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ABSTRACT

The growing demand for flexible and wearable energy storage systems calls for sustainable and mechanically robust substrates that
overcome the limitations of conventional rigid and nonbiocompatible materials. Here, we present a binder-free and flexible super-
capacitor fabricated on mulberry paper, integrating electrostatically engineered carbon nanotubes (CNTs) and covalently cross-
linked poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). CNTs modified with a cationic surfactant, cetyl-
trimethylammonium bromide (CTAB), uniformly adhere to the hydroxyl-rich fibers via electrostatic interactions, enhancing
interfacial stability and minimizing resistance. PEDOT:PSS is cross-linked using divinyl sulfone (DVS), simultaneously improving
electrical conductivity and aqueous stability. The resulting device exhibits an areal capacitance of 30.4mFcm 2 at 50mVs™ ' and
maintains 95.9% of its capacitance over 80,000 cycles at 4.0 mA cm™>. This study provides a scalable and low-cost platform for high-
performance, durable, and flexible energy storage, highlighting a novel interfacial engineering strategy for natural fiber substrates.

1 | Introduction materials that combine flexibility, lightweight characteristics,
and environmental sustainability [1-5]. In this context, cellulose
has attracted significant attention as a sustainable material due to
its abundance, excellent biocompatibility, and biodegradability.
urgent need for next-generation energy storage devices. The pro- When processed into nanofibers, cellulose provides a high sur-
liferation of portable electronics, wearable devices, and Internet face area and porous structure, enhancing electron and ion trans-
of Things (IoT) technologies requires the development of  port and maximizing electrochemical performance, thereby

The rapidly increasing global energy demand, coupled with
growing interest in sustainable energy systems, underscores the
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overcoming the limitations of conventional metal- or polymer-
based electrodes [6-8]. However, practical applications are still
hindered by low electrical conductivity, limited mechanical
robustness, and challenges in scalable fabrication.

Conventional approaches for Hanji-based supercapacitors pri-
marily rely on aqueous solution processes, in which conductive
carbon materials are coated onto large-area cellulose fibers [8, 9].
This enables relatively strong interfacial adhesion through van
der Waals forces and n—= interactions, allowing stable attach-
ment of conductive materials on the fiber surface [10, 11]. Nev-
ertheless, the intrinsic hydrophobicity of carbon materials leads
to poor dispersion in aqueous solutions and local aggregation,
resulting in nonuniform coatings that compromise electron/ion
transport and electrochemical performance [12]. Although
anionic surfactants (e.g., sodium dodecylbenzenesulfonate
[SDBS]) have been used to improve dispersion, their limited
interfacial affinity restricts long-term coating stability and pre-
vents optimal distribution of active materials and electrolyte
infiltration, posing challenges for large-area and high-perfor-
mance electrodes. Therefore, to overcome the limitations of con-
ventional aqueous-based processes, it is essential to develop new
strategies that improve the surface properties of conductive car-
bon materials and reinforce interfacial bonding with fibers,
thereby enabling uniform coating, stable electrode architectures,
and optimized electrochemical performance simultaneously.

To address these challenges, we developed a binder-free and flexible
supercapacitor on mulberry paper, integrating electrostatically
engineered CNT adhesion and covalently cross-linked poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS).
Carbon nanotubes (CNTs) serve as electric double layer (EDL)-
type materials but tend to aggregate due to hydrophobicity and
strong van der Waals and n—r interactions [13]. To overcome this,
CNTs were modified with cetyltrimethylammonium bromide
(CTAB), a cationic surfactant that promotes electrostatic interac-
tion with the negatively charged, hydroxyl-rich surface of mulberry
paper, ensuring uniform coating and robust interfacial adhesion.
For pseudocapacitive energy storage, PEDOT:PSS was introduced;
its reversible redox reaction with the electrolyte enhances energy
storage performance. However, PEDOT:PSS exhibits low aqueous
stability and substrate delamination, compromising cycling stabil-
ity [14]. This was addressed by divinyl sulfone (DVS) cross-linking,
which forms covalent bonds with PSS chains to enhance aqueous
stability and simultaneously acts as a secondary dopant to remove
excess insulating PSS, improving electrical conductivity [15, 16]. By
integrating CNTs and PEDOT:PSS within a single device architec-
ture, CNTs provide rapid charge storage, while PEDOT:PSS contri-
butes pseudocapacitance. The excellent mechanical durability and
hydrophilic, porous network of mulberry paper enable the realiza-
tion of a flexible supercapacitor with high power and energy
densities.

2 | Materials and Methods
2.1 | Materials

All chemicals were used without further purification. Commer-
cially available mulberry paper (thickness: 0.35mm) was pur-
chased from Song-jeong art supplies store. CNT was obtained
from JEIO. Surfactants used included SDBS (Sigma-Aldrich)

and CTAB (Daejung). PEDOT:PSS was purchased from Sig-
ma-Aldrich. EG (Samchun Chemical) and DVS (Sejin CI Co.
Ltd.) were used as cross-linking agents. Sulfuric acid (H,SO,)
was purchased from Daejung. Sodium sulfate (Na,SO,) was pur-
chased from Sigma-Aldrich.

