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Polyaniline-functionalized jute fiber as a
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A polyaniline (PANI)-modified jute fiber (JF) composite was developed as a low-cost, biodegradable,
and high-performance electrode material for supercapacitors. Jute fiber, an abundant natural
resource, served as a renewable scaffold for PANI through a simple chemical polymerization process.
Composites with varying PANI-to-JF ratios, denoted as PANI/JF-1 to PANI/JF-4, were prepared,
among which PANI/JF-3 exhibited the best electrochemical performance. It delivered a high specific
capacitance of 3860 + 204 F gt at 10 mV s~* (cyclic voltammetry) and 3485 + 111 F g tat 5 A g7*
(galvanostatic charge—discharge), while retaining 3052 + 119 F g~ at 50 A g%, indicating excellent rate cap-
ability. The composite achieved a power density of 1692.54 W kg~! at an energy density of 207.72 W h kg~*
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and maintained 82.27% of its initial capacitance after 3000 charge—discharge cycles at 30 A g~ demon-
strating good cycling stability. FT-IR and density functional theory (DFT) calculations revealed strong
DOI: 10.1039/d5ma01144b interfacial hydrogen bonding between PANI and the cellulose framework, which facilitates charge transfer
and increases the effective electrochemically active surface area. These results identify the PANI/JF

rsc.li/materials-advances composite as a scalable bio-based electrode material for high-performance electrochemical energy storage.
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1. Introduction

The global transition toward sustainable energy systems has
heightened the demand for green, efficient, and renewable energy
storage technologies." Electrochemical energy storage devices
such as batteries and supercapacitors are increasingly favored
as safer, environmentally benign alternatives to fossil fuel-based
systems, contributing to economic development and environ-
mental preservation.>* Among these, supercapacitors have
emerged as vital components in hybrid energy storage devices,
owing to their high power density, rapid charge/discharge rates,
and long cycle life.> However, conventional electrode materials—
including activated carbon, transition metal oxides, and carbon
nanotubes—are typically derived from non-renewable sources
via energy-intensive, hazardous synthesis processes,® thereby
necessitating scalable, cost-effective, and eco-friendly alter-
natives that offer competitive or superior electrochemical
performance.””®
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In this context, biodegradable and natural-based materials
are gaining traction as sustainable electrode precursors due to
their renewable origin, environmental compatibility, and abil-
ity to minimize electronic waste.”™** Their light weight, flex-
ibility, and safety also make them ideal for wearable and
portable electronics,'” while aligning with global efforts toward
clean energy technologies and circular economies.'*'* Natural
lignocellulosic fibers such as jute (JF), cotton, flax, and hemp
are particularly attractive as sustainable scaffolds for super-
capacitor electrodes,">'® due to their hierarchical fibrous archi-
tecture and abundance of functional groups that enable
chemical modification or hybridization with electroactive
materials."”'® Among them, JF stands out for its low cost,
biodegradability, high mechanical strength, high aspect ratio,
and hydroxyl-rich surface, all of which are favorable for energy
storage applications. Nonetheless, pristine natural fibers are
intrinsically insulating and lack electrochemical activity.'®*° To
address these limitations, various hybrid strategies have been
employed, including surface modification with conductive
polymers such as polyaniline (PANI) and polypyrrole (PPy), or
conversion into porous carbon through pyrolysis.>'>* PANI is
particularly promising due to its high theoretical capacitance
(~1200 F g ), redox-driven pseudocapacitive behavior, tun-
able conductivity, and cost-effectiveness.”* Several studies have
validated the potential of bio-derived hybrid systems. For
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instance, Tian et al. reported a carbonized JF/PANI/rGO com-
posite achieving 229 F g~ " with stable cycling,*® while Zhang
et al. demonstrated regenerated cellulose fibers from waste flax
noil with 510.7 F g * at 0.5 A g~ *.>® Bonastre et al. developed
reduced graphene oxide/conducting polymer-coated jute fab-
rics with 117 F g~ " capacitance,”” and Sajjad et al. reported
NiMnO;/CNT/PANI ternary hybrid electrodes achieving
1276 F g ' capacitance.”® Despite this progress, challenges
persist. Most lignocellulosic fibers consist primarily of cellu-
lose, hemicellulose, and lignin, all of which are electrically
insulating and offer limited surface area and porosity for
electrolyte interaction and ion diffusion.”*™*> Consequently,
unmodified fibers lack sufficient electroactive sites to support
high charge storage. Moreover, achieving uniform PANI coat-
ing, maintaining conductivity under high current density, and
ensuring long-term cycling stability remain major hurdles.*
Optimization of synthesis parameters—including the fiber-to-
polymer ratio, morphology control, and interfacial engineering—
is essential for balancing performance and sustainability.?*

