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Abstract

Hierarchically porous polyaniline (PANI) was synthesized by oxidative copolymerization
of tetrakis(4-aminophenyl)methane (TA) and aniline. Mixing TA with ammonium persul-
fate (APS) followed by aniline addition generated both tetra-arm star-shaped and linear
PANIs; their insolubility in the reaction medium led to aggregation into solid precipitates.
During assembly, linear PANI formed nanofibers, while star-shaped PANI created short
branches on the nanofiber surfaces. The TA molar fraction in the feed governed morphology
and properties: higher TA increased specific surface area and the mesopore fraction but
decreased electrical conductivity. Balancing this porosity–conductivity trade-off identified
PANI (TA 3%) as optimal, exhibiting the highest CV current response with pseudocapaci-
tive profiles, with a specific capacitance of 556 F g−1 versus 380 F g−1 for pristine PANI.
Device-level galvanostatic charge–discharge yielded 239 F g−1 at 0.1 A g−1 (vs. 199 F g−1),
while high-rate performance was limited by conductivity. These results show that intro-
ducing a small comonomer fraction to promote star-chain growth can produce hierarchical
porosity and enhance pseudocapacitive behavior; further conductivity enhancement is
expected to improve high-rate capacitance.

Keywords: polyaniline; hierarchical porosity; supercapacitor; oxidative polymerization;
conducting polymers

1. Introduction
Supercapacitors, particularly pseudocapacitors, store energy through rapid and

reversible faradaic reactions, which enable them to achieve high power density and
exceptional cycle life. Among various pseudocapacitive materials, conducting poly-
mers (CPs) such as polyaniline (PANI) [1–3], polypyrrole (PPy) [4–6], and poly(3,4-
ethylenedioxythiophene) (PEDOT) [7–9] have been extensively explored due to their intrin-
sic electronic conductivity, mechanical flexibility, and multiple redox-active states. Their
faradaic behavior allows for significantly higher specific capacitance than electric double-
layer capacitors (EDLCs), positioning CPs as attractive candidates for next-generation
energy storage systems [10].

Despite their promising redox properties, the electrochemical performance of conduct-
ing polymer-based electrodes cannot be predicted based solely on their electronic transport
characteristics. Instead, it is critically governed by ion accessibility to electroactive sites,
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which is intrinsically linked to the specific surface area and internal pore architecture. To ad-
dress this, hierarchical pore structures have emerged as an effective design strate y [11–13].
In these systems, micropores provide charge storage sites, while macropores act as transport
highways for ion diffusion, effectively minimizing resistance and enhancing rate capability.

Traditional methods for adding porosity to conducting polymers—like template-
directed synthesis [14], surfactant-assisted assembly [15], and interfacial polymeriza-
tion [16]—produce nanostructured materials that enhance surface area and ion transport.
However, each has drawbacks: template synthesis requires extra steps for template removal,
risking residue; surfactant methods can leave behind surfactants that reduce conductivity
and stability; and interfacial polymerization is limited by interfacial stability, affecting
reproducibility and scalability. Overall, these methods rarely modify the actual polymer
growth mechanism, limiting molecular-level control over porosity and redox site accessi-
bility. Therefore, there is a growing interest in approaches that enable precise tuning of
polymer architectures to overcome these limitations.

Here, we present a synthetic approach wherein a comonomer capable of generating
star-shaped conducting polymer chains is copolymerized with a conventional monomer
that forms linear polymer chains. Specifically, tetrakis(4-aminophenyl) methane (TA) is
copolymerized with aniline to produce hierarchically porous polyaniline (PANI). This
methodology induces competitive propagation between linear and star-shaped polymer
chains in the polymerization solution. The distinct aggregation behaviors of linear and
star polymer chains lead to hierarchically porous PANI structures, whose properties are
adjustable through comonomer composition.

While the incorporation of rigid TA units within PANI chains may reduce crystallinity
and affect conductivity, an optimal TA content balances ion accessibility and electronic
percolation. Notably, the PANI (TA 3%) composition shows enhanced capacitive perfor-
mance, delivering a specific capacitance of 239 F g−1 at 0.1 A g−1. Unlike conventional
strategies that rely on post-synthetic structuring, this template-free polymerization route
offers intrinsic control over macromolecular architecture, enabling scalable synthesis of
hierarchically porous conducting polymers with tunable pseudocapacitive properties.

The results of this study show that copolymerizing conventional monomers for con-
jugated/conducting polymers with a star-shaped comonomer modulates chain aggrega-
tion, producing new nanostructures without surfactants or templates. This comonomer-
programmed, template-free route provides intrinsic control over chain topology and ag-
gregate assembly, improving process simplicity, reproducibility, and scalability. By tuning
composition, the strategy co-optimizes nanoscale architecture and electrochemical proper-
ties and is readily generalizable to other conducting polymers through judicious selection
of star-initiating comonomers.