2.2 | Preparation of the Mulberry Paper-Based
Supercapacitor

To prepare CNT dispersions with SDBS or CTAB surfactants,
0.04 g of CNT, 0.04 g of surfactant, and 16 mL of deionized (DI)
water were mixed and tip-sonicated for 30 min. A 12 mm diame-
ter mulberry paper disc was then immersed in the CNT/SDBS or
CNT/CTAB dispersion for 30, followed by drying at 80°C for 30
min in a vacuum oven. This coating process was repeated three
times to ensure uniform CNT deposition on the mulberry paper.
The resulting samples were denoted as CNT/CTAB and
CNT/SDBS electrode, where, without any special explanation,
the CNT-to-surfactant mass ratio was fixed at 1:1. Next,
PEDOT:PSS aqueous dispersions were prepared using different
cross-linking agents (DVS or EG). To obtain PEDOT:PSS-DVS
and PEDOT:PSS-EG dispersions, 3vol% of DVS or EG was added
to PEDOT:PSS aqueous solution and stirred with a magnetic
stirrer at 300 rpm for 30 min. The CNT/CTAB-coated mulberry
papers were subsequently dipped into three types of PEDOT:PSS
dispersions, that is, pristine PEDOT:PSS, PEDOT:PSS-DVS, and
PEDOT:PSS-EG, for 30s and dried at 80°C for 30 min in a vac-
uum oven. The resulting samples were denoted as C-PEDOT:PSS,
C-PEDOT:PSS-DVS, and C-PEDOT:PSS-EG, respectively.

2.3 | Electrochemical Characterization

For all electrochemical measurements, 2032 coin-type cells were
assembled with symmetric electrodes (12mm diameter), 1M
H,SO, as the electrolyte, and a polyethylene separator. Tests
were performed over a voltage window of 0-0.85V using a bat-
tery test system (BCS-805, BioLogic). Cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) were conducted sequentially. CV
curves were recorded at scan rates of 5, 10, 20, 50, 100, and 200
mVs™!. GCD profiles were obtained at areal current densities of
0.1, 0.2, 0.3, 0.5, and 1.0mA cm 2. EIS spectra were collected
from 10kHz to 100 mHz with an applied amplitude of 10 mV.
Long-term cycling was evaluated at 1.0 and 4.0 mA cm™> under
room temperature (25°C) and 50% relative humidity. Areal
capacitance (C,) was calculated from CV and GCD data using
Equations (1) and (2), respectively. In these equations, [ivdv is
the integrated CV area, u is a scan rate, A is the area of the
electrode, AV is the voltage window, i/A denotes the areal current
density, and ¢ is the discharge time:

vdv
_ , 1
Ca / 2UAAV (1)
it
_ . 2
Ca=aav @)

2.4 | Physical and Chemical Characterization

The surface charge of the mulberry paper and CNT dispersions
was analyzed using zeta potential measurement. For the
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mulberry paper, the paper was cut to dimensions of 15 mm X 35
mm (~80mg) and mounted in the clamping cell (Cat. Number
165260) of the zeta potential analyzer (SurPASS 3, Anton Paar
GmbH, Graz, Austria). A streaming solution composed of 1 mM
KCl and 1 mM KOH in demineralized water was used, initiating
the measurement at an alkaline pH of 11. Titration was then
performed by gradually adding 0.05M HCI to generate a zeta
potential vs. pH curve. The titration step size was adjusted to
produce a pH change of 0.5 units per step. At each pH value,
three zeta potential measurements were recorded over a stream-
ing pressure range of 800-200 mbar. All measurements were con-
ducted with the solution continuously degassed by nitrogen
bubbling. The zeta potential of CNT dispersions was measured
with a Delsa Nano C particle analyzer (Beckman Coulter) to
determine the surface charge of CNT dispersions prepared with
SDBS or CTAB; the CNT-to-surfactant mass ratio was fixed at 1:1.
Fourier-transform infrared (FTIR) spectra were collected on an
Alpha I spectrometer (Bruker) over 400-4000 cm™'. X-ray pho-
toelectron spectroscopy (XPS, K-alpha+, Thermo Fisher Scien-
tific; AlI-Ka source) was used to analyze the elemental
composition (C, N, O, S, and Br) of CNT—coated mulberry papers
and to quantify surface PSS content on PEDOT:PSS—coated sam-
ples after adding cross-linking agents. Surface morphology was
examined with a field-emission scanning electron microscope
(FE-SEM, SIGMA 300, Carl Zeiss AG). Energy dispersive X-ray
spectroscopy (EDS) was conducted to examine elemental map-
ping of CNT—coated electrodes. Static contact angles were mea-
sured using a DSA-100 drop-shape analyzer (KRUSS). The tensile
stress—strain curves of the electrodes were measured to examine
the mechanical properties (compac-10011, Sun Scientific).

3 | Results and Discussion

A binder-free and flexible supercapacitor was fabricated on mul-
berry paper using sequential coating of CNT and PEDOT:PSS, as
illustrated in Figure 1a. To optimize CNT adhesion, we compared
two types of surfactants—CTAB (cationic) and SDBS (anionic)—
to examine how electrostatic interaction influences coating
behavior and interfacial resistance on the negatively charged
paper substrates. CNTs were dispersed with each surfactant
(1:1 w/w), dip-coated onto mulberry paper, and vacuum-dried.
The CNT/CTAB-coated paper, exhibiting stronger interfacial
adhesion, was selected for further modification with PEDOT:
PSS. To improve the aqueous stability and conductivity of the
PEDOT:PSS layer, we compared two cross-linking agents—DVS
(covalent bonding) and EG (hydrogen bonding)—to assess how
the binding mechanism influences long-term electrochemical
performance. The effects of surfactant type and cross-linking
chemistry on coating uniformity, surface characteristics, and
electrochemical behavior were systematically investigated.

