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The traditional polypyrrole (PPy) electrode for supercapacitors usually consists of PPy nanoparticles, carbon
black and a binder. The PPy electrode inevitably suffers from structural rupture and active PPy particles’
detachment during repeated doping/de-doping processes and results in low practical capacitance.
Exploring the self-supported electrode without adding any binder or conductive agent is a smart and
promising method to avoid the above problems. Herein, a flexible and tailorable polypyrrole/GelMA (PPy/
GEL) composite film electrode was prepared via a novel confined interfacial electropolymerization at the
interface of GelMA gel film and a conductive glass substrate (FTO). This method leverages spatial
confinement to guide PPy growth into a continuous film, as confirmed by cross-sectional SEM analysis.
This method can well confine the growth direction of the PPy chain so that PPy grows laterally to easily
form a flexible and smooth two-dimensional film. The PPy/GEL-based supercapacitor not only exhibits

2

a high areal capacitance of 260 mF cm™2 at a current density of 1 mA cm™2, which is almost 3 times

higher than the pure PPy-based supercapacitor (76 mF cm™2), but also shows high cycling stability with

98% capacitance retention even after 30 000 cycles. Furthermore, the device demonstrates remarkable
Received 24th October 2025 mechanical durability, retaining its electrochemical performance without significant degradation after
Accepted 6th January 2026 echanical durability, retaining its electrochemical performance out significa egradation afte

being subjected to 100 repeated 180-degree folding cycles, underscoring its potential for wearable
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1. Introduction

The advancement of science and technology, particularly in
flexible electronics, has driven demand for high-performance
energy storage devices." Recent trends in smart wearables and
electronic skin require sustainable supercapacitor solutions.”
Intelligent hardware, smart phones, and smart wearable devices
are also the trend in recent years, especially the rapid progress
of electronic technology, but also to make these electronic
devices thin, diversified, and in a flexible direction, and then
research and develop a foldable, flexible new generation of
flexible electronic products. In the future, the popularity of
smart fabrics, smart glasses, smart sports equipment, electronic
skin, and flexible screens will require the support of flexible
devices.?
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applications. This work provides a good strategy for the preparation of high performance PPy self-

Conductive polymers (CPs) are often used as active electrode
materials for flexible devices.* CPs, such as polypyrrole (PPy)
and polyaniline (PANI), have the advantages of high specific
capacitance, low cost and easy fabrication, but their relatively
low mechanical stability and cycle life restrict their practical
application. The main reasons for the low cycle stability of CPs
are easily structural disintegration and poor conductivity.®

CPs is typical pseudocapacitive materials which are prone to
structural disintegration. Taking polyaniline (PANI) as an
example, its charge storage activity depends on the doping and
de-doping of counterions during charge and discharge, respec-
tively. PANI starts from undoped brilliant copperas, then transi-
tions to partially doped copperas salts, and finally to fully doped
peheniline salts. The insertion of the counterion pulls in the
solvent molecules and also causes the polyaniline to swell.® Long-
term continuous and repeated charge-discharge cycles will
amplify the destructive force of osmotic swelling and significantly
reduce cycle stability.” At the same time, the composition
changes caused by the loss of counter ions, auto-oxidation, per-
oxidation, over-reduction and dissolution of active components
also lead to poor conductivity of conductive polymers.”

In order to solve these two problems of CPs, three strategies
are proposed: spatial confinement, surface coating and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ordering molecular structure.” Simply put, the spatial confine-
ment is using mechanically flexible materials to composite with
conductive polymer. Even if the structure of the conductive
polymer is unstable during charging and discharging, the
mechanical soft material can stabilize the structure of the
conductive polymer. For example, Zhao et al. used vapor depo-
sition polymerization techniques to prepare PANI coated hier-
archical porous carbon (HPC) composites. The cyclic stability of
the electrode reached 96.1% after 10000 cycles of charge-
discharge at 10 A g, while the pure PANI only retained 40% of
the capacitance after 1000 cycles.® Gogotsi et al. suggested that
introducing hydrophilic functional groups to form covalent
and/or hydrogen bonds with conjugated polymers could
enhance the cycling stability of polypyrrole (PPy). They poly-
merized pyrrole in situ in the layer of MXene compound TizC,T,
(T, represents the terminal functional group on the Ti-C layer),
and the final Py/Ti;C,T, composite film had a capacitance 1.5 to
2.5 times higher than that of the bare Ti;C,T, electrode, and the
capacitance retention rate after 25000 charge and discharge
cycles was 92%.°