2. Materials and Methods
2.1. Materials

Aniline (≥99%, Sigma-Aldrich, St. Louis, MO, USA) was distilled under reduced
pressure prior to use. Tetrakis(4-aminophenyl) methane (TA) was synthesized in our
laboratory following a previously reported procedure. Ammonium persulfate (APS, ≥98%,
TCI Chemicals, Tokyo, Japan) was used as received. Concentrated hydrochloric acid (36.5%,
Sigma-Aldrich, St. Louis, MO, USA) was diluted with deionized water to obtain a 1 M HCl
solution. N,N-Dimethylformamide (DMF, ≥99%, Sigma-Aldrich, St. Louis, MO, USA) was
obtained anhydrous from a column-based solvent purification system.
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2.2. Synthesis of PANI

Aniline (0.365 mL, 4 mmol) was dissolved in 1 M HCl (200 mL) in a 500 mL round-
bottom flask and cooled in an ice bath (0–5 ◦C) under continuous stirring (340 rpm). In a
separate vessel, ammonium persulfate (APS, 1.14 g, 5 mmol; 1.25 equiv relative to aniline)
was dissolved in 1 M HCl (200 mL) and pre-cooled to 0–5 ◦C. The APS solution was added
dropwise to the aniline (in 1 M HCl) while maintaining 0–5 ◦C, and the reaction was
allowed to proceed for 24 h. The resulting dark-green precipitate was collected by vacuum
filtration, washed thoroughly with methanol and deionized water until the filtrate was
colorless, and dried in a vacuum oven at 60 ◦C for 24 h to afford pristine PANI powder.

2.3. Synthesis of PANI (TA x%)

In a typical synthesis, ammonium persulfate (APS, 1.14 g), totaling 5 mmol, 1.25 equiv.
with respect to the total moles of aniline and TA, was dissolved in 200 mL of 1 M HCl in a
500 mL round-bottom flask equipped with mechanical stirring and placed in an ice bath
(0–5 ◦C). Tetrakis (4-aminophenyl) methane (TA, x mol% relative to aniline, corresponding
weight) was dissolved in 1 mL of DMF and added to the APS/HCl solution under stirring.
The initially clear solution gradually turned yellow within 30 min, indicating the formation
of TA radical cations.

Separately, aniline (0.365 mL, 4 mmol) was dissolved in 200 mL of 1 M HCl to prepare
a stock solution. This aniline solution was introduced dropwise into the TA cation radical
solution using a separatory funnel under continuous stirring at 340 rpm, while maintaining
the reaction temperature at 0–5 ◦C. The polymerization was allowed to proceed for 24 h
under these conditions. After completion, the resulting precipitate was collected by vacuum
filtration, washed repeatedly with methanol and deionized water until the filtrate became
colorless, and dried in a vacuum oven at 60 ◦C for 24 h. A dark-blue powder was obtained,
which appeared slightly deeper in color compared to conventional polyaniline synthesized
under identical conditions.

2.4. Electrode Ink Preparation

The electrode ink was prepared by dispersing the active material (0.0085 g), carbon
black (0.0015 g), and Nafion solution (10 wt%, 22.8 µL) in ethanol (2.0 mL). The mixture
was sonicated to obtain a homogeneous suspension. A 15 µL aliquot of the ink was drop-
cast onto a glassy carbon disk working electrode (GCE) and dried at room temperature.
The mass loading of active material was calculated from the ink composition and the
deposited volume.

2.5. Electrode Preparation for Capacitance Measurement

Circular carbon paper disks were used as current collectors/substrates. The carbon
paper was first treated with concentrated H2SO4 to enhance wettability, thoroughly rinsed
with deionized water, and dried. An electrode ink was prepared by dispersing 0.01 g of
PANI (TA 3%) in 1 mL of ethanol with 22.4 µL Nafion (10 wt%). A defined volume of the
ink was drop-cast onto the carbon paper disk and dried at room temperature to obtain the
target mass loading of active material. Two-electrode Swagelok-type cells were assembled
using stainless-steel pistons/current collectors, a paper separator, and 1 M H2SO4 aqueous
electrolyte. Ink-coated carbon paper disks served as electrodes (disk geometry).

2.6. Characterization

Morphologies of the samples were examined using a field-emission scanning electron
microscope (FE-SEM, Hitachi S-4700, Tokyo, Japan) operated at an accelerating voltage of
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10 kV. Prior to measurement, all samples were coated with a thin platinum layer using a low-
vacuum sputter coater (45 s) to improve conductivity and prevent charging during imaging.