In this work, we report a simple, scalable method to synthe-
size PANI-modified jute fiber (PANI/JF) electrodes via chemical
oxidative polymerization. JF was chosen for its low cost, biode-
gradability, and compatibility with PANI. By systematically
varying JF mass (50-300 mg) at fixed monomer and oxidant
concentrations, we optimized the composite formulation.
PANI/JF-3 exhibited the highest specific capacitance and super-
ior rate capability, retaining 82.27% of its initial capacitance
after 3000 cycles at 50 A g~ . This study addresses three critical
needs in sustainable supercapacitor development: high-
performance electrodes derived entirely from renewable
resources; industrial scalability through simple fabrication,
and electrochemical performance comparable to synthetic
alternatives. Density functional theory (DFT) -calculations
further revealed that strong interfacial hydrogen bonding
between PANI and cellulose enhances structural integrity and
facilitates charge transfer. These findings position PANI/JF
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composites as promising candidates for truly green and high-
performance energy storage systems.

2. Experimental section

2.1 Chemicals and reagents

Aniline (ACS reagent, >99.5%, CAS: 62-53-3) and ammonium
persulfate (APS, reagent grade, 98%, CAS: 7727-54-0) were pur-
chased from Merck, Germany. Jute fiber (JF) was sourced locally
from a farmer in Bangladesh. Hydrochloric acid (37%, CAS: 7647-
01-0) and sulfuric acid (95-97%, CAS: 7664-93-9) were obtained
from Sigma-Aldrich, Switzerland. Additional reagents including
hydrogen peroxide (H,0,), sodium silicate (Na,SiO;), and sodium
carbonate (Na,CO;) were also procured from Merck, Germany. All
chemicals were of reagent grade and used without further
purification. Solutions were prepared using ultrapure deionized

(DI) water with a specific conductance below 0.1 uS cm™".

2.2 Pretreatment of jute fiber

To remove impurities, raw JF was first washed at room tem-
perature and then neutralized in a 0.5 g L™ " acetic acid solution
for 10 minutes. The material-to-liquor ratio for both neutraliza-
tion and bleaching was maintained at 1: 40. The fibers were air-
dried using a flat dryer. Bleaching was performed using a
solution of H,0, (1.5 g L"), sodium silicate (3 g L"), sodium
carbonate (3 g L™ '), and a wetting agent (1 mL L"), adjusted to
pH 11. The treatment was conducted at 85 °C for 60 minutes in
an infrared lab dyeing machine (Xiamen Rapid, China). After
bleaching, the fibers were cold-washed and neutralized with
0.5 g L ™" acetic acid for 10 minutes at room temperature.

2.3 Synthesis of PANI/JF composites

To synthesize the PANI/JF composite, modified JF was cut into
small pieces and used without further modification. The pre-
paration process is illustrated in Scheme 1. A 0.1 M APS

Aniline in HCI

e
Potential (V)
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Scheme 1 Schematic illustration of the synthesis of the PANI/JF composite and its application as an electrode material for supercapacitors.
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solution (50 mL) and a 0.5 M aniline solution (50 mL) were
prepared in 3.0 M HCI. The APS solution was placed in a
250 mL beaker and cooled in an ice bath while stirring at
800 rpm. Once the solution reached 0-5 °C, 200 mg of JF was
added, followed by the slow, dropwise addition of the aniline
solution. Within five minutes, the solution turned green,
indicating the formation of PANI. After completion of the
polymerization reaction, the resulting PANI/JF composites were
thoroughly washed with deionized water and dried in a vacuum
oven at 60 °C. To optimize the JF content for enhanced super-
capacitive performance, the same procedure was repeated
using 50, 100, and 300 mg of JF, yielding samples denoted as
PANI/JF-1, PANI/JF-2, and PANI/JF-4, respectively. The corres-
ponding JF: PANI mass ratios were approximately 1:46, 1:23,
1:12, and 1:8.

2.4 Materials characterization

The surface morphology and elemental composition of pristine
JF and PANI/JF composites were examined by field-emission
scanning electron microscopy (FE-SEM, JEOL JSM-7610F)
equipped with energy-dispersive X-ray spectroscopy (EDX),
operated at 0.1-30 kV. Transmission electron microscopy
(TEM, Talos F200X, Thermo Fisher Scientific) at 200 kv was
used for detailed morphological analysis. Fourier-transform
infrared (FT-IR) spectra were recorded using a SHIMADZU IR
Affinity spectrometer to identify functional groups. X-ray dif-
fraction (XRD) measurements were performed on a Smart Lab
SE (Rigaku, Japan) using Cu K, radiation (1 = 1.541 A) to
investigate the crystalline structure and phase composition.

