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Polyaniline (PANI) is widely used as a pseudocapacitive material in supercapacitors. However, PANI exhibits
limited capacitance due to its poor electrical conductivity and low specific surface area. In this study, coaxial
structures composed of silver nanowires (AgNWs) as the core, subsequently deposited with a carbon layer
and PANI nanowires via in situ polymerization, were fabricated. Scanning electron microscopy revealed that
the structures had an average diameter of 181 + 57 nm and a length of 1.2 &+ 0.6 um. X-ray photoelectron
spectroscopy analysis verified the successful formation of PANI on the outer layer of the structures, with
fully benzenoid units and protonated amines. Raman spectra confirmed the deposition of sp?-hybridized
carbon layers on the AgNW cores. Electrochemical impedance spectroscopy and galvanostatic charge—
discharge (GCD) measurements revealed an improved charge transfer resistance (R) of 1.43 Q and
a specific capacitance of 184 F g%, respectively, highlighting the role of the carbon layer in enhancing
R After 3000 charge—discharge cycles using a Swagelok model, a capacitance loss of 47% was
observed. Cyclic voltammetry measurements, combined with the Dunn method, indicated that the

coaxial structures exhibited both electric double-layer capacitance (EDLC), contributing 69%, and
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Accepted 11th September 2025 pseudocapacitance from redox reactions in PANI. In addition, the coaxial structure was successfully

deposited on a flexible ITO-coated PET substrate and subjected to 3000 GCD cycles. The fabricated
AgNWs—carbon—-PANI coaxial structures exhibited superior charge-storage performance compared to
bulk PANI, underscoring their potential for practical energy storage applications in flexible devices.
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dominated, with only a few nanometers of the material

Introduction

(cc)

Polyaniline (PANI) is a conducting polymer that has been
extensively studied for energy storage applications.* PANI
exhibits intrinsic electrical conductivity in its emeraldine salt
(ES) form, which results from protonation using strong acids
such as H,SO,, enabling excellent electrochemical characteris-
tics as an effective pseudocapacitive material.>* Unlike
conventional carbon-based materials that store charge solely
through electric double-layer capacitance (EDLC), PANI
provides additional capacitance through faradaic redox reac-
tions.»* Specifically, the ES form undergoes reversible redox
transitions, forming leucoemeraldine salt and/or pernigraniline
salt, thereby facilitating electrical charge storage. However, the
pseudocapacitive behavior of PANI is primarily surface-
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actively participating in redox reactions.>® Consequently, bulk
PANI exhibits limited capacitance due to its low specific surface
area, which restricts electrolyte ion accessibility.” Since super-
capacitors rely on rapid charge transfer at the electrode/
electrolyte interface, the low electrical conductivity of bulk
PANI, as a semiconducting polymer, further limits electron
transport, resulting in slower charge and discharge rates.® This
drawback is particularly problematic in high-power applica-
tions, such as hybrid electric vehicles or high-frequency elec-
tronics, where rapid charge/discharge cycles are essential.>*° To
overcome these challenges, the incorporation of PANI with
nanostructured materials is a promising strategy."** Silver
nanowires  (AgNWs),  one-dimensional  nanostructures
composed of silver atoms, have emerged as excellent candi-
dates.""* AgNWs have gained significant attention in applica-
tions such as flexible electronics, sensors,'® and antimicrobial
coatings,"” due to their unique electrical, optical, and mechan-
ical properties. These properties include exceptionally high
electrical conductivity (6.3 x 10 S m™ "), high optical trans-
mittance (85-90%), and mechanical flexibility, allowing them to
withstand bending, stretching, and twisting without significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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loss of conductivity."*** Notably, AgNWs stabilized by poly-
vinylpyrrolidone (PVP) exhibit strong binding affinity to silver
surfaces due to lone-pair interactions between oxygen/nitrogen
atoms in PVP and Ag atoms.” PVP molecules preferentially
adsorb onto specific crystallographic planes of silver, particu-
larly the (100) and (111) facets, influencing the anisotropic
growth and promoting nanowire formation over isotropic
nanoparticle formation.*® Additionally, PVP enhances adhesion
between AgNWs and other carbon-based materials, including
polymers, through multiple mechanisms.?"** The C=O0 groups
in PVP act as anchors for hydrogen bonding, while the partially
negative PVP-Ag NW complexes exhibit strong electrostatic
interactions with protonated ES.* Moreover, PVP improves the
dispersion of AgNWs in the reaction medium,* facilitating
homogeneous subsequent deposition onto AgNWs, thereby
enhancing their integration with PANI-based supercapacitor
electrodes.