UV–Vis absorption spectra were recorded using a spectrophotometer (Lambda 20,
PerkinElmer, Shelton, CT, USA). For monitoring the early-stage polymerization pro-
cess, aliquots of the reaction mixture were taken and diluted 50-fold with 1 M HCl
before measurement.

FT-IR spectra were collected on a PerkinElmer 2000 Series spectrometer. Each spectrum
was recorded with 16 scans at a resolution of 4.0 cm−1 and a data interval of 0.2 cm−1.

Nitrogen adsorption–desorption isotherms were measured at 77 K using a volumetric
adsorption analyzer (ASAP 2020, Micromeritics, Norcross, GA, USA). Prior to analysis,
samples were degassed under vacuum at 373 K for at least 10 h. The specific surface area
was determined from the adsorption isotherm using the Brunauer–Emmett–Teller (BET)
method, and the pore size distribution was obtained from the desorption branch using the
Barrett–Joyner–Halenda (BJH) model.

The electrical conductivity of the samples was measured using the standard four-point
probe method (CMT-100S, Jandel Engineering Ltd., Leighton Buzzard, UK). Powder sam-
ples were compressed into pellets prior to measurement. Electrical resistance was recorded
using a digital source meter (Keithley 2450, Keithley Instruments, Solon, OH, USA), and
conductivity was calculated from the measured resistance values and pellet dimensions.

X-ray diffraction patterns were collected on a Rigaku diffractometer (Rint 2000, Tokyo,
Japan) operated at 40 kV and 100 mA using Cu Kα radiation (λ = 1.5406 Å). Data were
recorded over the 2θ range of 5–40◦ at a scan rate of 0.5◦ min−1. Powdered samples were
gently pressed onto a flat sample holder prior to measurement.

Cyclic voltammetry was performed in 1 M H2SO4 using a three-electrode configuration
with the ink-coated GCE as the working electrode, an Ag/AgCl (3 M KCl) reference
electrode, and a carbon rod as the counter electrode. The scan rate was 0.01 V s−1, and the
potential window was 0.5–1.1 V vs. Ag/AgCl. Specific capacitance values were normalized
to the mass of the active material. Specific capacitance from CV was obtained by integrating
the current over the potential window and normalizing by mass and scan rate (10 mV/s):

Cs =
1

mactives∆V

∫ V2

V1

I(V)dV

mactive: mass of active material on the carbon paper; V1, V2: lower/upper potential
limits (V, vs. Ag/AgCl); s: scan rate (V s−1)

Galvanostatic charge–discharge (GCD) was performed at prescribed current densities
(e.g., 0.1 A g−1). Specific capacitance was calculated from discharge curves and normalized
to the mass of active material on the disk electrode (s). For symmetric two-electrode
calculations, the per-electrode capacitance was obtained from the following equation:

Cs =
4I∆t

mactive∆V

I: applied discharge current (A); ∆t: discharge time (s); mactive: mass of active material
on the working electrode; ∆V: effective voltage window

3. Results and Discussion
To achieve a hierarchically porous PANI architecture, we employed a TA-driven

copolymerization strategy. Figure 1 provides an overview of the synthetic process for
producing the hierarchical structure of PANI. To generate star-shaped PANI chains,
tetrakis(4-aminophenyl) methane (TA) was copolymerized with aniline, using ammonium
persulfate (APS) as the oxidizing agent. The molar percentage of TA varied from 0 to 10%.
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TA was initially activated using excess APS, ensuring the growth of PANI chains from each
of TA’s four arms when reacting with anilines. A TA solution in DMF was added to APS in
1 M HCl at 0–5 ◦C, producing a yellow solution of TA cation radical. Aniline in 1 M HCl was
then added dropwise slowly to the solution of the TA cation radical. The sequential process
facilitates the formation of tetra-arm PANI chains alongside the homopolymerization of
anilines into linear PANI chains. The solution shifted from yellow to clear upon addition of
aniline, then to a dark green viscous slurry over time. The resulting PANIs are labeled as
PANI (TA x%), where x indicates the mol% of TA.

 

Figure 1. The polymerization yielding the mixture of linear and 4-arm star PANI chains. The blue
structures represent the TA moiety within each polymer. TA was first added to a large excess of APS
in 1 M HCl to form a TA radical cation solution, where the solution of aniline in 1 M HCl was added.
The molar ratio of TA to aniline was adjusted to 0~10%.