2.5 Electrochemical measurements

Electrochemical performance was evaluated using a CHI660E
electrochemical workstation (CH Instruments, USA) in a stan-
dard three-electrode configuration. A glassy carbon electrode
(GCE, 3 mm diameter, CHI104) served as the working electrode,
a saturated Ag/AgCl/KCl electrode (CHI111) as the reference,
and a platinum spiral wire (23 cm, BAS Inc.) as the counter
electrode. A 1.0 M H,SO, aqueous solution was used as the
electrolyte in all measurements. To prepare the working elec-
trode, 2 mg of the PANI/JF composite was dispersed in 2 mL of
DI water and ultrasonicated for 30 minutes. The GCE was
polished using 0.05 pm alumina slurry, rinsed thoroughly,
and dried at room temperature. Subsequently, 10 uL of the
PANI/JF dispersion was drop-cast onto the polished GCE and
dried under ambient conditions. The modified electrode was
then used for all electrochemical characterizations.

3. Results and discussion
3.1 Characterization

The functional groups of PANI/JF were comprehensively con-
firmed through FT-IR. FT-IR spectra (Fig. 1a) of pristine JF,
pure PANI, and the PANI/JF composite reveal distinct signa-
tures that confirm chemical interactions between PANI and
JF. For raw JF, characteristic absorption bands appear at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) FT-IR spectra and (b) XRD patterns of JF, PANI, and PANI/JF
composites.
3433 em ' and 1635 cm™ !, corresponding to -OH stretching

and bending vibrations from cellulose hydroxyl groups and
adsorbed water, respectively.>>>” Additional peaks at 1120 cm ™"
(C-O-C stretching) and 607 cm™" (C-O bending) arise from
glycosidic bonds and lignin content in the fiber structure.**"
In the PANI spectrum, prominent peaks at 3397 cm ' (N-H
stretching), 1401 cm™ ' (C-N bending), and 1120 cm ' (C-N
stretching) are observed, confirming the presence of amine
functionalities and aromatic rings in the PANI backbone.>*"***!
The PANI/JF composite displays overlapping peaks from both
components, but with notable intensity changes: PANI-associated
peaks at 1401 cm~ ' and 1120 cm™ ' are enhanced, while those
from the JF backbone are suppressed—indicating formation of
the PANI/JF composite. Furthermore, new bands at 574, 888, and
1171 em ™, attributed to ring deformation and C-N stretching in
PANI, emerge clearly in the composite spectrum, suggesting
strong chemical interactions between PANI and cellulose.>®*%*>
The broad N-H band in PANI/JF indicates protonation of
PANI. Moreover, the PANI/JF composite shows hydrogen
bonding between PANI and jute fiber. In the composite, the
O-H stretching peak of jute shifts and broadens, while PANI's
N-H stretching broadens and overlaps, indicating interac-
tions between jute’s -OH groups and PANI's -NH and -C=N
groups. These interactions are further supported by shifts in
C-0 and C-N stretching. Overall, the hydrogen interaction
between jute’s hydroxyl groups and PANI's amino or imine
groups improves adhesion.

Mater. Adv., 2026, 7, 2257-2267 | 2259
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X-ray diffraction patterns (Fig. 1b) further support the struc-
tural transformation. Pristine JF exhibits sharp peaks at 16.0°
and 22.5°, assigned to the (101) and (002) planes of cellulose I,
confirming its semi-crystalline nature.*” Pure PANI displays a
broad diffraction peak at 25.8°, assigned to the (200) plane
associated with n—r stacking in the polymer backbone.* In the
PANI/JF composite, distinct peaks emerge at 16.0°, 24.9°, and
27.1°. Notably, the disappearance of the cellulose (002) peak at
22.5° and the shift of PANI's (200) peak from 25.8° to 24.9°
indicate a loss of crystallinity in the cellulose matrix and the
formation of strong interfacial hydrogen bonding between
PANI and the JF chains.*>*® The new peak at 27.1°, corres-
ponding to the (210) plane, suggests increased structural order-
ing in the composite, likely due to improved packing of PANI
chains on the fiber scaffold. Collectively, FT-IR and XRD
analyses confirm strong molecular interactions between JF
and PANI, leading to modified crystallinity and chemical
bonding.

Surface morphology, visualized by SEM images (Fig. 2a-f),
exhibits a striking transformation upon PANI deposition. Pris-
tine JF (Fig. 2a and b) displays smooth, elongated fibrous
structures with rough microgrooves and visible fibrillation—
typical of lignocellulosic fibers composed of cellulose, hemi-
cellulose, and lignin.*” In contrast, the PANI/JF surface
(Fig. 2c-f) shows a dramatic evolution into a highly porous
architecture with a dense network of tubular and sheet-like

View Article Online
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nanostructures. The uniformly distributed PANI nanotubes
might enhance surface area, providing abundant active sites for
charge storage, while the interconnected sheet-like features con-
tribute to improved conductivity. This dual morphology is favor-
able for facilitating ion transport and electron mobility, both of
which are critical for high-performance supercapacitors.** TEM
images further confirm the nanoscale structure and successful
polymer integration (Fig. 2g). The PANI/JF composite reveals a
fibrous core with surrounding dark regions of higher electron
density, indicative of PANI layers coating the cellulose substrate.*®
The clear contrast between these dark polymer zones and the
lighter cellulose matrix confirms uniform polymer deposition and
efficient surface coverage, validating the efficacy of the in situ
polymerization process.