Figure 1b-f investigates the interfacial interaction between CNT
dispersions and mulberry paper depending on surfactant type.
Table S1 shows the zeta potential data of the pristine mulberry
paper at various pH values from 2.05 to 10.93. Zeta potential mea-
surements confirmed that the pristine mulberry paper surface was
negatively charged at various pH values from 2.53 to 10.93, due to
abundant carbonyl and hydroxyl groups (Figure S1) [17]. Espe-
cially, at pH value of 6.94, the mulberry paper showed the zeta
potential value of —9.68 mV, whereas CNT dispersions stabilized

with CTAB (cationic) and SDBS (anionic) exhibited positive (+55.1
mV) and negative (—43.8 mV) values, respectively (Figure 1b).
These results indicate favorable electrostatic attraction between
CNT/CTAB and mulberry paper, supporting enhanced adhesion
and uniformity. Furthermore, the absolute zeta potential value of
CNT/CTAB dispersion was also higher than that of CNT/SDBS
dispersion, suggesting that CNTs stabilized with CTAB were better
dispersed in DI water than those stabilized by SDBS. Contact angle
measurements further supported this trend. Owing to the opposite
surface charges of CNT/CTAB dispersion and the mulberry paper,
electrostatic attraction occurs between the dispersion and substrate,
enhancing the spreading of the CNT/CTAB droplet on the paper
[18, 19]. As a result, the CNT/CTAB dispersion exhibited a lower
contact angle (88°) than the CNT/SDBS dispersion (101°) on mul-
berry paper (Figure 1c), indicating better wettability [20, 21]. This
improved wettability and binding strength between CNT/CTAB
and the mulberry paper facilitate the formation of a more uniform
and tightly bonded CNT layer on the substrate [22-26]. Figure S2
describes coating behavior and electrical resistance over multiple
cycles. After the first coating, the CNT/CTAB electrode exhibited a
higher mass gain (0.32mg) than the CNT/SDBS electrode (0.24
mg), along with lower sheet resistance (0.31kQ vs. 0.39 kQ), indi-
cating effective CNT deposition driven by electrostatic attraction.
After three coatings, the mass converged to 0.86 mg for CNT/CTAB
and 0.88 mg for CNT/SDBS. Notably, despite the slightly lower
loading mass, CNT/CTAB electrode maintained a lower electrical
resistance (0.1 kQ) than the CNT/SDBS electrode (0.12 kQ). Beyond
the third cycle, negligible changes in mass and resistance were
observed, suggesting that three coating cycles represent the optimal
condition for further experiments. We summarized loading mass
and electrical resistance of CNT/CTAB and CNT/SDBS electrodes
depending on coating cycles in Table S2. These results demonstrate
that CTAB is a more effective surfactant than SDBS for forming
low-resistance CNT networks on mulberry paper using a minimal
amount of CNTs. XPS analysis confirmed the presence of the sur-
factant-derived chemical composition on the coated mulberry
papers (Figure 1d). No Br 3d or S 2p peaks were observed in pristine
mulberry paper, whereas Br 3d and S 2p signals were clearly
detected in CNT/CTAB- and CNT/SDBS—coated mulberry papers,
respectively (Figure 1e,f). Figures S3 and S4 present SEM and EDS
results, which further validate the uniform distribution of CNTs
without visible aggregation, as well as the well-distributed Br and
S elements in CNT/CTAB- and CNT/SDBS—coated papers, respec-
tively. Figure S5 describes the stress-train curves of the pristine
mulberry paper, CNT/CTAB, and CNT/SDBS electrodes. As shown
in Figure S5, CNT/CTAB electrode exhibited the highest tensile
strength (12.3 MPa), compared to the CNT/SDBS electrode (11.1
MPa) and the pristine mulberry paper (10.1 MPa). This suggests
that the electrostatic attraction between positively charged
CNT/CTAB and negatively charged mulberry paper fibers
enhances the interfacial bonding, which is beneficial for reinforcing
the mechanical strength. These results confirm the formation of a
continuous and conductive CNT network—especially in the CTAB-
coated sample—which is crucial for efficient charge transport and
overall device performance.

The wettability of the electrode toward the electrolyte is a critical
parameter in energy storage systems, as it directly affects interfa-
cial ion transport. To evaluate this property, we measured the
contact angle by dropping 1 M H,SO, electrolyte onto the
CNT/CTAB and CNT/SDBS electrodes (Figure S6). The contact
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angle of the electrolyte on the CNT/CTAB electrode was 81°,
whereas that on the CNT/SDBS electrode was 92°, indicating
better wettability of the CNT/CTAB surface. This enhanced wet-
tability is expected to facilitate the improved charge transfer
kinetics and overall electrochemical performance [27, 28]. T

evaluate the influence of surfactant choice on the electrochemi-
cal behavior of CNT-coated electrodes, we performed EIS, CV,
GCD, and cycling tests. Figure 2a describes the EIS results of
CNT/CTAB and CNT/SDBS electrodes. The R, of CNT/CTAB
electrode was 13.2 Q, whereas that of CNT/SDBS was 20.9 Q. The
lower R, of CNT/CTAB electrode was attributed to the enhanced
electronic transport and ion accessibility afforded by a more uni-
form and tightly bound CNT network and higher electrolyte
wettability. The GCD profiles at 0.2 mA cm™ show a longer dis-
charge time for the CTAB-based device, indicating a higher areal

