the  total  capacitance.[42] This
trend  clearly  reveals  TADA11-HCP’s  dual  charge  storage  dy-
namics:  at  low scan rates,  ions have adequate time for  diffu-
sion into the electrode material, resulting in relatively promi-
nent diffusion-controlled Faradaic redox reactions. Converse-
ly,  at  high  scan  rates,  ions  predominantly  undergo  rapid
Faradaic  reactions with the electrode surface or  near-surface
regions,  making  surface-controlled  pseudocapacitive  behav-
ior  dominant.[43] Consequently,  the  surface-controlled  pseu-
docapacitive  behavior  ensures  rapid  charge-discharge  capa-
bility and excellent rate performance, while the diffusion-con-
trolled  bulk  redox  processes  contribute  to  the  high  specific
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Fig.  2    (a)  CV  curves  of  TANI  and  TADA-HCPs  at  50  mV·s−1;  (b)  Evolution  of  the  specific  capacitance  for  TANI  and  TADA-HCPs  measured  across
current densities of 1−10 A·g−1;  (c) Nyquist plots of the TADA-HCPs with fitting curves based on the R[C(RW)][C(RW)] equivalent circuit model; (d)
Cycling  stability  and  Coulombic  efficiency  of  TANI  and  TADA-HCPs  electrode  over  10000  cycles  at  2  A·g−1;  (e)  CV  curves  of  TADA11-HCP  within
scanning speeds of  5−50 mV·s−1;  (f)  Correlation of  log (peak current)  with lg(scan rate)  and corresponding best-fit  line;  (g)  Separation analysis  of
capacitive and diffusion-controlled contributions to total charge storage of TADA11-HCP at 50 mV·s−1;  (h) Relative contributions of capacitive and
diffusion-limited  processes  in  TADA11-HCP  at  different  scan  rates,  determined via Dunn’s  method;  (i)  Specific  capacitance  versus  capacitance
retention  for  TADA11-HCP  and  representative  electrode  materials  reported  in  recent  literature.  Detailed  electrochemical  testing  conditions,
including electrolytes, current densities, and cycling numbers, are summarized in Table S1 (in ESI).

2218 Gong, X. Q. et al. / Chinese J. Polym. Sci. 2026, 44, 2212–2225  

 
https://doi.org/10.1007/s10118-026-3623-8

 

https://doi.org/10.1007/s10118-026-3623-8
https://doi.org/10.1007/s10118-026-3623-8
https://doi.org/10.1007/s10118-026-3623-8
https://doi.org/10.1007/s10118-026-3623-8
https://doi.org/10.1007/s10118-026-3623-8
https://doi.org/10.1007/s10118-026-3623-8
https://doi.org/10.1007/s10118-026-3623-8


capacitance of the electrode.[44] The synergistic interaction of
these  two  mechanisms  is  key  to  achieving  its  high  perfor-
mance.  To  objectively  assess  the  electrochemical  perfor-
mance  of  TADA11-HCP’s  supercapacitor  electrode  capabili-
ties, its specific capacitance and cycling stability were evaluat-
ed in  comparison to those of  recently  reported materials.  As
shown in Fig. 2(i) and Table S1 (in ESI),  TADA11-HCP demon-
strates a competitive balance between a high specific capaci-
tance and excellent cycling stability among the reported sys-
tems.[12−14,21−23,26,36,45−51]

To  clarify  how  TADA11-HCP  can  undergo  redox  reactions
that  can  be  reversed  and  to  understand  its  energy  storage
process throughout the charging and discharging cycles,  we
used ex  situ FTIR  to  track  the  changes  in  its  structure  in  re-
sponse  to  various  applied  voltages.[37,52] The  representative
charge-discharge profile  at  0.1  A·g−1 is  shown in Fig.  3(a).  As
shown  in Fig.  3(b)  and  Fig.  S12  (in  ESI),  the  intensity  of  the
band  at  1665  cm−1 attributed  to  C＝O  stretching  vibrations
gradually  decreased  during  discharge  and  recovered  during
subsequent  charging,  indicating  that  the  carbonyl  group  in
the  AQ  unit  participated  in  reversible  electrochemical  reac-
tions.  Further  semi-quantitative  analysis  of  characteristic  ab-
sorption peaks from the quinone and benzene rings revealed
that  the  ratio  of  their  integrated  peak  areas  decreased  from
1.44 to 0.90 during discharge and recovered to 1.29 after full
discharge.  This  pattern  indicates  that  part  of  the  quinone
structure  was  reduced  to  the  benzene  structure  during  dis-
charge,  with  a  reversible  transformation  occurring  during
charging.  This  behavior  aligns  with  the typical  quinone-ben-
zene  redox  conversion  mechanism  observed  in  TANI.[53]