Complementary EDX analysis (Fig. 2h and i) quantifies the
elemental composition before and after modification. Pristine
JF (Fig. 2h) primarily contains carbon (C) and oxygen (O), with
minor amounts of sodium (Na), nitrogen (N), and calcium (Ca)
residual elements from biological and chemical pretreatment.
After modification, PANI/JF (Fig. 2i) shows a significant
increase in carbon content (from 51.57% to 62.77%) due to
the carbon-rich PANI chains. More importantly, the nitrogen
signal intensifies markedly, confirming PANI incorporation. A
relative decrease in oxygen is observed, reflecting the surface-
sensitive nature of EDX and the oxygen-free backbone of PANI.
EDX confirms elemental integration, particularly the presence

[
tal

Nika K Xa

a Sk Caka

pla s ka1 gk

aligka S Ka  Cakgl

19.68
10.27
0.48
la
Kl i 0.31
N Kal .
Gl T Kk 4.73
Fela Sika (e} 0.36
0.37

Mg Ka K

E 1
Naka Ca 13|

JAN 20 4

Fig. 2
PANI/JF composites; EDX spectra of (h) JF and (i) PANI/JF composites.
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(a, b) SEM images of raw JF at different magnifications; (c)—(f) SEM images of PANI/JF composites at various magnifications; (g) TEM image of
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of nitrogen from the PANI backbone. Together, these charac-
terizations confirm the successful fabrication of the PANI/JF
composite and its structural suitability for electrochemical
energy storage.

3.2 Electrochemical performance

The cyclic voltammograms (CVs) of PANI/GC, PANI/JF-1, PANI/
JF-2, PANI/JF-3, and PANI/JF-4 electrodes are shown in Fig. 3a.
All samples exhibit quasi-rectangular CV profiles with clear
redox peaks, indicating a combination of electric double-layer
capacitance (EDLC) and pseudocapacitance behavior.**> The
appearance of anodic and cathodic peaks suggests surface
redox reactions primarily originating from the electroactive
PANI component. These redox processes include the reversible
transitions between benzoquinone and hydroquinone units,
leucoemeraldine and emeraldine forms, and the faradaic tran-
sition from emeraldine to pernigraniline.?**>~>*
transitions are characteristic of the pseudocapacitive behavior
of PANI and have been widely reported in the literature. By
comparing the integrated area under the CVs, the following
trend in electrochemical performance was observed: PANI/JF-3
> PANI/JF-4 > PANI/JF-2 > PANI/JF-1 > PANI/GC. Among
these, PANI/JF-3 exhibits the largest CV area, whereas PANI/GC
shows the smallest. Notably, the CV curve area of PANI/JF-3 is
approximately 11 times greater than that of PANI/GC, indicating
a substantially higher charge storage capacity. This enhance-
ment can be directly attributed to the successful incorporation of
PANI into the porous JF network, which can improve the
electrochemical surface area, electron conductivity, and ion
accessibility, properties that were confirmed earlier through
SEM (Fig. 2c-f), TEM (Fig. 2g), and FTIR (Fig. 1a) analyses. The
porous network formed by the tubular and sheet-like PANI
structures on JF facilitates fast ion diffusion and electron trans-
port, contributing to the enhanced performance. To further
evaluate the charge storage characteristics, GCD measurements
were conducted at a current density of 5 A g~ (Fig. 3b). The
discharge time observed from these profiles follows the same
trend as CVs: PANI/JF-3 > PANI/JF-4 > PANI/JF-2 > PANI/JF-1
> PANI/GC. This observation is consistent with the morpholo-
gical and elemental findings (Fig. 2), which showed that PANI/JF-3
had the most uniform and abundant coating of conductive

Such redox
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polymer on the fiber surface. A comparison of capacitance values
obtained from CV and GCD measurements is presented in Fig. 3c.
In all cases, capacitances derived from CV are greater than those
from GCD. This is expected, as CV is more sensitive to fast redox
processes and pseudocapacitive contributions, which GCD may
not fully capture due to limitations in reflecting rapid charge
transfer events.>*® The consistent dominance of CV-based values
suggests that the charge storage in these electrodes is largely
pseudocapacitive in nature, especially for PANI-rich compositions
like PANI/JF-3.

To understand the scan rate dependence of charge storage,
cyclic voltammetry measurements were performed for PANI/JF-
3 at scan rates ranging from 10 to 200 mV s~ ', as shown in
Fig. 4a. With increasing scan rate, both anodic and cathodic
peaks shift slightly toward more positive and negative poten-
tials, respectively. This shift is attributed to the increasing
internal resistance and kinetic limitations of ion transport at
higher scan rates.”® Despite these shifts, the overall shape and
symmetry of the CVs remain intact, suggesting excellent elec-
trochemical stability and reversibility of the redox processes at
fast scan rates. This behavior is consistent with the structural
robustness and strong interfacial interaction between PANI and
JF, as previously revealed through XRD peak shifts and FTIR
spectral changes.