capacitance (Figure 2b). Consistently, at 50mVs™, the CV curve
of the CNT/CTAB electrode encloses a larger area than that of
CNT/SDBS electrode (Figure 2c). This trend persists across vari-
ous current densities and scan rates (Figures S7 and S8). The
areal capacitance plot further confirms superior performance of
the CNT/CTAB electrode over the range of 5-200mVs™"
(Figure 2d). Specifically, at 50 mV s7%, the CNT/CTAB electrode
delivers an areal capacitance of 10.3 mFcm™2, outperforming
CNT/SDBS electrode (9.3 mFcm™?). Particularly noteworthy is
the redox-like feature around approximately 0.8V in the CV
curve of CNT/CTAB electrode, which is absent in CNT/SDBS
electrode. This feature is attributed to Br ion-based redox
processes at the electrode/electrolyte interface, since CTAB con-
tains bromide ions as counter ions. Previous studies on bromide
redox-active electrolytes with carbon- and CNT-based electrodes
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FIGURE 1 | (a) Fabrication process of mulberry paper-based electrodes composed of CNT and PEDOT:PSS as active materials. (b) Zeta potential
values of a mulberry paper, CNT/CTAB, and CNT/SDBS dispersions. (c) Contact angle measurements of CNT/CTAB and CNT/SDBS dispersions on
mulberry paper. XPS analysis of the chemical composition: (d) full survey spectra of uncoated, CNT/CTAB-, and CNT/SDBS-coated mulberry papers,
(e) Br 3d spectrum of CNT/CTAB-coated mulberry paper, and (f) S 2p spectrum of CNT/SDBS-coated mulberry paper.

have consistently reported quasi-reversible Br™/Br, or Br™/Br;~
peaks in similar potential range, accompanied by capacitance
enhancement [29-32]. In our CNT/CTAB electrode system,
well-distributed Br ions present at the electrode surface can act
as redox-active species, providing additional pseudocapacitive
contribution. To further clarify the effect of Br ions, we examined
the CV tests of CNT/CTAB electrode with different CNT:CTAB
mass ratios (1:0.5, 1:1, and 1:2) with scan rates of 5-200mVs™*
(Figure S9). For all scan rates, the redox-like peak around approx-
imately 0.8V becomes more enhanced as the CTAB content
increased, which indicates that the Br ions introduced by
CTAB contribute to the redox process. Based on these results,
the enhanced areal capacitance of CNT/CTAB electrode arises
from the synergy of improved electrical conductivity and ion
accessibility, and bromide-mediated redox reactions. Long-term
cycling tests demonstrate the superior stability of the CNT/CTAB
electrode. At 1.0mA cm™>, it retains 97.9% of its initial capaci-
tance after 10,000 cycles, compared to 93.5% for CNT/SDBS

electrode (Figure 2e). Even at a higher current density of 4.0
mA cm™, the CNT/CTAB electrode maintained 98.9% capaci-
tance retention after 80,000 cycles, whereas CNT/SDBS electrode
exhibited 91.4% capacitance retention (Figure 2f). To clarify the
role of surfactant mediated electrostatic interactions on the long-
term cycling stability, we performed SEM analysis and pre- and
post-cycling EIS measurements for the CNT/CTAB and
CNT/SDBS electrodes after 80,000 cycles at an areal current den-
sity of 4mA cm 2. The cycled CNT/SDBS electrode showed clear
CNT delamination from the surface, exposing the underlying mul-
berry paper fibers (Figure S10). However, the CNT/CTAB elec-
trode maintained uniform CNT coverage with no observable
delamination, demonstrating that the cationic surfactant, CTAB,
enhances interfacial adhesion to the negatively charged cellulose
fibers through the electrostatic attraction. The pre- and post-EIS
results corroborated these morphological observations. The R of
the CNT/CTAB electrode remained nearly constant from the ini-
tial (14.0 Q) to 80,000th cycle (14.7 Q), whereas that of CNT/SDBS
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fitted equivalent circuit, (b) GCD profiles at an areal current density of 0.2 mA cm™2. (c) CV curves at a scan rate of 50mV s ". (d) Areal capacitances as a

function of scan rate (5-200mVs™"). Long-term cycling stability at areal current densities of (e) 1.0 and (f) 4.0 mA cm™2.
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electrode increased from 19.5 to 21.5 Q (Figure S11). The strength-
ened binding and robust network formation between CNT/CTAB
and the cellulose substrate, driven by the electrostatic attraction,
effectively suppress delamination and degradation during
extended cycling.

To enhance the energy storage capacity of the CNT/CTAB—coated
mulberry paper electrode, we introduced PEDOT:PSS as a pseudoca-
pacitive layer. Given that CNT/CTAB electrode already demonstrated
superior electrochemical performance and stability, it served as the
optimal electrode for subsequent PEDOT:PSS deposition. However,
pristine PEDOT:PSS films often suffer from instability in aqueous
environments due to the hydrophilic nature of PSS chains, leading
to delamination and capacitance fading [33, 34]. To mitigate this issue,

we introduced cross-linking agents—DVS and EG—which can chem-
ically interact with PSS chains via covalent bonding and hydrogen
bonding, respectively. Additionally, both agents can act as secondary
dopants that modulate the PSS-to-PEDOT ratio, thereby improving
electrical conductivity and film robustness. We fabricated three types
of electrodes via dip-coating: pristine PEDOT:PSS (C-PEDOT:PSS),
DVS—cross-linked (C-PEDOT:PSS-DVS), and EG-cross-linked (C-
PEDOT:PSS-EG) films on CNT/CTAB-modified mulberry paper.
Their morphologies were shown in SEM images, which confirmed
uniform deposition (Figure S12). Table S3 is a summarization of
loading mass of C-PEDOT:PSS, C-PEDOT:PSS-DVS, and C-PEDOT:
PSS-EG electrodes. FTIR analysis was performed to verify the success-
ful incorporation of cross-linkers into PEDOT:PSS (Figure 3a). To