Scanning electron microscopy (SEM, Tokyo, Japan) analysis shows morphological
changes from PANI to TA-incorporated PANIs as TA loading increases (Figure 2). PANI
displays a nanofiber morphology characteristic of oxidative polymerization (Figure 2a),
with smooth, elongated fibers measuring approximately 40–50 nm in diameter. At 3 mol%
TA (Figure 2b), both smooth and branched nanofibers are observed. When the TA concen-
tration increases to 5 mol% (Figure 2c), all nanofibers exhibit rough, branched structures.
The data suggests that introducing TA leads to the formation of short branches on the
surfaces of the nanofibers originally derived from linear PANIs. At 10 mol% TA (Figure 2d),
the nanofiber structure is less prominent, while the branched features remain present,
resulting in an irregular granular morphology with branching characteristics.

The observation of branches on the PANI nanofiber surfaces suggests that the aggre-
gation of star-shaped PANI chains with rigid tetrahedral geometry occurs after the initial
nanofiber formation by linear PANI chains (Figure S2). Furthermore, it is probable that
the rapid generation of nanofibers facilitates the nucleation and subsequent aggregation
of these star-shaped chains on their surfaces. When the concentration of TA is high, the
formation of nanofibers is hindered by the presence of rigid tetra-armed chains, ultimately
leading to a rough, granular morphology.

The polymerization of aniline in the presence of TA was monitored by time-resolved
UV–Vis spectroscopy at 30 min intervals for up to 120 min, during which no precipitate was
observed. Spectra for TA and TA/APS in 1 M HCl were also recorded as controls (Figure 3).
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The protonated TA (TA in 1 M HCl) displays an aromatic π-π * transition at ~212 nm, and
the solution is colorless [17]. Upon addition of APS, TA is oxidized to the TA cation radical,
introducing a singly occupied molecular orbital (SOMO) within the π-π * gap, thereby
enabling optical transitions such as π-SOMO and SOMO-π* [18]. Spectroscopic evidence for
TA cation radical formation includes a bathochromic shift of the π-π* band to approximately
217 nm with a vibronic shoulder at 245 nm [19], along with broad absorption peaks at
335 and 435 nm ascribed to the SOMO-involved transitions [20], resulting in a yellowish
solution (Figure S3a).

Figure 2. SEM images of polyaniline with or without TA (a) PANI; (b) PANI (TA3%); (c) PANI (TA5%);
(d) PANI (TA10%).

Figure 3. UV–Vis spectra of TA and aniline (in 1 M HCl); the TA radical cation formed upon APS
addition; and the PANI (TA 3 mol%) recorded at 30, 60, 90, and 120 min after adding aniline in 1 M
HCl to the TA/APS solution.
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The formation of the TA cation radical in the presence of excess APS and HCl enables
the coupling of all four TA arms with subsequently added aniline monomers. Upon the
addition of aniline (in 1 M HCl), the yellow coloration of the TA cation radical solution
disappeared immediately (Figure S3b). Greenish colors appeared after stirring for over an
hour. UV–Vis spectroscopy revealed benzenoid π–π * transitions at 246 nm [21], as well as
polaron absorption bands in the 400–800 nm range [22], which increased in intensity over
time. (Figure S3c,d).

Varying TA from 0 to 10 mol% did not measurably affect the precipitation induction
period (~3 h under our conditions). Pre-generated TA cation radical signals were quenched
rapidly upon aniline addition. Taken together, these observations suggest that the intrinsic
reactivity of aniline toward oxidative polymerization is largely insensitive to TA within
this range and that nanostructure formation begins once both star-shaped and linear chains
attain molar masses sufficient for aggregation and precipitation. Consistent with this
interpretation, the observed morphology–composition correlation indicates that the relative
fraction of the star-shaped architecture varies systematically with TA content. Given the
complexity of oxidative polymerization kinetics [23–27], a more detailed kinetic analysis
may be of interest in future work.

Comprehensive structural analyses were performed to correlate molecular structure
with physical properties. In FT-IR spectra, the position of the characteristic quinoid stretch-
ing band varies with PANI conjugation length (Figure 4a) [28]. For TA-incorporated PANIs,
this band shifts from 1139 to 1145 cm−1 as TA content increases, indicating a reduction in
effective conjugation length. X-ray diffraction (Figure 4b) supports this conclusion: semi-
crystalline PANI typically shows reflections at 2θ = 9.2◦, 14.7◦, 20.2◦, and 25.0◦, assigned
to the (001), (011), (020), and (200) planes of emeraldine salt, respectively [29]. The (020)
and (200) reflections report on interchain π–π stacking and parallel backbone periodic-
ity [30], and both become weakened and broadened upon TA incorporation, consistent
with reduced chain ordering/packing and shortened conjugation.