Further insight into the charge storage behavior of the PANI/
JF composite was obtained by evaluating the variation in
specific capacitance with the scan rate, as depicted in Fig. 4b.
The specific capacitance (Cyp) of PANI/JF-3 was calculated from
the CV curves using the following equation:>’

[IxdVv

Cp =28
PTAV xm Xy

(1)

where I is the constant discharge current (A), v represents the
scan rate, m stands for the mass of the loading material (g), and
AV is the potential window (V). It is evident that the specific
capacitance gradually decreases as the scan rate increases
(Fig. 4b). This trend is commonly observed in pseudocapacitive
systems and is attributed to the limited time available for
faradaic redox reactions and ion adsorption/desorption at
higher scan rates.”® At lower scan rates, ions from the electro-
Iyte have sufficient time to penetrate the porous network and
access deeper electroactive sites, thereby contributing to higher
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charge storage. In contrast, at higher scan rates, only the outer
surface of the electrode material is involved in the charge
storage process, as ion diffusion into the interior becomes
kinetically constrained. This results in a decline in measured
capacitance. The situation becomes more pronounced due to
the rapid accumulation of electrolyte ions near the electrode/
electrolyte interface at higher scan rates, leading to a satura-
tion effect. This electrochemical congestion creates a condi-
tion in which there is insufficient time for the ions to undergo
diffusion and complete redox interactions at the inner active
sites. As a result, a portion of the electroactive surface area
remains underutilized during high-speed scans. Despite this,
the PANI/JF electrode exhibited outstanding performance
across the entire range of scan rates. At a scan rate of
10 mV s~ ', the electrode delivered a high specific capacitance
of 3860 + 204 F g~' (mean + SD, n = 3), showcasing its
exceptional charge storage capability. Even when the scan rate
was increased to 200 mV s !, a substantial capacitance of
2306 + 256 F g~ was retained, indicating that a significant
portion of the electroactive sites remained accessible even
under fast charging conditions. This remarkable capacitance
retention underscores the highly porous and conductive
architecture of the PANI/JF composite. The superior electro-
chemical performance of PANI/JF can be attributed to a
combination of key material features: the intrinsic pseudoca-
pacitance of PANI, the hierarchical and porous structure of
the jute fiber backbone, and the tunable redox activity of the
PANI chains embedded within the JF matrix.’® These struc-
tural and chemical synergies provide extensive electroactive
interfaces and facilitate rapid ion and electron transport, even
at high scan rates.

To gain a deeper quantitative understanding of the charge
storage mechanism and kinetics, we further analyzed the CV
curves using the power-law relationship between peak current

2262 | Mater. Adv, 2026, 7, 2257-2267

and the scan rate, as shown in Fig. 4c. The relationship is
governed by eqn (2) and (3):°%%

I=a 2)

®)

where a and b are empirical constants. The b-value is a critical
kinetic parameter that signifies the dominant mode of charge
storage; a b-value of 1.0 is indicative of surface-controlled
capacitive processes—such as EDLC and pseudocapacitance—
while a b-value of 0.5 reflects diffusion-controlled processes
like faradaic intercalation.®® Thus, the magnitude of b offers
valuable insight into whether charge storage is primarily gov-
erned by surface reactions or bulk ion diffusion. In this study,
the slope of the logIvs. logv plot (Fig. 4c) for the cathodic peak
of PANI/JF yielded a b-value of 1.05. This slightly super-unity
value suggests that the charge storage behavior of the PANI/JF
electrode is dominated by capacitive processes, yet not purely
surface-confined. The deviation from exactly 1.0 implies the
presence of some degree of diffusion-controlled contribution,
pointing toward a hybrid electrochemical behavior that
involves both faradaic and non-faradaic charge storage
mechanisms. Such a combination is advantageous, as it
enables the electrode to deliver high power density without
significantly compromising energy storage capacity. This find-
ing aligns well with the observed high capacitance, fast redox
reversibility, and well-retained performance at high scan rates.

The potential application of the PANI/JF composite as a
supercapacitor electrode was further validated through GCD
measurements performed over a range of current densities
from 5 A g ' to 50 A g7, as illustrated in Fig. 4d. It is well
known that most supercapacitor materials exhibit a significant
drop in capacitance when operated at high current densities
due to limitations in ion diffusion and charge transfer kinetics.