Surface coating is the use of coating materials to protect the
structural integrity of CPs. Lyu et al infiltrated polyaniline
(PANI) and graphene oxide (GO) or carboxyl multi-walled
carbon nanotubes (CMCNT) into the aerogel by vacuum filtra-
tion to form aerogel electrodes using porous aerogel as
substrate. The layer-by-layer (LbL) assembly of the electroactive
material into the three-dimensional aerogel framework is real-
ized, the utilization rate and the electrochemical performance
of the electroactive material are greatly improved.” Ali Khos-
rozadeha and coworkers developed a novel flexible electrode by
growing polyaniline nanowires on graphene-coated polyvinyl
alcohol (PVA) nanofibers and then re-coating them on the gra-
phene flakes as size charge collectors. After 18 000 cycles at 35
mA, the retention of capacitance and power density of the
electrode was 96.3% and 100%, respectively. The retention of
capacitance and power density after 76 000 cycles at 50 mA is
77.9% and 98.5%, respectively.'*

The ordered molecular structure has an effect on the cyclic
stability of CPs. For example, Zhi et al. compared the PPy films
synthesized by electrochemical oxidation and chemical oxida-
tion, because the orientation electric field is beneficial to the
deprotonation of pyrrole at a-position, resulting in PPy with
planar configuration but the uniform oxidation environment of
Fe®" has no guiding effect, which makes the performance of the
two PPy films different. They found that the planar configura-
tion of a-carbon with a-carbon is more stable than the aniso-
tropic configuration of PPy.”” Huang et al. uniformly grew 4-
butylbenzenesulfonate modified PPy thin films on filter paper
substrates. The flexible freestanding polypyrrole paper elec-
trode has good cycling stability, and the capacitance retention
rate is 84.8% after 200 thousand cycles. They believe that the
modification of 4-butylbenzenesulfonate can improve the order
of PPy by stacking a-a coupling chains layer by layer, make it
structurally stable during charge and discharge.*

In this work, we improve the electrochemical performance of
PPy through the strategy of spatial confinement. Compared to
direct electrochemical deposition, electrochemical deposition

© 2026 The Author(s). Published by the Royal Society of Chemistry
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by coating gelatin hydrogel on conductive glass (FTO) enables
PPy to grow laterally within the interface between gelatin
hydrogel film and conductive glass. Both the gelatin film and
FTO restrict the growth of PPy, thus forming a continuous and
dense composite film labelled as PPy/GEL. The composite PPy/
GEL electrode has excellent electrochemical properties. The
optimal PPy/GEL-4800s SC can achieve a high surface capaci-
tance of 260 mF cm™ > at a current density of 1 mA cm >
Furthermore, this PPy/GEL-4800s SC showed no significant

capacity decline after 30 000 cycles.

2. Experimental section
2.1 Synthesis of GelMA

Briefly, 5 g of gelatin was dissolved in 100 mL of PBS (pH = 7.4)
buffer and stirred in a thermostatic water bath at 60 °C until
completely dissolve. Added 4 mL of methacrylic anhydride drop-
wise to the gelatin solution, reacted at 50 °C for 6 h, then put it into
the dialysis bag, dialyzed with deionized water for 3 days (change
water 2-3 times a day), and freezed dry for 3 days to obtain the
product. The reaction product was denoted GelMA (GEL).