Based  on  these  results,  it  can  be  concluded  that  there  is  a
possible charge storage mechanism, in which the ―N＝ and
C＝O  groups  are  the  active  sites.  This  mechanism  not  only
preserves  the  inherent  redox  properties  of  TANI  but  also  in-
troduces additional Faradaic active sites through the incorpo-
ration  of  C＝O  functional  groups,  thereby  significantly  en-
hancing  the  pseudocapacitive  performance  of  the  material.
Moreover,  the  hierarchical  pore  architecture  of  TADA11-HCP
further  amplified  the  utilization  efficiency  of  these  redox-
active  sites.  The  coexistence  of  micropores  centered  at  ap-
proximately  1.6  nm  and  mesopores  spanning  2−20  nm  not
only  maximizes  the  exposure  of  electrochemically  active
―N＝ and C＝O groups, but also facilitates rapid electrolyte
infiltration  and  ion  transport  throughout  the  three-dimen-
sional  framework.  In  this  configuration,  micropores  provide
abundant  accessible  redox  sites  for  Faradaic  charge  storage,
while mesopores act as ion-buffering reservoirs and diffusion
pathways,  effectively  alleviating  mass-transport  limitations
during fast charge-discharge processes.

On  this  basis,  the  high  capacitance  of  TADA-HCPs  can  be
rationalized  as  follows.  From  a  kinetic  perspective,  the  high
capacitance of TADA11-HCP was primarily governed by pseu-
docapacitive  charge  storage  rather  than  diffusion-limited
electric  double-layer  processes.  As  evidenced  by  the  kinetic
analysis  derived  from  CV  measurements  (Figs.  2f−2h),  the
charge  storage  exhibited  predominantly  surface-controlled
behavior, indicating that rapid Faradaic reactions occurring at
or near the electrode surface play a dominant role.[43] In such
systems, the overall  capacitance is  mainly dictated by the ki-

netics of redox reactions and the accessibility of electrochem-
ically  active  sites,  instead  of  the  total  surface  area  measured
under  N2 adsorption  conditions.[44,54] From  a  mechanistic
viewpoint,  the  pseudocapacitive  response  originates  from
the  reversible  redox  reactions  of  molecularly  integrated
―N＝ and  C＝O  groups,  as  confirmed  by  the ex  situ FTIR
analysis. The reversible intensity changes of the C＝O stretch-
ing  vibration  and  the  quinone/benzene  conversion  during
charge-discharge  processes  directly  demonstrate  that  these
redox-active moieties participate in fast and highly reversible
Faradaic  reactions.  Importantly,  these  active  sites  are  uni-
formly  embedded  within  the  polymer  backbone,  enabling
short  electron-transport  pathways and a high utilization effi-
ciency of the available redox centers, even without relying on
extremely high specific surface area. Furthermore, the hierar-
chical  micro-/mesoporous architecture of  TADA11-HCP plays
a crucial synergistic role in translating these molecular redox
reactions  into  high  practical  capacitance.  Micropores  maxi-
mize  the  exposure  of  redox-active ―N＝ and  C＝O  groups,
while  mesopores  and interparticle  voids  facilitate  rapid  elec-
trolyte  infiltration  and  ion  transport,  thereby  minimizing
mass-transport  resistance  and  sustaining  fast  pseudocapaci-
tive  kinetics  during  high-rate  charge-discharge  processes.[55]

Therefore, the high capacitance of the TADA-HCPs originates
from the synergistic  combination of  pseudocapacitive-domi-
nated  fast  surface  redox  kinetics,  the  efficient  utilization  of
abundant redox-active sites, and a favorable hierarchical pore
structure.