As shown by the SEM images (Figure 2), TA-containing chains increase the surface
roughness of growing PANI nanofibers. BJH analysis (Figure 4c) shows that TA incorpo-
ration enhances porosity, shifting the pore size distribution toward the mesopore range
(2–50 nm) and increasing BET surface area from 45 m2 g−1 for PANI to 95 m2 g−1 for PANI
(TA 5%). Notably, a small fraction of TA comonomer substantially raises the mesopore
fraction, imparting hierarchical porosity.

While TA incorporation enhances the porosity and mesopore content of the PANIs,
electrical conductivity decreases with TA content (Figure 4d). The diminished conductivity
is attributable to poorer interchain packing and shorter conjugation lengths, as evidenced
by the IR and XRD results.

Consistent with the porosity–conductivity trade-off, we used cyclic voltammetry (CV)
to identify the optimal TA content for capacitive performance. As shown in Figure 5a,
PANI (TA 3%) exhibits the highest CV current, featuring a redox-dominant capacitive
profile with distinct peaks centered at ~0.62 V and ~0.71 V (vs. Ag/AgCl), corresponding
to the transitions between the emeraldine and pernigraniline states of polyaniline [31]. This
redox activity, characteristic of pseudocapacitive materials, contributes to enhanced charge
storage. Specific capacitances (Table 1) reach 556 F g−1 for PANI (TA 3%) versus 398 F g−1

for pristine PANI. Higher TA loadings reduce performance (530 F g−1 at 5% and 40 F g−1

at 10%), with the decline at 5% attributed to lower conductivity despite higher porosity.
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Figure 4. Structural characterization and electrical conductivity of PANI and PANI (TA x%).
(a) Comparison of quinoid band position in the FT-IR spectra, (b) X-ray diffraction patterns, (c) BJH
pore size distributions, and (d) electrical conductivity.

Figure 5. Electrochemical performance of PANIs. (a) Cyclic voltammograms of pristine PANI and
PANI (TA x%) (x = 0, 3, 5, 10 mol%). (b) Galvanostatic charge–discharge curves for PANI and PANI
(TA3%) recorded at a current density of 0.1, 0.3, 0.5 and 1.0 A g−1.
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Table 1. BET surface area, BJH average pore diameter, electrical conductivity, and specific capacitance
of PANI and PANI (TA-x%).

Sample BET Surface Area (m2/g) Average Pore
Diameter (Nm) Conductivity (S/cm) Specific

Capacitance (F/g)

PANI 45 73 1.23 398

PANI (TA 3%) 77 48 0.30 556

PANI (TA 5%) 95 45 0.032 530

PANI (TA 10%) 77 48 1.02 × 10−6 40

Device-level performance was evaluated by galvanostatic charge–discharge (GCD) in
a Swagelok cell (Figure 5b; Table S1). At 0.1 A g−1, PANI (TA 3%) delivers longer discharge
times and less-distorted profiles, corresponding to 239 F g−1—substantially higher than
pristine PANI (199 F g−1). At 1 A g−1, the capacitance decreases to 197 F g−1, reflecting
partial transport limitations under high-rate conditions.

To further elucidate the rate capability, we compared the structural influence on
charge–discharge behavior across current densities. At low rates, capacitive behavior is
primarily governed by accessible electroactive surface area. In this regime, the roughened
and hierarchically porous structure of PANI (TA 3%) provides abundant ion-accessible
sites, enabling greater ion accumulation and higher apparent capacitance [32]. However, at
high rates (≥1 A g−1), ion diffusion becomes rate-limiting, as the increased tortuosity of
the mesoporous network and reduced electronic conductivity hinder rapid ion/electron
transport [33]. In contrast, pristine PANI, possessing predominantly macroporous channels
and higher intrinsic conductivity, facilitates more efficient charge transfer and ion diffusion,
sustaining relatively higher capacitance retention at fast charge–discharge rates [34]. There-
fore, the difference in rate capability between samples arises from a fundamental trade-off
between surface area (ion storage capacity) and ion/electron transport efficiency. This be-
havior aligns with commonly observed trends in mesostructured pseudocapacitors, where
excessive porosity enhances low-rate capacitance but compromises high-rate response due
to extended ion migration pathways.

4. Conclusions
We developed hierarchically porous PANI by incorporating tetrakis(4-aminophenyl)-

methane (TA) as a tetrahedral branching monomer, which promotes concurrent star-shaped
and linear chain growth during polymerization. Spectroscopy and diffraction indicate
modest shortening of conjugation and relaxed packing with TA, while imaging and porosity
analyses show increased mesoporosity and surface roughness. This establishes a tunable
porosity–conductivity trade-off governed by TA loading.

An intermediate TA level best balances ion access and charge transport: the 3 mol%
composition shows the most ideal CV response and delivers 239 F g−1 at 0.1 A g−1 (~20%
over pristine PANI) with reasonable rate capability. Higher TA contents further enhance
porosity but can impede electronic pathways, tempering high-rate performance.