2.2 Synthesis of PPy/GEL

0.5 g GEL was dissolved in 5 mL of deionized water (DI) to
obtain solution A. 5 mg Ir2959 was dissolved in 100 pL absolute
ethanol to gain solution B. Subsequently, the above 50 uL of
solution B was added into solution A. Furthermore, 200 uL
mixture was painted on Conductive glass (FTO) by film appli-
cator, and then the FTO was put into fully functional UV curing
tank (wavelength 365 nm) for two minutes of light curing.
Finally, in a solution containing pyrrole and 0.3 M NaClO,
(volume ratio 1:40), the electrochemical polymerization of
Pyrrole was carried out on an FTO substrate by potentiostatic
technology at a voltage of 0.6 V to obtain PPy/GEL. According to
different reaction time, products were named PPy/GEL-6000s,
PPy/GEL-4800s, PPy/GEL-3600s and PPy/GEL-2400s. For
comparison, pure PPy was prepared following the same proce-
dure but without adding GEL.

2.3 Assembly of symmetric supercapacitor

The PPy-GEL film was cut into electrode pieces with a diameter
of 10 mm (geometric area = 0.785 cm?), and then the electrode
pieces were pressed on carbon paper as a current collector, and
finally assembled into supercapacitor.

2.4 Materials and characterizations

Py, Methacrylic anhydride and Gelatin were all analytical grades
and purchased from Macklin. PBS buffer (0.01 M pH = 7.2-7.4)
was purchased from Solarbio. NaClO, is a high grade pure
reagent purchased from Asahi Kasei. All aqueous solutions were
prepared with deionized water (DI).

The morphologies and structural information of the mate-
rials were characterized by scanning electron microscopy (SEM,
Hitachi SU8010), the UV/visible/NIR spectrophotometer (UV-vis,
Hitachi UH5760), the Raman spectroscopy (Horiba Xplora plus),
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X-ray photoelectron spectroscopy (XPS) (Thermo Escalab 253Xi)
and Four-probe resistivity tester (4Probes Tech Ltd RTS-8).

2.5 Electrochemical measurement and calculation

Cyclic voltammetry (CV) was conducted by Biologic VSP-300
workstation with a voltage range of 0-0.6 V. EIS measure-
ments were tested on the Biologic VSP-300 workstation with
a frequency range of 100 kHz to 0.01 Hz. Galvanostatic charge/
discharge (GCD) measurements were carried out on the LAND
CT 2001A system.

PPy/GEL and neat PPy films were cut into pole pieces with
a diameter of 10 mm and then pressed directly onto carbon paper.
Supercapacitor devices for two-electrode testing were assembled by
encapsulating two PPy-GEL electrodes or pure PPy electrodes of
the same deposition time. The electrolyte was 1 M H,SO,.

The specific capacitance (C) of supercapacitor device is
computed by the galvanostatic charge-discharge (GCD) curve

via the following equations:

I x At
-2 _
C(mF cm )_—SXAV (a)

where I (mA), At (s), S (cm?, geometric area = 0.785 cm?” for
a 10 mm diameter electrode), and AV(V) are the discharging
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current and time, active-material area, and discharging poten-
tial window, respectively.

For a supercapacitor device, energy density (E), and power
density (P) could be derived from the following equations:

L CxAV
E(uWh cm™) = 3536 (b)
P(uW cm?) = EXT:;fOO (c)

3. Results and discussion

3.1 Preparation of PPy/GEL electrodes in interfacial
deposition

Fig. 1a shows a schematic diagram for direct electrodeposition
of PPy electrodes. Fig. 1b displays the preparationfor the PPy/
GEL electrodes. GelMA precursor solution is coated in FTO
through film applicator, and then the Py monomer is poly-
merized to form polypyrrole between the GEL and FTO by
a three-electrode system. The growth of PPy would be limited
because of the existence of GelMA. Finally, the obtained PPy/

Fig. 1 Schematic diagram of surface and interfacial electrodeposition models (a) and (b). Surface SEM morphologies of (c) PPy, (d) PPy/GEL-
2400s, (e) PPy/GEL-3600s, (f) PPy/GEL-4800s and (g) PPy/GEL-6000s. (h) Cross-sectional SEM image of the PPy/GEL-4800s.
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GEL film can be easily torn off from FTO. The PPy/GEL films
with various deposition time are shown in Fig. S1. It is very
obvious that it takes 2070s to form a complete PPy/GEL film.
The obtained PPy/GEL film possesses certain flexibility and
cutting ability (Fig. 3e), that it can be bent and cut into various
letters. Furthermore, in terms of visualization, the PPy/GEL strip
can be used directly as flexible conductors in circuits containing
a 4.5 V power supply to power the blue LED bulb (Fig. 3e). To
quantitatively evaluate the mechanical durability, the PPy/GEL-
4800s electrode was subjected to 100 repeated 180-degree
folding cycles. As shown in Fig. S2, the capacitive performance of
the electrode remained almost unchanged after this rigorous
folding test, providing strong evidence for its exceptional
mechanical and electrochemical robustness under deformation.
Moreover, without sacrificing their conductivity, these stripes can
be bent into different shapes, such as arc-shape and S-shape.