To assess the practical application potential of the TADA11-
HCP electrode material, a symmetric supercapacitor (TADA11-
HCP||TADA11-HCP)  was  assembled  using  TADA11-HCP  for
both  electrodes,  employing  1  mol·L−1 H2SO4 aqueous  solu-
tion as  the electrolyte.  The CV curves  of  this  SSC exhibit  dis-
tinct  redox peaks  and partial  rectangular  features  within  the
possible voltage spectrum of −0.9 V to 0.9 V and −1.8 V to 1.8
V, indicating that its charge storage mechanism involves con-
tributions from both Faraday pseudocapacitance and double-
layer  capacitance  (Fig.  S9a  in  ESI).  When  the  operating  volt-
age extends beyond 1.5 V, slight oxygen evolution due to wa-
ter splitting can be observed. Fig. S9(b) (in ESI) shows the de-
vice’s  GCD  profiles  measured  at  1  A·g−1.  The  GCD  curve  ex-
hibits  distinct  charge-discharge  plateaus,  further  corroborat-
ing  its  pseudocapacitive  behavior.  As  the  voltage  window
broadeneds,  the  IR  drop  became  progressively  more  pro-
nounced.  When  operating  at  1.2  V,  the  GCD  curve  exhibited
an  approximately  symmetrical  triangular  shape,  indicating
highly  reversible  electrochemical  reaction  characteristics.
Based on these results,  we selected the optimized operating
window of −1.2 V to 1.2 V for further investigation of the de-
vice’s  electrochemical  performance.  As  shown  in  Fig.  S10(a)
(in  ESI),  increasing  the  sweep  speed  between  10−50  mV·s−1

maintained  excellent  shape  stability  in  the  CV  profiles,  with
redox peaks and double-layer  features remaining clearly  dis-
tinguishable.  GCD  curves  exhibited  symmetrical  shapes
across  different  current  densities  without  noticeable  voltage
drops (Fig. S10b in ESI), indicating low internal resistance and
favorable rate performance.

To  expand  the  application  scope  of  the  device  and  en-
hance  its  safety,  we  further  assembled  a  quasi-solid-state
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symmetric  supercapacitor  (TADA11-HCP||TADA11-HCP)  us-

ing  a  PVA/H2SO4 gel  electrolyte. Figs.  4(a)  and  4(b)  present

the CV and GCD profiles of the device across various voltage

windows. As observed in Fig. 4(a), the CV curves display typi-

cal pseudocapacitive behavior, featuring distinct redox peaks.

A noticeable oxygen evolution reaction peak appeared when

the  potential  reaches  1.2  V,  indicating  the  onset  of  oxygen

evolution at this voltage. Such behavior has been commonly

reported in PVA-based gel electrolytes and is generally associ-

ated  with  polymer–electrolyte  interactions  that  regulate  the
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kinetics  and  apparent  onset  of  water-related  side
reactions.[56,57] Fig. 4(b) shows the GCD curves, which display
almost  symmetric  triangular  shapes,  suggesting  rapid
charge/discharge responses and low internal resistance. Con-
sidering the oxygen evolution at higher potentials,  a voltage
window from −1.0 V to 1.0 V was selected for further investi-
gation  to  avoid  oxygen  evolution  and  explore  the  electro-