PEDOT:PSS
e
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FIGURE3 |

(d)

(a) FTIR spectrum of free standing PEDOT:PSS, PEDOT:PSS-DVS, and PEDOT:PSS-EG films. (b) Full XPS survey result. (c) S 2p peak spectra

with PSS and PEDOT area contribution. (d) Contact angle measurements of C-PEDOT:PSS, C-PEDOT:PSS-DVS, and C-PEDOT:PSS-EG electrodes.
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identify the specific bonds depending on the cross-linking agents, we
conducted FTIR measurements of the free standing PEDOT:PSS,
PEDOT:PSS-DVS, and PEDOT:PSS-EG films. New peaks at
3100-3000 and 1310cm™" in PEDOT:PSS-DVS film are attributed to
the vinyl groups (C—CH, stretching vibration) and sulfone (OSO)
scissoring modes, respectively, confirming covalent cross-linking
between PEDOT:PSS and DVS [15, 35]. In PEDOT:PSS-EG film,
the broad O—H stretch near 3300cm™" and C—H vibrations near
2915 and 2853 cm ™! suggest hydrogen bonding and EG incorporation
[36, 37]. These results indicated that cross-linking reactions of DVS or
EG with PEDOT:PSS were successfully achieved. In addition, to clar-
ify the effect of cross-linkers on the mechanical property of PEDOT:
PSS-based electrodes, we measured the tensile strength of PEDOT:
PSS-based electrodes containing different cross-linkers (DVS and EG;
Figure S13). Both C-PEDOT:PSS-DVS and C-PEDOT:PSS-EG electro-
des exhibited higher tensile strength (17.5 and 16.2MPa) than C-
PEDOT:PSS electrode (15.6 MPa). This improvement is attributed to
the covalent bonding induced by DVS and hydrogen bonding induced
by EG, respectively. XPS spectra revealed that the S 2p signal corre-
sponding to PSS (high binding energy) and PEDOT (low binding
energy) [38]. To clarify the secondary doping effect of cross-linkers
(DVS and EG), we quantify PSS and PEDOT area contributions
by fitting symmetric/asymmetric Gaussian—Lorentzian functions
over the 161-173 eV range to calculate the PSS-to-PEDOT ratio
(Figure 3b,c). Table S4 is a summary of the quantified PSS and
PEDOT area, and PSS/PEDOT ratio of C-PEDOT:PSS, C-PEDOT:
PSS-DVS, and C-PEDOT:PSS-EG electrodes. The PSS/PEDOT ratio
decreased from 2.11 in C-PEDOT:PSS electrode to 1.93 in C-PEDOT:
PSS-DVS electrode and 1.87 in C-PEDOT:PSS-EG electrode. These
reductions confirm partial removal or suppression of excess PSS, con-
sistent with effective secondary doping [16, 39]. As expected, electrical
resistance measurements showed improved conductivity in the cross-
linked films: 0.16 kQ for C-PEDOT:PSS, 0.12kQ for DVS, and 0.13 kQ
for EG, consistent with the reduced insulating PSS content (Figure
S14). Figure 3d represents contact angle measurements using 1 M
H,SO, on each electrode, provided further evidence. Since PSS is
hydrophilic, samples with lower PSS content exhibited larger contact
angles. The increasing trend—C-PEDOT:PSS (78°) < DVS (86°) < EG
(99°)—aligns well with the PSS depletion observed in XPS and sug-
gests that cross-linking not only enhances conductivity but also mod-
ulates surface wettability.

To examine the impact of PEDOT:PSS and the role of cross-linking
agents, we systematically evaluated the electrochemical performance
of CNT/CTAB, C-PEDOT:PSS, C-PEDOT:PSS-DVS, and C-PEDOT:
PSS-EG electrodes. EIS measurements revealed that the introduction
of PEDOT:PSS increased the R, compared to the CNT/CTAB elec-
trode (13.2€Q; Figure S15). This result is attributed to the effect of
higher electrical resistance due to additional electrical resistance
from the PEDOT:PSS layer. However, for PEDOT:PSS-based electro-
des, the C-PEDOT:PSS-DVS electrode exhibited the lowest R ; (41.0 Q2),
followed by C-PEDOT:PSS-EG (52.6€Q) and C-PEDOT:PSS (82.9 Q).
This trend confirms that DVS, functioning as the secondary dopant,
enhanced charge transport kinetics through covalent cross-linking
and PSS depletion. GCD profiles at an areal current density of
0.2mA cm™> demonstrated markedly longer discharge times after
introducing the pseudocapacitive PEDOT:PSS layer, verifying
enhanced energy storage via Faradaic reactions (Figure 4a).
Among them, C-PEDOT:PSS-DVS showed the longest discharge
time, indicating the most efficient utilization of the PEDOT:PSS