View Article Online
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The morphological evolution of PPy during direct deposition
and interfacial deposition are investigated by SEM. In Fig. 1c,
the directly deposited PPy film is composed of many obvious
polypyrrole particles. On the contrary, the PPy film deposited at
the interface is a continuous and compact film (Fig. 1d-g). From
the perspective of surface energy, these nanoparticles have
a higher surface energy than nanofilms and tend to be
unstable.”” Fig. 1h exhibits the cross-sectional morphology of
the PPy/GEL-4800s sample, indicating that PPy and GEL are
clearly stratified and closely bound. The PPy layer has a thick-
ness of several hundred nanometers to approximately 1 um,
while the GelMA layer is several micrometers thick.

3.2 Characterizations of PPy/GEL electrodes

The Raman measurement was used to further study the molecular
vibration of the pure PPy and PPy/GEL samples. From the survey
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(a) Raman spectra of PPy films grown with different deposition time and pure PPy, (b) plot of the conjugation length and the reaction time,

(c) linear fitting plot of the conjugation length and the electrical conductivity and (d) UV-vis absorption spectra of PPy film grown with different
deposition time and pure PPy. (e) The PPy/GEL film is flexible and can be cut into various letters and PPy/GEL stripe under various deformations

can be used as a conductor in a circuit for lighting blue LED lamp.
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spectra in Fig. 2a, all samples showed a similar characteristic PPy
peak. The peak value is approximately 1580 cm ™", which is due to
the main chain stretching mode of the C=C bond. A wide ring
stretching mode* is observed at 1380 cm ™. The most significant
peak is noticed in 1230 cm ™, which is due to N-H in planar
bending mode and is the finger print of PPy."* In addition, two
more peaks'® were found which represent C-H in plane defor-
mation at 933 cm ™ to 1046 cm ™ ". Furthermore, the intensity ratio
of Raman bands of the symmetric C=C stretching mode at
1580 cm ™" to the skeletal band at 1500 cm™" can also be used to
determine the relative conjugation length, and the intensity ratio
of the two bands (I;sg0/l1500) increase with the increase of the
conjugation length."” As shown in Fig. 2b, the conjugation length
of PPy/GEL becames longer with the increase of reaction time, but
the conjugation length of PPy/GEL-4800s was similar to that of
PPy/GEL-6000s, which might be because the loading of active
substance on PPy/GEL-4800s is similar to that on PPy/GEL-6000s.

The electrical conductivities of PPy and PPy/GEL were
determined using the RTS-4 four point probe resistivity
measurement system. And the linear relationship can also be
found in Fig. 2c and Table S1, where Ig[c] is a function of I 550/
I1500. The linear fitting index is 0.9376 that is approach to 1. The
results verify that the higher conjugate length of PPy chain
results in good electric conductivity of PPy film. From the data
showed in Table S1, the electric conductivity of PPy/GEL-6000s
is 10.314 S cm ™' that is similar to PPy/GEL-4800s
(10.389 S cm™ ). And there is also no significant difference in
the conjugate length of PPy/GEL-4800 and PPy/GEL-6000.
Therefore, the longest electrochemical deposition time is 6000s.