logI=blogv +loga

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In contrast, the PANI/JF electrode demonstrated remarkably
stable GCD profiles even under high-rate conditions, a result
that highlights its robustness and superior electrochemical
characteristics. The potential-time curves retained a nearly
ideal triangular and symmetric shape at all tested current
densities, reflecting a high degree of electrochemical reversi-
bility and efficient charge-discharge behavior. The preservation
of this symmetry, particularly at high current densities (up to
50 A g '), indicates excellent rate capability and minimal
resistive losses, underscoring the structural integrity and elec-
trical conductivity of the PANI/JF composite. The specific
capacitance (Cyp) was calculated from the GCD data using

eqn (4):
Ixt
o= Ay @

where I is the constant discharge current (A), m stands for the
mass of the loading material (g), ¢ is the discharging time (s),
and AV is the potential window (V). At a current density of 5 A
g™, the PANI/JF electrode exhibited a high specific capacitance
of 3485 + 111 F g~ *. The high specific capacitance of the PANI/
JF electrodes arises from the synergistic effect between PANI
and the JF support, which improves electroactive site utiliza-
tion, ion transport, and redox accessibility of PANI as well as JF.
Notably, even at a significantly increased current density of
50Ag "', Cy, remained as high as 3052 + 119 F g™, as shown in
Fig. 4d. The electrode retains approximately 88% of its initial
capacitance over a tenfold increase in current density, demon-
strating favorable rate capability for pseudocapacitive charge
storage. Such behavior implies that ion transport within the
electrode remains efficient even at short timescales, and the
redox-active sites remain highly accessible despite the rapid
charge-discharge cycling. Furthermore, the near-linear profile
of the C, versus current density curve, which remains almost
parallel to the x-axis, provides additional evidence of the
minimal rate-dependent loss in performance. The outstanding
rate capability of PANI/JF, demonstrated across a wide range of
current densities, positions it as a highly attractive material for
high-power supercapacitor applications. Unlike conventional
pseudocapacitive electrodes that often suffer from fast capacity
fading at high current loads, the PANI/JF system maintains
both high energy and power densities with minimal
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performance degradation. A detailed comparison of the elec-
trochemical performance of PANI/JF with other reported
biopolymer-derived supercapacitor electrodes, particularly
those activated using H,SO,, is provided in Table 1. This
comparison further emphasizes the superior capacitance, rate
capability, and practical viability of the PANI/JF composite in
the context of sustainable, high-performance energy storage
systems.

Two critical performance indicators for supercapacitor
materials are energy density, E (W h kg™ "), and power density,
P (W kg™'), as they determine the practical viability of the
supercapacitor for real-world applications. For the PANI/JF
electrode, these values were calculated based on galvanostatic
charge-discharge (GCD) data using eqn (5) and (6):

~ Cyp x AV?
2% 3600 ()
p— ? % 3600 (6)

where Cj;, is the specific capacitance (F g~ '), AV is the potential
window (V), and ¢t is the discharge time (s). The Ragone plot was
derived from the GCD measurements and is presented in Fig. 4f.
At a current density of 5 A g~ ', the PANI/JF electrode achieved an
impressive power density of 1750 W kg™ " and a corresponding
energy density of 247.9 W h kg™ ". Even at a high current density of
50 Ag™ ", the system delivered a power density of 16 692.54 W kg ™"
and an energy density of 207.72 W h kg™, demonstrating an
exceptional ability to maintain energy storage capacity under high
power output conditions. The Ragone plot in Fig. 4f illustrates this
trend and underscores the excellent rate performance of the PANI/
JF electrode. Unlike typical supercapacitor materials, which tend
to exhibit a significant trade-off between energy and power
densities, the PANI/JF system maintains both high energy and
high power outputs, even at extreme current densities. This dual
advantage is indicative of the efficient charge transfer kinetics of
the composite, high conductivity, and porous nanostructured
morphology, which collectively support rapid ion diffusion and
stable electron transport pathways. To place the performance of
PANI/JF into context, a comparative evaluation was conducted
against a variety of existing energy storage technologies, including
conventional supercapacitors, lithium-ion batteries, and fuel cells.

Table 1 Comparison of the electrochemical performance of the PANI/JF composite with reported PANI-based electrode materials

Electrode material Electrolyte Current density (A g") Specific capacitance (F g ") Ref.
PANI-CB 1 M H,SO, 2.0 1486 69
PANI-C0,0, 1 M H,SO, 1.0 3105.46 70
PANI/PCBM 2 M KOH 2.0 2201 71
LDH@SnO,@RHC@PAN 3 M KOH 1.0 7684.2 3
PANI-CNTT 1 M H,S0, 2.0 1744 72
Polyaniline/Fe,0;-decorated graphene 1 M H,SO, 2.0 1124 73
NiMnO;/CNT/PANI 1 M H,S0, 0.5 1276 28
PANI-Toray 1 M H,S0, 1.5 1335 74
PANI/carbon fiber 0.5 M H,SO, 0.5 1566 75
C05S4/PANI 1 M H,SO, 1.0 1106 76
PANI/JF 1 M H,SO, 5.0 3485 + 111 This study

CB: carbon black; CNT: carbon nanotubes; LDH: layered double hydroxides; PCBM: phenyl-Ceo-butyric acid methyl ester; RHC: rice husk char.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 4f, the PANI/JF electrode outperforms many of
these benchmark devices in terms of both energy and power
densities. Notably, it surpasses the performance range of tradi-
tional supercapacitors, offering significantly higher energy densi-
ties while retaining fast charge-discharge capability—a hallmark
trait typically associated with supercapacitors. What sets PANI/JF
apart is its ability to deliver high power output without compro-
mising energy density, an achievement rarely observed in pseu-
docapacitive materials. This exceptional characteristic stems from
the strong interfacial interaction between PANI and cellulose
(as confirmed by DFT in Fig. 6), which ensures efficient electron
flow and mechanical stability.