layer due to improved charge transfer kinetics. This behavior was
consistent across various current densities (Figure S16). CV mea-
surements further supported these findings. At all scan rates from
5to 200mV s, C-PEDOT:PSS-DVS electrode exhibited the larg-
est enclosed CV area, followed by C-PEDOT:PSS-EG and pristine
PEDOT:PSS electrodes, signifying superior energy storage perfor-
mance (Figure 4b and S17). The extracted areal capacitance
showed the same ranking: C-PEDOT:PSS-DVS > C-PEDOT:PSS-
EG > C-PEDOT:PSS > CNT/CTAB (Figure 4c). Specifically, at 50
mVs~!, C-PEDOT:PSS-DVS achieved 30.4 mF cm ™2, outperform-
ing C-PEDOT:PSS-EG (24.8 mF cm™2), C-PEDOT:PSS (22.1 mF
cm™?), and CNT/CTAB (10.3mF cm™2). The electrochemical
behavior was investigated to confirm the effect of the PEDOT:
PSS on the pseudocapacitive contribution in energy storage mech-
anism by a b-value derived from CV curves at various scan rates
based on Equation (3).

i=ab, (3)

where v is the scan rate, i accounts for the peak current, and b is
the electrochemical behavior. A b-value approaching 1.0 indi-
cates capacitive-controlled behavior, while values nearing 0.5
suggests diffusion-controlled behavior. The CNT/CTAB electrode
exhibited the b-value of 0.78, whereas C-PEDOT:PSS, C-PEDOT:
PSS-DVS, and C-PEDOT:PSS-EG electrodes showed the b-value
of 0.75, 0.72, and 0.73, respectively (Figure 4c). Compared to the
CNT/CTAB electrode, the lower b-values for PEDOT:PSS-based
electrodes confirmed the pseudocapacitive contributions from
reversible reduction/oxidation of PEDOT backbone in H,SO,
electrolyte, as described by the followed reaction [40]. Moreover,
after applying cross-linking agents of DVS or EG to PEDO:TPSS,
the pseudocapacitive reaction of C-PEDOT:PSS-DVS and C-
PEDOT:PSS-EG electrodes enhanced.

PEDOT" - PSS™ + H* + e <PEDOT? - PSS~ - H*.

Additionally, we quantified the capacitance contribution ratio
based on Equation (4).

i(v) = kyv + k05 | (4)

where the term k;v accounts for the capacitive-controlled behav-
ior and k,1 term is for diffusion-controlled behavior. At a scan
rate of 50mV s, the contribution ratio of capacitive-controlled
behavior decreased after adding PEDOT:PSS to CNT/CTAB elec-
trode. Based on the calculated percentages of each electrode, the
C-PEDOT:PSS-DVS exhibited the lowest capacitive-controlled
behavior (42.5%), whereas that of CNT/CTAB, C-PEDOT:PSS,
and C-PEDOT:PSS-EG electrodes were 63.7%, 49.6%, and
45.7%, respectively. These results confirmed that the PEDOT:
PSS contributed the pseudocapacitance, explaining the highest
area capacitance of C-PEDOT:PSS-DVS electrode (Figure S18).

To evaluate long-term durability, cycling tests were conducted at
two current densities. After 6000 cycles at 1.0 mA cm ™2, the capac-
itance retentions were 94.0% for C-PEDOT:PSS-DVS, 90.4% for C-
PEDOT:PSS-EG, and 85.7% for C-PEDOT:PSS (Figure 4d). At a
higher current density of 4.0 mAcm™2 over 80,000 cycles
(Figure 4e), C-PEDOT:PSS-DVS again outperformed with 95.9%
retention, followed by C-PEDOT:PSS-EG (92.8%) and pristine
PEDOT:PSS (91.4%). To clarify the origin of the capacitance decay
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FIGURE 4 | FElectrochemical characterization of the CNT/CTAB, C-PEDOT:PSS, C-PEDOT:PSS-DVS, and C-PEDOT:PSS-EG electrodes. (a) CV
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of the electrodes during long-term cycling, we performed SEM
measurements and the pre- and post-cycling EIS measurements
for the C-PEDOT:PSS, C-PEDOT:PSS-DVS, and C-PEDOT:PSS-
EG electrodes after 80,000 cycles at a current density of 4.0mA
cm™2. As shown in Figure S19, the cycled C-PEDOT:PSS electrode
exhibited severe delamination of PEDOT:PSS layer, leading to
exposure of the underlying CNT network. In contrast, the cycled
C-PEDOT:PSS-DVS electrode remained uniformly covered by the
PEDOT:PSS layer even after 80,000 cycling process, demonstrat-
ing that DVS effectively suppressed the delamination of PEDOT:
PSS and contributed to higher cycling stability. The C-PEDOT:
PSS-EG electrode showed intermediate behavior, with partial
delamination of PEDOT:PSS coating layer but less severe than
C-PEDOT:PSS. Those observations suggest that the strong cova-
lent cross-linking provided by DVS enhances the mechanical
integrity and reliability of the electrode. Furthermore, as shown
in Figure S20, the R, of the C-PEDOT:PSS-DVS electrode was
nearly constant from the initial (40.6 Q) to the 80,000th cycle
(42.0Q), whereas that of C-PEDOT:PSS electrode progressively
increases from 81.6 to 89.1 Q, indicating the electrode degradation
during repeated charge-discharge cycling. The R, of C-PEDOT:
PSS-EG electrode also increased from 51.3 to 55.2Q, which is less
than C-PEDOT:PSS electrode and more than C-PEDOT:PSS-DVS