In order to better test the conductivity of PPy/GEL and pure
PPy, UV-vis absorption spectra was used in Fig. 2d. As shown in
Fig. 2d, the energy band at 230 nm is mainly attributed to the -
conjugated structure of Py rings."* The absorption peak in the
shorter wavelength region, PPy at 337 nm, is attributed to w—m*
electron transitions and represents the reduced form of the
polymer backbone.” In the longer wavelength region, the
absorption peak at 588 nm of PPy is assigned to a charged
polaron, indicating that the polymer chain is oxidized.” In other
words, there is a broad peak between 500 nm and 800 nm. The
intensity of this peak represents the absorption of visible light,
and the higher intensity of the peak represents the higher polaron
content. The peak intensities of PPy/GEL-4800s and PPy/GEL-
6000s are the largest and similar, indicating the best conduc-
tivity, which is consistent with the results of the previous conju-
gate length and four-probe resistivity tests. As showed in Fig. 2e,
the PPy/GEL film is highly flexible. The black film can be cut into
various letters and PPy/GEL stripe under various deformations
can be used as a conductor in a circuit for lighting blue LED lamp.

The XPS measurements were used to further investigate the
elemental composition of pure PPy and PPy/GEL. It is well-
known that there are three coupling pathways of PPy, which
are a—o coupling, a—f coupling, and B—f coupling, as shown
in Fig. 3a. The study verified that the a-position of the pyrrole
ring is the activation site preferentially protonated and has
a higher proton affinity than the N-position and the B-posi-
tion.** The wide region spectra of pure PPy and PPy/GEL are
shown in Fig. 3b. The narrow range spectra of C1s and N1s of

3884 | RSC Adv, 2026, 16, 3880-3892
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PPy/GEL and pure PPy are also depicted (Fig. 3¢ and d).
Compared with the wide region spectroscopy of pure PPy, the
peak of N 1s at 400 eV for PPy/GEL film spectrum has greater
intensity, which means more polarons. For the electrodeposited
pure PPy and PPy/GEL film, the C 1s main peak is decomposed
into five lines in Fig. 3b.”> The lowest binding energy centered
peak (main C peak) at 284.2 eV corresponds to the B-carbons of
the Py ring, and the binding energy centered peak at 284.7 eV
corresponds to a-carbons.” Three additional peaks are identi-
fied by the deconvolution of the signal at 285.2, 286.2 and
288.3 eV, which respectively belong to the defects in doped
PPy.>* The peak at 286.2 eV is associated to the bipolarons (-C=
N").» The highest binding energy peak at 288.3 eV can be
assigned to m-m* satellite commonly found in aromatic PPy,
which is 4.1 eV higher than that of the main C peak. The content
of B-carbons in PPy/GEL is less than pure PPy, so the chain
structure of PPy/GEL film is more ordered. The ordered struc-
ture is beneficial to the uniform distribution of stress in the
molecular chain matrix during charge-discharge cycles, thus
significantly improving the cycle stability.”

As shown in Fig. 3d, the deconvolution of N 1s signals in the
XPS spectrum gives three Gaussian components. The main N
peak at 399.7 eV is attributed to the neutral N in the Py ring (-
NH-).?® The imine-like nitrogen (=N-) is disappeared while two
new high binding energy peaks appear. Two new peaks are
protonation benzenoid amine (-NH'+-), and protonation
quinonoid imine (=NH + -), respectively.>” These two cations
are usually regarded as the PPy polarons, which provide the
electrochemical activity. Here, we define the polaron ratio as the
ratio of the polaron signal area to the total nitrogen signal area,
because the polaron pair PPy conductivity is positive.?® Since the
polaron ratio of the PPy/GEL-4800s film is 77.5% while the pure
PPy film is 68.9%, the PPy/GEL-4800s film has a higher polaron
ratio than the pure PPy film, and thus the conductivity of the
PPy/GEL-4800s film is better.

3.3 Electrochemical properties

In Fig. 4, Pure PPy and PPy/GEL electrodes were assembled into
symmetrical supercapacitors (SCs) to test their electrochemical
properties, respectively. By the way, wearable supercapacitors
are often used in situations where accessible volume and area
are limited. Therefore, delivering as much energy as possible
per unit area is always a highly desirable goal for wearable
supercapacitors. In the following discussion of this work, we
employ areal capacitance rather than gravimetric capacitance to
evaluate the performance of supercapacitors, as these parame-
ters are important for further commercialization and practical
applications.*