chemical  behavior of  the quasi-solid-state SSC. Figs.  4(c)  and
4(d)  present  the  CV  curves  from  10  mV·s−1 to  50  mV·s−1 and
the GCD profiles  between 1  and 10  A·g−1,  respectively.  As  il-
lustrated in Fig. 4(c),  the CV profiles maintained a quasi-sym-
metric  shape  across  the  entire  sweep  speed  range  from  10
mV·s−1 to 50 mV·s−1, suggesting fast electrode kinetics and ex-
cellent  electrochemical  reversibility.  Based  on  the  GCD  data
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shown  in Fig.  4(d),  the  quasi-solid-state  symmetric  superca-
pacitor  exhibits  278.4  F·g−1 specific  capacitance  when  mea-
sured at  1  A·g−1 and it  still  maintains  a  57% capacitance rat-
ing  even  when  subjected  to  a  substantial  current  density  of
10 A·g−1 (Fig.  S11 in  ESI),  demonstrating exceptional  rate ca-
pability  and  good  power  output  performance.  To  further
evaluate the energy storage characteristics of the quasi-solid-
state  device,  we  calculated  its  energy  and  power  densities
from the GCD data. The device achieves a 38.7 Wh·kg−1 ener-
gy  density  and  a  power  density  of  500.43  W·kg−1 at  1  A·g−1.
When cranking up the current density to 10 A·g−1, the power
density significantly rises to 4996.20 W·kg−1, while the energy
density remains at 21.9 Wh·kg−1 (Table S2 in ESI). This energy-
power relationship indicates that the quasi-solid-state super-
capacitor  is  capable  of  maintaining  effective  energy  output
over a wide power range, demonstrating excellent overall en-
ergy storage performance. To objectively evaluate the overall
energy-storage performance,  a Ragone plot was constructed
for  the  TADA11-HCP-based  quasi-solid-state  SSC  and  com-
pared  with  the  recently  reported  SSC.  As  shown  in Fig.
4(e),[22,26,58−66] the data points of the present device fall with-
in the region characteristic of high-performance supercapaci-
tors,  exhibiting  competitive  values  in  both  energy  density
and power  density.  This  comparison further  confirms the re-
markable capability of the device to balance high-energy out-
put with high-power delivery. As shown in Fig. 3(f) and Video
S1  (in  ESI),  by  connecting  multiple  devices  in  series,  we  suc-
cessfully illuminated a row of yellow LEDs, providing intuitive
evidence for the practical potential of TADA11-HCP-based su-
percapacitors in flexible electronic devices.

CONCLUSIONS

In  this  study,  a  series  of  hyper-crosslinked  polymers  (TADA-
HCPs) based on TANI and DAQ were successfully designed and
synthesized. Through molecular structure regulation and hyper-
crosslinking  reactions,  a  pseudocapacitive  electrode  material
was  constructed  that  combines  high  specific  capacitance  with
excellent  cycling  stability.  Systematic  characterization  con-
firmed that TADA-HCPs successfully integrated TANI’s redox ac-
tivity,  additional  quinone  active  sites  provided  by  DAQ,  and
high porosity derived from hypercrosslinked structures, achiev-
ing  synergistic  optimization  of  structure  and  function  at  the
molecular  level.  Electrochemical  performance  tests  indicated
that  the  TADA11-HCP  material  exhibited  optimal  comprehen-
sive  properties,  with  an  impressive  specific  capacitance  of  700
F·g−1 at 1 A·g−1, coupled with capacitance retention rate as high
as  91%  after  1×104 cycles  at  2  A·g−1.  Conversely,  the  pristine
TANI  electrode  maintains  only  33%  of  its  original  capacitance
under  the  same  cycling  conditions.  This  good  performance
stems from its balanced electronic structure, well-developed mi-
cro-/mesoporous composite  porouse network,  and low charge
transfer  resistance.  Kinetic  analysis  indicated  that  the  excellent
electrochemical  performance  of  TADA11-HCP  originates  from
the synergistic contribution of electric double-layer capacitance
and fast pseudocapacitive Faradaic reactions enabled by its hi-
erarchical  porous  architecture  and  redox-active  functional
groups. Furthermore, a quasi-solid-state SSC was fabricated us-
ing the TADA11-HCP electrodes and PVA/H2SO4 gel electrolyte.
The quasi-solid-state SSC delivers 278.4 F·g−1 at 1 A·g−1 and re-

tained approximately 57% of its initial capacity at a high current
density  of  10  A·g−1.  It  achieved  an  energy  density  of  38.7
Wh·kg−1 at  a  power  density  of  500.43  W·kg−1,  demonstrating
good rate capability and effective energy output across a wide
power  range.  In  addition,  several  LEDs  have  been  successfully
powered  by  multiple  devices  connected  in  series,  clearly
demonstrating their practical potential in flexible electronic sys-
tems. This work gives insights into the design of porous materi-
als for high performance, long-life supercapacitor electrode ma-
terials.
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and long-life supercapacitors by constructing a hierarchi-
cal  porous  architecture  with  high-density  redox-active
sites.
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