The approach is direct and scalable, creating branched, porous architectures in one step
with minimal processing. By adjusting TA concentration, crystallinity and surface acces-
sibility can be co-optimized for target applications. For practical deployment, moder-
ate TA loadings (≈2–4 mol%) are recommended for energy storage electrodes, whereas
high-power devices may benefit from lower TA contents or hybrid designs incorporating
conductive additives.
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GCD curves at 1 A g−1 (PANI; PANI (TA 3%)), Table S1: Specific capacitances and current densities
from GCD.

Author Contributions: Conceptualization and project management, J.-W.P.; experiment, data cura-
tion, J.C. and K.E.Y.; analysis and interpretation, J.C., K.E.Y. and J.-W.P.; manuscript writing, J.C.,
K.E.Y. and J.-W.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (NRF-2016R1E1A1A01943257 and NRF-2021R1A2C2011530).

Data Availability Statement: The original contributions in this study are included in the arti-
cle/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors wish to acknowledge the facilities and the scientific and techni-
cal assistance of the Korea Basic Science Institute (KBSI) Gwangju Center for HR-SEM Analysis
and GIST Advanced Institute of Instrumental Analysis (GAIA). During the preparation of this
manuscript/study, the author(s) used Copilot for generating descriptive content. The authors have
reviewed and edited the output and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest for this study.

Abbreviations
The following abbreviations are used in this manuscript:

TA Tetrakis(4-aminophenyl)methane
APS Ammonium Persulfate
PANI Polyaniline
PANI(TA x%) Polyaniline from copolymerization of aniline and TA (x mol% relative to aniline)

References
1. Naresh, N.; Zhu, Y.; Fan, Y.; Luo, J.; Wang, T.; Parkin, I.P.; Boruah, B.D. Advanced Porous Gold-PANI Micro-Electrodes for

High-Performance On-Chip Micro-Supercapacitors. Nano Lett. 2024, 24, 11059–11066. [CrossRef] [PubMed]
2. Han, L.; Li, Y.; Miao, R.; Liu, L.; Lu, Z.; Zhang, N. Redox Active Lignosulfonate Functionalized Polyaniline-Based Hydrogel

Electrodes for Wide Temperature Tolerant Flexible Supercapacitors. ACS Sustain. Chem. Eng. 2024, 12, 13220–13230. [CrossRef]
3. Deepak, N.; Kumar, A.; Sarkar, A.; Shukla, S.; Saxena, S. Synergistic Interaction of Siloxene and Polyaniline Nanocomposite for

High-Performance Supercapacitor Electrodes. Energy Fuels 2024, 38, 13333–13343. [CrossRef]
4. Wang, L.; Zeng, Q.; Chen, Q.; Li, C.M.; Chen, J. Synergistically boosting the electrochemical performance of polypyrrole-coated

activated carbon derived from carbon dots for a high-performance supercapacitor. Chem. Commun. 2021, 57, 9264–9267. [CrossRef]
5. Namsheer, K.; Kenz, M.K.; Lakshmy, S.; Sharma, C.S.; Jeong, S.M.; Rout, C.S. Carbon Nanotube Interconnected Polypyrrole@

E-MXene Organic-Inorganic Hybrids for Interdigitated In-Plane Supercapacitor Applications. Adv. Mater. Technol. 2025, 10,
2401838. [CrossRef]

6. Huang, Y.; Li, H.; Wang, Z.; Zhu, M.; Pei, Z.; Xue, Q.; Huang, Y.; Zhi, C. Nanostructured Polypyrrole as a flexible electrode
material of supercapacitor. Nano Energy 2016, 22, 422–438. [CrossRef]

7. Liu, Q.; Qiu, J.; Yang, C.; Zang, L.; Zhang, G.; Sakai, E. High-Performance PVA/PEDOT:PSS Hydrogel Electrode for All-Gel-State
Flexible Supercapacitors. Adv. Mater. Technol. 2021, 6, 2000919. [CrossRef]

8. Su, Z.; Jin, Y.; Wang, H.; Li, Z.; Huang, L.; Wang, H. PEDOT:PSS and Its Composites for Flexible Supercapacitors. ACS Appl.
Energy Mater. 2022, 5, 11915–11932. [CrossRef]

9. Li, L.; Zhang, N.; Zhang, M.; Zhang, X.; Zhang, Z. Flexible Ti3C2Tx/PEDOT:PSS films with outstanding volumetric capacitance
for asymmetric supercapacitors. Dalton Trans. 2019, 48, 1747–1756. [CrossRef] [PubMed]