The CV results of the different samples at 10 mV s~
displayed in Fig. 4a, in which all the SCs exhibit typical quasi-
rectangular profiles, suggesting their excellent capacitive
behaviors.** The PPy/GEL-4800s and pure PPy SCs respectively
exhibited the highest and lowest CV area among the SCs, which
indicate the PPy of interface deposition owning superior
electrochemical performance. The GCD curves in Fig. 4b prove
the same tendency that the PPy/GEL-4800s shows the longest

1 are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pure PPy and (d) N 1s of PPy/GEL and pure PPy.

discharging time. Therefore, 4800s is the best interface elec-
trodeposition time. As shown in Fig. 4c, PPy/GEL SCs achieve
higher rate capability and specific capacitance compared with
pure PPy SC.

Besides, the rate capability and specific capacitance of PPy/
GEL-4800s SC are the best. However, the rate capability and
specific capacity of the pure PPy SC are the worst, with the
fastest decay. This also shows that interfacial electrodeposition
is superior to direct electrodeposition.

The Nyquist plots of pure PPy and PPy/GEL SCs with
different deposition times from the EIS measurements are
illustrated in Fig. 4d. The intercept with x-axis at a higher
frequency presents the series resistance (R;), and the semicircle
diameter indicates the charge-transfer resistance (R.).** The
acquired Rs and R values of the SCs are listed in Table S2.
Obviously, pure PPy SCs exhibits the maximum R and R
among all the SCs, while PPy/GEL SCs own the lower R; and R
value. The smaller the R, is, the easier the electron transfer will
be. The smaller R, indicates a faster electron transfer of the PPy/
GEL electrode material at the interface between the electrode
and the electrolyte. The straight line at low frequencies of PPy/
GEL is closer to the Y-axis, indicating better diffusion of ions

© 2026 The Author(s). Published by the Royal Society of Chemistry

from the electrolyte to the electrode. All the results support that
PPy/GEL has better specific capacitance performance than pure
PPy electrode material. Meanwhile, with the increase of depo-
sition time, the Ry value of PPy/GEL SCs enhanced. This may be
because the longer the time, the thicker the electrode, which
leads to an increase in R;.

For further research electrochemical performance of PPy/
GEL electrode, a symmetric supercapacitor for the two-
electrode system measurements was assembled by two iden-
tical PPy/GEL-4800s electrodes. The CV curve of SC shows
a spindle shape at higher scan rates, indicating that the elec-
trode material is not the only existence of the capacitance
behavior of the electric double layer* (Fig. 5a). This corre-
sponding GCD curves at different current densities show rela-
tively good symmetry traits, indicating the reversibility of the
electrode material in Fig. 5b. In order to study the enhanced
electrochemical performance, the pseudocapacitance fraction
was calculated (Fig. 5¢ and d) through the equations:**

i=kyv+kvip

(@)

where k; and k, are constants due to pseudocapacitive effects

and diffusion control processes, respectively. The
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1mAcm™2

pseudocapacitive effect can be quantified by calculating kv,
and the diffusion-controlled contribution can be defined by
k"2, Here, when k, is zero, we obtain the k, value by calcu-
lating the current and scan rate ratio of the CV curve at different
scan rates.

The white region occupies 34% of the CV total area, showing
that the pseudocapacitance contribution is 66% at 10 mV s~ .
The pseudocapacitance contribution increases with the
increase of scan rate, and when the scan rate reachs 100 mvVs™*,
the pseudocapacitance contribution up to 96%. The charge
storage process is gradually controlled by pseudocapacitance.®*
The pseudocapacitance ratios for other sweep speeds are shown
in Fig. S3.

In Fig. 5e, PPy/GEL SCs exhibit more higher areal capaci-
tance than pure PPy SC(76 mF cm™ ). The PPy/GEL-4800s and
PPy/GEL-6000s SCs can reach a similar and high areal capaci-
tance of 260 mF cm ™2 and 253 mF cm 2, respectively. Note that
the areal capacitance values are normalized by the active mass
loading, which is approximately 0.5-0.7 mg cm™ > for PPy/GEL-
4800s, facilitating direct comparison with literature. Further-
more, the capacitance of PPy/GEL SCs is only slightly reduced
after 30000 cycles of charge-discharge at 1 mA cm™>. The
constant expansion and contraction of the polypyrrole chain
results in a slight decrease of the capacitance retention during
charge and discharge. Therefore, the method of interfacial
electrodeposition is better than direct electrodeposition. It is

3886 | RSC Adv, 2026, 16, 3880-3892

. () areal capacitance of pure PPy and PPy/GEL SCs at various current densities ranging from 1 to 10 mA cm™2 and (d) Nyquist plots.

probably that the existence of GelMA restricts the direction of
Pyrrole monomer polymerization, which makes polypyrrole
grow laterally to form a more compact film.