The fundamental electrochemical behavior of the PANI-
based supercapacitor was further explored using EIS to gain
insights into the charge transfer processes and ion diffusion
across the electrode-electrolyte interface, which are critical
factors influencing the performance, cycling stability, and rate
capability of supercapacitors.®®*®* These transport properties
were evaluated for both PANI/GC and PANI/JF electrodes to
determine the effect of incorporating PANI into the natural
fiber substrate.®® The Nyquist plots, presented in Fig. 5a, were
recorded over a frequency range of 0.1 Hz to 100 kHz with a
perturbation amplitude of 5 mV. The spectra reveal a semicir-
cular arc in the high-frequency region, indicative of charge
transfer resistance (R.), and a linear segment in the low-
frequency region, associated with ion diffusion behavior. Nota-
bly, the PANI/JF electrode shows a smaller semicircle diameter

=@= PANI

35} -@-PANIJF
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Fig. 5 (a) Nyquist plots of the PANI/JF composite and PANI film electro-
des recorded in 1.0 M H,SOy4; the inset shows the corresponding equiva-
lent circuit. (b) Cycling stability of the PANI/JF composite over 3000
charge—discharge cycles at 30 A g7 in 1.0 M H,SO,.
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and a steeper linear slope compared to PANI/GC, implying
significantly improved charge transfer kinetics and more efti-
cient ion diffusion pathways. These enhancements reflect the
influence of the porous and conductive nature of the PANI-
modified jute matrix. Further analysis using an equivalent
circuit model, shown as an inset in Fig. 5a, supports these
findings. The model includes components for equivalent series
resistance (Rs), Re,, Warburg impedance (W), double-layer capa-
citance (Cq), and pseudocapacitive capacitance (Cp). The R
value, determined from the intercept of the Nyquist curve with
the real axis, represents the internal resistance of the electrode
system. A comparison reveals that the PANI/JF electrode has a
lower R, (6.84 Q) than PANI/GC (7.22 Q), indicating reduced
internal resistance and enhanced electrical conductivity due to
the PANI incorporation. The diameter of the semicircle reflects
the R., which is also markedly lower for PANI/JF (0.36 Q),
indicating faster electron transfer kinetics. This improvement
aligns with the strong hydrogen bonding and interfacial com-
patibility between PANI and cellulose observed in the DFT
analysis (Fig. 6) and supports the superior electrochemical
performance observed in CV and GCD studies. Additionally,
the value of W, which quantifies ion diffusion resistance, is
found to be 2.64 Q for PANI/JF, suggesting that the porous fiber
framework facilitates efficient ion transport by providing well-
connected diffusion pathways. Capacitive contributions were
also analyzed from the circuit model. The PANI/JF electrode
shows two capacitance components: Cq; (1.4 puF), representing
the EDLC at the electrode-electrolyte interface, and C,
(442 mF), representing the pseudocapacitance arising from
reversible faradaic redox reactions. These faradaic processes
involve charge transfer reactions such as redox transitions, ion
adsorption/desorption, or surface intercalation, which substan-
tially increase the total capacitance and energy storage capacity
of the system. The high value of C,, in particular, underscores
the dominant contribution of pseudocapacitive mechanisms to
the overall charge storage in the PANI/JF system. Therefore, the
presence of low R;, minimal R, low W, and substantial C,
confirms that the PANI/JF composite possesses superior con-
ductivity, fast electron/ion transport kinetics, and high

Fig. 6 Optimized structure of the PANI-cellulose (JF) complex calculated
by the B3LYP/6-311 level of theory. Carbon (C), oxygen (O), nitrogen (N),
and hydrogen (H) atoms are represented by gray, red, blue, and white
spheres, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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capacitive efficiency. These findings validate the effectiveness
of integrating conductive PANI into a biomass-derived fiber
matrix and further support the role of rational interfacial
design in producing high-performance, scalable electrodes for
next-generation supercapacitor applications.

Furthermore, the cycling stability of the electrode material is
a critical parameter in determining its long-term suitability for
energy storage applications. To assess this, the GCD measure-
ments were carried out at a high current density of 30 A g™ " over
3000 continuous cycles. As shown in Fig. 5b, the PANI/JF
electrode exhibited excellent cycling durability, retaining
82.27% of its initial capacitance after 3000 cycles. The capaci-
tance retention was calculated by taking the ratio of the final
specific capacitance (after 3000 cycles) to the initial specific
capacitance obtained from the GCD curves. This retention
performance is indicative of the robust electrochemical rever-
sibility and structural stability of the composite under pro-
longed high-rate charge-discharge conditions. To ensure the
reliability and consistency of these results, the experiment was
repeated multiple times under identical conditions, and the
reproducibility of the data was confirmed. The minimal degra-
dation observed over extended cycling highlights the mechan-
ical integrity of the jute fiber scaffold and the electrochemical
stability of the polyaniline coating, further establishing PANI/JF
as a promising and durable electrode material for high-
performance supercapacitors.