10. Le, Q.B.; Kiefer, R.; Vo, P.N.X.; Kazantseva, N.E.; Saha, P. Conducting polymers for pseudocapacitors. In Pseudocapacitors:
Fundamentals to High Performance Energy Storage Devices; Springer: Cham, Switzerland, 2023; pp. 157–175.

https://www.mdpi.com/article/10.3390/polym17223062/s1
https://doi.org/10.1021/acs.nanolett.4c03194
https://www.ncbi.nlm.nih.gov/pubmed/39186689
https://doi.org/10.1021/acssuschemeng.4c04269
https://doi.org/10.1021/acs.energyfuels.3c05017
https://doi.org/10.1039/D1CC02823E
https://doi.org/10.1002/admt.202401838
https://doi.org/10.1016/j.nanoen.2016.02.047
https://doi.org/10.1002/admt.202000919
https://doi.org/10.1021/acsaem.2c01524
https://doi.org/10.1039/C8DT04374D
https://www.ncbi.nlm.nih.gov/pubmed/30637427


Polymers 2025, 17, 3062 11 of 11

11. De, B.; Banerjee, S.; Pal, T.; Verma, K.D.; Tyagi, A.; Manna, P.K.; Kar, K.K. Transition Metal Oxide/Electronically Conducting
Polymer Composites as Electrode Materials for Supercapacitors. In Handbook of Nanocomposite Supercapacitor Materials II:
Performance; Kar, K.K., Ed.; Springer International Publishing: Cham, Germany, 2020; pp. 353–385.

12. Agarwal, A.; Tolani, R.; Sankapal, B.R. Conducting Polymers–Metal Chalcogenides Hybrid Composite: Current Trends and
Future Prospects Toward Supercapacitor Applications. Energy Technol. 2024, 12, 2400133. [CrossRef]

13. Ren, L.; Zhang, G.; Yan, Z.; Kang, L.; Xu, H.; Shi, F.; Lei, Z.; Liu, Z.-H. Three-Dimensional Tubular MoS2/PANI Hybrid Electrode
for High Rate Performance Supercapacitor. ACS Appl. Mater. Interfaces 2015, 7, 28294–28302. [CrossRef] [PubMed]

14. Wang, J.-G.; Wei, B.; Kang, F. Facile synthesis of hierarchical conducting polypyrrole nanostructures via a reactive template of
MnO2 and their application in supercapacitors. RSC Adv. 2014, 4, 199–202. [CrossRef]

15. Hu, J.; Wang, H.; Huang, X. Improved electrochemical performance of hierarchical porous carbon/polyaniline composites.
Electrochim. Acta 2012, 74, 98–104. [CrossRef]

16. Itoi, H.; Hayashi, S.; Matsufusa, H.; Ohzawa, Y. Electrochemical synthesis of polyaniline in the micropores of activated carbon for
high-performance electrochemical capacitors. Chem. Commun. 2017, 53, 3201–3204. [CrossRef]

17. Leal, J.; Garcia, B. Effects of Substituents on UV Spectra of Aniline and Anilinium Ion Derivatives. Hammett Correlations. Z. Phys.
Chem. 1988, 269, 26–32. [CrossRef]

18. Kasemthaveechok, S.; Abella, L.; Crassous, J.; Autschbach, J.; Favereau, L. Organic radicals with inversion of SOMO and HOMO
energies and potential applications in optoelectronics. Chem. Sci. 2022, 13, 9833–9847. [CrossRef] [PubMed]

19. Huang, W.; MacDiarmid, A. Optical properties of polyaniline. Polymer 1993, 34, 1833–1845. [CrossRef]
20. Kobaisi, M.A.; Bhosale, R.S.; El-Khouly, M.E.; La, D.D.; Padghan, S.D.; Bhosale, S.V.; Jones, L.A.; Antolasic, F.; Fukuzumi, S.;

Bhosale, S.V. The sensitivity of donor–acceptor charge transfer to molecular geometry in DAN–NDI based supramolecular
flower-like self-assemblies. Sci. Rep. 2017, 7, 16501. [CrossRef]

21. Gopalakrishnan, K.; Ramesh, C.; Elango, M.; Thamilselvan, M. Optical and magnetic studies on Cu2O/PANI nanocomposite
prepared by chemical polymerization method. Int. Sch. Res. Not. 2014, 2014, 567927. [CrossRef]

22. Bairi, V.G.; Bourdo, S.E.; Sacre, N.; Nair, D.; Berry, B.C.; Biris, A.S.; Viswanathan, T. Ammonia gas sensing behavior of tanninsul-
fonic acid doped polyaniline-TiO2 composite. Sensors 2015, 15, 26415–26429. [CrossRef]