Beyond cycling stability, the self-discharge rate and long-
term open-circuit stability (shelf life) are critical metrics for
assessing the practical application of polymer-based super-
capacitors. As shown in Fig. S4, the self-discharge behavior of
pure PPy and PPy/GEL composite electrodes was evaluated
under open-circuit conditions. Due to the faradaic pseudo-
capacitive mechanism, the pure PPy electrode exhibits rapid
self-discharge, with the voltage decaying to approximately 30%
of its initial value within 3 days. In contrast, the PPy/GEL
composite electrode demonstrates significantly improved
stability, maintaining about 60% of the initial voltage over the
same period. This enhancement can be attributed to the
confined structure provided by GelMA, which mitigates charge
leakage and promotes better ion retention, thereby reducing
self-discharge. These results underscore the potential of PPy/
GEL electrodes for practical long-term usage in flexible
electronics.

The areal capacitance of interfacial deposition is higher than
that obtained for many conductive polymer-based super-
capacitors, as observed in Fig. 7d, e and Table S3. The PPy/GEL-
4800s SC provides an energy density of 13 pWh cm ™2 at a power
density of 600 pW cm . In addition, the energy density of up to
10 uyWh ecm ™2 at a power density of 600 uW cm™ > in Fig. 7e

© 2026 The Author(s). Published by the Royal Society of Chemistry
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contribution of PPy/GEL-4800s at different scan rates. (e) Cycling performance of the PPy/GEL device at a current of 1 mA cm™

highlights the advantages of these PPy/GEL SCs over many
existing conductive polymer supercapacitors.

Besides, in order to further improve the area capacity of PPy/
GEL-4800s SCs, we added Py monomer to GelMA, and then
carried out interfacial electrodeposition.

The product is named as PPy/GEL@PPy-4800s. PPy/
GEL@PPy-4800s films with different interfacial deposition
times are shown in Fig. S5. As shown in Fig. S5, the formation
time of PPy/GEL@PPy-4800s is shorter than that of PPy/GEL
film without Py. This shows that the addition of Py monomer
in GelMA is helpful to shorten the electrodeposition time.

The morphologies of PPy/GEL@PPy-4800s is shown in Fig. 6.
The PPy surface remains compact and continuous (Fig. 6a and

© 2026 The Author(s). Published by the Royal Society of Chemistry

2

b). However, the GEL surface changed from smooth to wrinkled,
which may be caused of the growth of PPy in GelMA in Fig. 6¢
and d. Meanwhile, the growth of PPy in GelMA is also evident
from the cross-sectional view (Fig. 6e and f).

The electrochemical performance of PPy/GEL@PPy-4800s was
tested in Fig. 7. The CV curves of the two show a quasi-rectangular
shape in Fig. 7a,indicating good capacitive behavior.*® And it is
obvious that PPy/GEL@PPy-4800s exhibits larger CV curve area
than PPy/GEL-4800s. This means that the addition of Py monomer
to GelMA will increase the capacity of SC.

Fig. 7b is a Nyquist plot obtained from electrochemical
impedance spectroscopy (EIS) detection of the PPy/GEL-4800s
and PPy/GEL@PPy-4800s SCs. The vertical profile at lower

RSC Adv, 2026, 16, 3880-3892 | 3887
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Fig. 6 Surface SEM morphologies of PPy side of PPy/GEL@PPy-4800s at (a) low and (b) high magnifications. Surface SEM morphologies of
GelMA side at (c) low and (d) high magnifications. Cross-sectional SEM images of the PPy/GEL@PPy-4800s at (e) low and (f) high magnifications.

frequencies reflects good capacitance due to good diffusion of
ions.*® Therefore, the higher slope of the vertical curve of PPy/
GEL@PPy-4800s SCs at lower frequencies indicates better ion
diffusion. The R of PPy/GEL@PPy-4800s is larger than PPy/GEL-
4800s SCs. It is possible that the growth of PPy in GelMA makes
the film thicker and Ry increases. However, the PPy/GEL@PPy-
4800s SC displays a lower R, value, showing the best charge
transfer between the electrodes, representing its excellent
capacitive properties.