electrode. Pre- and post-cycling EIS results were consistent with
SEM images. These results demonstrate that cross-linked PEDOT:
PSS with DVS and EG significantly improves electrochemical per-
formance and reliability, due to enhanced conductivity, structural
stability, and interfacial adhesion. In particular, the covalent
cross-linking by DVS provided stronger bonding than the hydro-
gen bonding by EG, resulting in more robust electrochemical
characteristics. The specific capacitance and capacitance retention
of C-PEDOT:PSS-DVS electrode were compared with previously
reported flexible supercapacitors (Table S5). Compared to the elec-
trochemical performance of previous literature, the C-PEDOT:
PSS-DVS electrode exhibited superior performance, highlighting
its potential for flexible supercapacitor. These outstanding perfor-
mances were attributed to the synergistic effect of the electrostatic
attraction and covalent bonding induced by CTAB and DVS,
respectively. Therefore, the combination of secondary doping
and strong interchain linkage is key to realizing high-performance
and stable PEDOT:PSS-based supercapacitors.

To enhance the relevance of C-PEDOT:PSS-DVS electrode for
practical wearable applications, we conducted the electrochemi-
cal characterization of C-PEDOT:PSS-DVS electrode in neutral 1
M Na,S0O, electrolyte, instead of acidic 1M H,SO, electrolyte
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FIGURE 5 | (a) CV curves of C-PEDOT:PSS-DVS electrodes at a scan rate of 50mVs™' with 1M H,SO, and 1M Na,SO, electrolyte. (b) Areal
capacitances of C-PEDOT:PSS-DVS electrodes as a function of scan rate (5-200 mV s7H) with 1M H,SO, and 1M Na,SO, electrolyte. (c) Long-term
cycling stability at an areal current density of 1.0 mA cm ™2 (d) Photos of the pouch-type C-PEDOT:PSS-DVS electrode (8 cm? active area) and the pouch
cell under mechanical bending deformations of 0°, 30°, 60°, and 90°. (e) CV curves of the pouch cell at a scan rate of 50 mV s~* depending on the bending
degrees. (f) GCD profiles at an areal current density of 0.2 mA cm ™~ depending on the bending degrees. (g) Areal capacitance retention under mechanical
bending deformation with a degree of 90° of the pouch-type C-PEDOT:PSS-DVS electrode.

(Figure 5a). The enclosed CV area in 1 M Na,SO, electrolyte at a
scan rate of 50 mV s~! was smaller than that in 1 M H,SO, elec-
trolyte, indicating that the performance in neutral electrolyte
showed lower areal capacitance (Figure 5a). This behavior was
consistent across all scan rates from 5 to 200 mVs™* (Figures 5b
and S21). Consistently, the GCD profiles in the neutral electrolyte
at all current densities showed a shorter discharge time com-
pared to those in the acidic electrolyte (Figure S22). To evaluate
long-term durability, cycling test of C-PEDOT:PSS-DVS electrode
with different electrolytes was conducted at the areal current
density of 1.0mA cm ™ (Figure 5c). After 6000 cycles at 1.0 mA
cm™, the capacitance retentions were 94.0% for 1 M H,SO, elec-
trolyte, and 89.2% for 1M Na,SO, electrolyte. Based on these
results, the poorer electrochemical performance in 1M Na,SO,
compared to 1 M H,SO, was ascribed to lower ion mobility and
larger effective size of Na* ions, which reduce charge transfer

kinetics and induce the structural stress during repeated
charge-discharge process [41]. However, for practical wearable
supercapacitors, the neutral Na,SO, electrolyte is more appropri-
ate than the acidic 1M H,SO, electrolyte because the neutral
electrolyte offers the biocompatibility, noncorrosiveness, and
operational safety. Finally, we demonstrated a large-scale fabri-
cation and mechanical stability of C-PEDOT:PSS-DVS electrode
under various bending degrees. Benefiting from the hydrophilic
nature of the mulberry paper and the facile solution-based coat-
ing process for active materials, we successfully scaled up the
electrode area from 1.13 to 64cm® (Figure S23). Moreover, a
pouch-type C-PEDOT:PSS-DVS electrode (8cm? active area)
was tested in neutral 1 M Na,SO, electrolyte to evaluate the elec-
trochemical performance under various bending degrees of 0°,
30°, 60°, and 90° (Figure 5d). As shown in Figure 5e, at a scan rate
of 50mVs™, the CV curves of the pouch cell under various
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bending angles (0°, 30°, 60°, and 90°) exhibited negligible differ-
ences with the enclosed area under 90° bending retaining 98.4%
of the flat-state enclosed area. The GCD profiles at an areal cur-
rent density of 0.2mA cm™ also remained almost unchanged,
showing 99.5% discharge time retention (Figure 5f). Addition-
ally, 90° bent-state C-PEDOT:PSS-DVS-based pouch-type super-
capacitor exhibited the areal capacitance retention of 92.9% after
80,000 cycles at an areal current density of 4.0 mA cm ™2, demon-
strating outstanding mechanical electrochemical stability
(Figure 5g). The incorporations of cationic CTAB and cross-
linker DVS allowed the C-PEDOT:PSS electrode to retain excep-
tional electrochemical stability under mechanical bending defor-
mation. Consequently, these results confirmed the suitability of
C-PEDOT:PSS-DVS electrode for flexible and wearable
applications.