3.3 Interfacial interaction between PANI and JF

The remarkably high specific capacitance observed for the
PANI/JF-based supercapacitor can be attributed, in large part,
to the strong interfacial interactions between PANI and cellu-
lose. These interactions were investigated through density
functional theory (DFT) calculations, which provide
molecular-level insights into the binding and compatibility
between the two components.®® ®® The optimized structure of
the PANI-cellulose complex was obtained at the B3LYP/6-311
level of theory, and the results are presented in Fig. 6 and Table
S3 (See SI for details). The optimized structure clearly reveals
the formation of an extensive hydrogen bonding network
between the hydroxyl-rich cellulose surface and the functional
groups of PANI. Several significant interfacial interactions are
identified between oxygen atoms from cellulose and hydrogen
atoms from PANI, with hydrogen bond distances as follows:
2.22 A (0102---H46), 2.94 A and 2.00 A (0138---H18), 2.31 A
(097---H96), 4.37 A (073---H22), and 3.25 A (0146 - -H9), as
listed in Table S5 and shown in Fig. 6. In addition to oxygen-
centered hydrogen bonds, nitrogen atoms in the PANI back-
bone were found to participate in hydrogen bonding with
cellulose-bound hydrogens, with the following bond distances:
2.91 A (N60- - -H96), 2.13 A (N60- - -H95), 3.38 A (N12. - -H1447),
and 3.26 A (N12---H149). These interactions, illustrated by
dashed lines in the DFT model, underscore the strong binding
affinity and interfacial compatibility between PANI and cellu-
lose. The calculated interaction energy of —51.722 k] mol™"
(Table S4) confirms that the formation of the PANI-cellulose
complex is thermodynamically favorable and structurally

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stable. These interfacial hydrogen bonds are not merely
structural—they also play a critical role in electrochemical
performance enhancement. The intimate contact facilitated
by hydrogen bonding ensures uniform PANI distribution over
the cellulose matrix and enables efficient electron transport
across the composite interface. This molecular-level adhesion
supports the morphological observations from SEM and TEM,
where a uniform, porous coating of PANI was evident on the JF
surface. Furthermore, the fibrous and porous nature of cellu-
lose inherently improves electrolyte accessibility and ion diffu-
sion, leading to greater exposure of redox-active sites and
enhanced faradaic contributions during charge/discharge
cycles. Together, the hydrogen bonding network and the mor-
phological compatibility between PANI and cellulose explain
the exceptionally high specific capacitance observed for PANI/
JF and its stable performance even at high scan rates. These
theoretical insights affirm that interfacial chemistry is a deter-
mining factor in the design of efficient, bio-derived energy
storage materials. Additionally, numerous intermolecular
bonds were observed between the cellulose and PANI chains,
contributing to the stability and performance of the composite,
as detailed in Tables S3-S5. The nature and number of these
bonds, especially the coexistence of both oxygen-hydrogen and
nitrogen-hydrogen interactions, were thoroughly analyzed and
emphasized in this study.

4. Conclusions

We have successfully developed a high-performance superca-
pacitor electrode by integrating polyaniline (PANI) with jute
fiber (JF), a naturally abundant and renewable biomass. Synthe-
sized through a facile one-step chemical polymerization
method, the resulting PANI/JF composite demonstrates strong
electrochemical performance. The electrode delivers a high
specific capacitance of 3485 + 111 Fg ' at 5 A g ' and achieves
an energy density of 207.72 W h kg™" at a power density of
1692.54 W kg™ under electrochemical testing conditions.
Moreover, the composite exhibits good cycling stability, retain-
ing 82.27% of its initial capacitance after 3000 charge-dis-
charge cycles at 30 A g ', while maintaining high capacitance
at current densities up to 50 A g~ '. The enhanced performance
arises from the synergistic interplay between the porous fibrous
structure of JF, which facilitates efficient ion transport and
electrolyte accessibility, and the high electrical conductivity and
redox activity of PANI, enabling the coexistence of electric
double-layer and pseudocapacitive charge-storage mechan-
isms. Density functional theory calculations reveal the presence
of strong interfacial hydrogen bonding between PANI and the
cellulose framework, which enhances charge transfer and
structural integrity, providing a molecular-level rationale for
the observed electrochemical stability and performance. Over-
all, this study demonstrates that biomass-derived fibrous scaf-
folds combined with conducting polymers represent a viable
and scalable strategy for the development of advanced super-
capacitor electrodes.
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