Fig. 7c illustrates the stability tests of PPy/GEL@PPy-4800s
and PPy/GEL-4800s SCs at current density of 1 mA cm > In
Fig. 7c, the areal capacitance of PPy/GEL@PPy-4800s SC (340

3888 | RSC Adv, 2026, 16, 3880-3892

mF cm?) is improved significantly, comparing with PPy/GEL-
4800s SC (260 mF cm™?). What's more, PPy/GEL@PPy-4800s
SC maintains excellent charge-discharge cycling stability over
30000 cycles. By the way, PPy/GEL-4800s SC exist an improve-
ment in capacitance after 15 776 cycle, which may be due to the
volume expansion of PPy, resulting in the electrolyte pene-
trating into the interior of PPy.%”

In this study, the stable potential window of PPy/GEL SCs is
0.6 V, which was far from sufficient for the powder of daily
consumer electronic products. For better application of SCs, we
further integrated multiple devices in different ways (series and
parallel) and characterized their corresponding electrochemical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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performance. Fig. S6a exhibits that when SCs are connected in
parallel, the output current rises successfully. And the GCD
curves of devices in parallel perform longer than the discharge
time of single SC (Fig. S6b).

When SCs are connected in series, the potential window can
be improved obviously in Fig. S6c. The GCD curve of the series
circuit also shows a higher potential window than the single
device, which is consistent with the CV curve (Fig. S6d). As show
in Fig. S7, the light board can work well, which represents that
our equipment has a promising business prospect. These
encouraging results clearly demonstrate the potential applica-
tions of SCs.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.4 Mechanical properties and swelling behavior

To substantiate the claim of improved structural integrity,
swelling tests and tensile measurements were conducted on the
pure PPy and PPy/GEL composite films. As demonstrated in
Fig. S8(a), the PPy/GEL composite film exhibits a higher
swelling ratio in the liquid electrolyte compared to the pure PPy
film. This is attributed to the hydrophilic nature of the GelMA
hydrogel component, which facilitates electrolyte uptake and
enhances ion transport, while the confined PPy layer maintains
structural coherence.

Furthermore, the tensile strength of the PPy/GEL composite
film was evaluated. As shown in Fig. S8(b), the film

RSC Adv, 2026, 16, 3880-3892 | 3889
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demonstrates remarkable mechanical robustness, capable of
suspending a weight of 20 kilograms without fracture. This high
tensile strength ensures that the electrode can withstand
repeated mechanical stress during flexible device operation,
thereby guaranteeing the long-term cycling performance of the
supercapacitor. The combination of controlled swelling and
superior mechanical properties underscores the structural
advantages of the PPy/GEL composite for durable energy
storage applications.

4. Conclusion

In summary, we have developed a novel method for interfacial
electrodeposition of polypyrrole. The GelMA coating on the FTO
restricts the growth direction of PPy and makes it grow laterally
into a dense film. The interfacial electrodeposited PPy/GEL film is
more compact than the PPy film, and has better electrochemical
properties. The PPy/GEL-4800s SC not only exhibits a high areal
capacity of 260 mF cm™> at 1 mA cm™> but also has good rate
capability, with only slight capacity fade after 30 000 cycles of
charge and discharge. Furthermore, in order to further improve
the electrochemical performance of PPy/GEL SC, a certain amount
of Py monomer was added to gelatin for interfacial electrodepo-
sition, and the area capacity of PPy/GEL SC obtained reached 340
mF cm 2 at 1 mA cm 2. This performance is achieved with an
active mass loading of approximately 0.5-0.7 mg cm 2, under-
scoring the practicality of the electrode for flexible applications.
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