4 | Conclusion

This study demonstrates a scalable and chemically tunable strategy
for fabricating high-performance and binder-free supercapacitors on
mulberry paper, a sustainable, mechanically robust, and hydrophilic
substrate. Electrostatic adhesion of CTAB-modified CNTs to the
negatively charged cellulose fibers enabled uniform coatings with
reduced interfacial resistance and improved electrolyte wettability,
outperforming conventional SDBS-based electrodes in both areal
capacitance and cycling stability. PEDOT:PSS was molecularly
cross-linked using DVS and EG, enhancing electrical conductivity
through secondary doping and reinforcing film integrity via covalent
and hydrogen bonding. The optimized C-PEDOT:PSS-DVS elec-

trode delivered an areal capacitance of 30.4mFcm™ at 50mVs

retaining 95.9% of its capacitance after 80,000 cycles at 4.0 mA cm™>
Furthermore, the C-PEDOT:PSS-DVS electrode exhibited the stable
electrochemical performance even under mechanical bending defor-
mation. In particular, C-PEDOT:PSS-DVS-based supercapacitor
retained 92.9% of the areal capacitance under 90° bending deforma-

tion after 80,000 cycles at 4.0 mA cm™>

. This work provides key
insights into interface-directed charge transport and polymer stabi-
lization, highlighting the promise of renewable fibrous substrates for

next-generation wearable and biodegradable energy storage devices.
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Figure S1 shows the zeta potential vs. pH of the mulberry paper. Figure S2
exhibits the loading mass and electrical resistance of CNT/CTAB and
CNT/SDBS electrodes depending on coating cycles. Figure S3 shows
SEM images of (a, b) a mulberry paper, (¢) CNT/CTAB electrode, and
(d) CNT/SDBS electrode. Figure S4 displays EDS elemental mapping
images of (a) CNT/CTAB electrode and (b) CNT/SDBS electrode. Figure
S5 shows tensile stress—strain curves of mulberry paper, CNT/CTAB, and
CNT/SDBS electrodes. Figure S6 shows contact angle measurements of
CNT/CTAB and CNT/SDBS electrodes by dropping 1 M H,SO, electro-
lyte. Figures S7 and S8 are GCD and CV curves of CNT/CTAB and
CNT/SDBS electrodes, respectively. Figure S9 is CV curves of
CNT/CTAB electrodes with different CNT:CTAB mass ratios (1:0.5, 1:1,
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and 1:2) with scan rates of 5, 10, 20, 50, 100, and 200 mV s . Figure S10 is
SEM images of CNT/CTAB and CNT/SDBS electrodes after 80,000
charge—discharge cycles at a current density of 4.0 mA cm™2. Figure S11
shows pre- and post-cycling EIS analysis of (a) CNT/CTAB and (b)
CNT/SDBS electrodes. Figure S12 shows SEM images of C-PEDOT:PSS,
C-PEDOT:PSS-DVS, and C-PEDOT:PSS-EG electrodes. Figure S13 is ten-
sile stress—strain curves of C-PEDOT:PSS, C-PEDOT:PSS-DVS, and C-
PEDOT:PSS-EG electrodes. Figure S14 is the electrical resistance of C-
PEDOT:PSS, C-PEDOT:PSS-DVS, and C-PEDOT:PSS-EG electrodes.
Figure S15 exhibits Nyquist plot of CNT/CTAB, C-PEDOT:PSS, C-
PEDOT:PSS-DVS, and C-PEDOT:PSS-EG electrodes with fitted equiva-
lent circuit. Figures S16 and S17 show GCD and CV curves of C-PEDOT:
PSS, C-PEDOT:PSS-DVS, and C-PEDOT:PSS-EG electrodes, respectively.
Figure S18 exhibits the contribution ratios of electrochemical behavior of
CNT/CTAB, C-PEDOT:PSS, C-PEDOT:PSS-DVS, and C-PEDOT:PSS-EG
electrodes at a scan rate of 50 mV's™ . Figure S19 shows SEM images of C-
PEDOT:PSS, C-PEDOT:PSS-DVS, and C-PEDOT:PSS-EG electrodes after
80,000 charge—discharge cycles at a current density of 4.0 mAcm 2.
Figure S20 describes pre- and post-cycling EIS analysis of (a) C-
PEDOT:PSS, (b) C-PEDOT:PSS-DVS, and (c) C-PEDOT:PSS-EG electro-
des. Figures S21 and S22 are CV curves and GCD curves of C-PEDOT:
PSS-DVS electrodes with different electrolyte types of 1 M H,SO4 and 1M
Na,S0,, respectively. Figure S23 depicts images of large scalability of C-
PEDOT:PSS-DVS with the active area from 1.13 to 64 cm?. Table S1 exhi-
bits the zeta potential data of mulberry paper at various pH values. Table
S2 is the summary of loading mass and electrical resistance of CNT/CTAB
and CNT/SDBS electrodes depending on coating cycles. Table S3 is the
summary of loading mass of C-PEDOT:PSS, C-PEDOT:PSS-DVS, and C-
PEDOT:PSS-EG electrodes. Table S4 is the summary of PSS and PEDOT
area, and PSS/PEDOT ratio of the C-PEDOT:PSS, C-PEDOT:PSS-DVS,
and C-PEDOT:PSS-EG electrodes based on XPS results. Table S5 is the
comparison of the specific capacitance and capacitance retention of the
flexible supercapacitors.
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