23. Grivin, A.V.; Kraynik, I.y.I.; Fedko, I.S.; Nechaeva, A.M.; Markova, G.D.; Baranov, O.V.; Suvorov, D.S.; Zakharova, V.A.; Raitman,
O.A.; Polunin, S.V. The Kinetics of the Synthesis of Polyaniline Nanoparticles Stabilized by Branched Polyvinyl Alcohol. Macromol.
Chem. Phys. 2025, e00283. [CrossRef]

24. Tzou, K.; Gregory, R. Kinetic study of the chemical polymerization of aniline in aqueous solutions. Synth. Met. 1992, 47, 267–277.
[CrossRef]

25. Sapurina, I.Y.; Stejskal, J. The effect of pH on the oxidative polymerization of aniline and the morphology and properties of
products. Russ. Chem. Rev. 2010, 79, 1123. [CrossRef]

26. Mav, I.; Žigon, M. 1H NMR study of the kinetics of substituted aniline polymerization. I. Homopolymerization of
2-methoxyaniline. J. Polym. Sci. Part A Polym. Chem. 2001, 39, 2471–2481. [CrossRef]

27. Sapurina, I.Y.; Shishov, M. Oxidative polymerization of aniline: Molecular synthesis of polyaniline and the formation of
supramolecular structures. New Polym. Spec. Appl. 2012, 740, 272.

28. Dhand, C.; Das, M.; Sumana, G.; Srivastava, A.K.; Pandey, M.K.; Kim, C.G.; Datta, M.; Malhotra, B.D. Preparation, characterization
and application of polyaniline nanospheres to biosensing. Nanoscale 2010, 2, 747–754. [CrossRef] [PubMed]

29. Wu, T.-M.; Lin, Y.-W.; Liao, C.-S. Preparation and characterization of polyaniline/multi-walled carbon nanotube composites.
Carbon 2005, 43, 734–740. [CrossRef]

30. Li, Y.; Zhang, Q.; Zhao, X.; Yu, P.; Wu, L.; Chen, D. Enhanced electrochemical performance of polyaniline/sulfonated polyhedral
oligosilsesquioxane nanocomposites with porous and ordered hierarchical nanostructure. J. Mater. Chem. 2012, 22, 1884–1892.
[CrossRef]

31. Tawde, S.; Mukesh, D.; Yakhmi, J. Redox behavior of polyaniline as influenced by aromatic sulphonate anions: Cyclic voltammetry
and molecular modeling. Synth. Met. 2001, 125, 401–413. [CrossRef]

32. Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008, 7, 845–854. [CrossRef]
33. Pandolfo, A.G.; Hollenkamp, A.F. Carbon properties and their role in supercapacitors. J. Power Sources 2006, 157, 11–27. [CrossRef]
34. Gawli, Y.; Banerjee, A.; Dhakras, D.; Deo, M.; Bulani, D.; Wadgaonkar, P.; Shelke, M.; Ogale, S. 3D polyaniline architecture by

concurrent inorganic and organic acid doping for superior and robust high rate supercapacitor performance. Sci. Rep. 2016, 6,
21002. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/ente.202400133
https://doi.org/10.1021/acsami.5b08474
https://www.ncbi.nlm.nih.gov/pubmed/26645314
https://doi.org/10.1039/C3RA45824E
https://doi.org/10.1016/j.electacta.2012.04.007
https://doi.org/10.1039/C6CC08822H
https://doi.org/10.1515/zpch-1988-26906
https://doi.org/10.1039/D2SC02480B
https://www.ncbi.nlm.nih.gov/pubmed/36128246
https://doi.org/10.1016/0032-3861(93)90424-9
https://doi.org/10.1038/s41598-017-15599-9
https://doi.org/10.1155/2014/567927
https://doi.org/10.3390/s151026415
https://doi.org/10.1002/macp.202500283
https://doi.org/10.1016/0379-6779(92)90367-R
https://doi.org/10.1070/RC2010v079n12ABEH004140
https://doi.org/10.1002/pola.1224
https://doi.org/10.1039/b9nr00346k
https://www.ncbi.nlm.nih.gov/pubmed/20648320
https://doi.org/10.1016/j.carbon.2004.10.043
https://doi.org/10.1039/C1JM13359D
https://doi.org/10.1016/S0379-6779(01)00483-0
https://doi.org/10.1038/nmat2297
https://doi.org/10.1016/j.jpowsour.2006.02.065
https://doi.org/10.1038/srep21002
https://www.ncbi.nlm.nih.gov/pubmed/26867570

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of PANI 
	Synthesis of PANI (TA x%) 
	Electrode Ink Preparation 
	Electrode Preparation for Capacitance Measurement 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