In this study, coaxial structures were fabricated, consisting
of AgNWs as the core with two subsequent shells of carbon and
PANI. The carbon layer is expected to bridge the highly
conductive AgNWs and the semiconducting PANI, thereby
creating an optimal platform for supercapacitors. Moreover, the
mechanical flexibility of the individual components is expected
to be retained in the resulting structures. The fabricated
structures were systematically investigated with respect to their
chemical composition and morphology. Furthermore, electro-
chemical measurements were performed to evaluate the specific
capacitance and to elucidate the charge-storage characteristics.

Experimental

Materials

Silver nitrate (Ag NO3, 99%), poly(vinylpyrrolidone) (PVP, 95%),
ferric chloride (FeCl;, 99%), p-glucose (99%), ethylene glycol
(99%), hydrochloric acid (HCI, 99%), sulfuric acid (H,SO4, 98%)
and ammonium persulfate (APS, 99%) were obtained from
Xilong. Aniline (C¢H,N, 99%) was purchased from Sigma-
Aldrich. Conductive carbon black (solid, 99%), polyvinylidene
difluoride (PVDF, 99%) and N-methyl-2-pyrrolidone (NMP) were
obtained from Fisher Scientific, and flexible indium tin oxide
(ITO) coated PET (60 Q sq ', 125 um) was purchased from
Sigma-Aldrich.

Synthesis of AgNWs

First, 0.163 g of PVP was added to 22 mL of ethylene glycol (EG),
and the temperature of the mixture was increased to 140 °C.
Prior to this, 2.5 mL of FeCl; solution with a concentration of
600 uM and 3 mL of an EG solution with a concentration of
1 mM were prepared in ethylene glycol. These solutions were
then gradually added to the reaction mixture over 1 minute, and
the mixture was continuously stirred for an additional 50
minutes. After the reaction, the mixture was allowed to cool to
room temperature, centrifuged at 9500 rpm for 10 minutes, and
thoroughly washed with distilled water and ethanol. Finally, the
product was dispersed in 30 mL of ethylene glycol and stored at
4 °C for further use.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of the coaxial AgNWs/PANI nanocomposite

7 g of glucose was first dispersed in the AgNW dispersion, and
the mixture was heated to 180 °C with continuous stirring. The
reaction was maintained for 60 minutes. This step was per-
formed to obtain an amorphous carbon layer on the AgNWs.
Then, the mixture was allowed to cool to room temperature,
centrifuged, and washed with water and ethanol, denoted as
C@AgNWs. The black C@AgNWs was then dispersed in 300 mL
of HCI containing 92 pL of aniline. The mixture was then placed
in an ice bath, maintained at temperatures between 0 and 5 °C.
Subsequently, 0.2282 g of APS, diluted in 20 mL of HCI, was
added to the mixture, and stirring was continued for 1 hour.
The resulting mixture was then left undisturbed in a refrigerator
at 4 °C for 24 hours, leading to the formation of a darkish blue-
colored product. The product was washed several times with
ethanol and dried at ambient temperature, denoted as PAN-
I@C@AgNWs. For comparison, AgNWs were directly used for
depositing the PANI layer, as described in the procedure above,
without using amorphous carbon as an intermediate layer. The
resulting product was denoted as PANI@AgNWs. Additionally,
bulk PANI was prepared using the same polymerization
procedure.

Characterization

X-ray diffraction (XRD, D8 Phaser, Bruker) was used to analyze
the crystallographic structure of the as-prepared materials,
utilizing a Cu-Ko radiation source with a wavelength of
0.154 nm. The morphological characteristics were examined
using field-emission scanning electron microscopy (FE-SEM,
Hitachi S-4800) and high-resolution transmission electron
microscopy (HR-TEM, JEM-1010, Jeol) at 200 kV. X-ray photo-
electron spectroscopy (XPS, PHI 5000 Versaprobe II) with an
energy source of 187 eV was used to investigate the chemical
composition and bonding states. Raman spectroscopy (XploRa
Plus, 785 nm, Horiba) was conducted to analyze the structural
vibrations within the materials.

Fabrication of working electrodes and electrochemical
measurements

The as-prepared materials were used to fabricate working elec-
trodes using the doctor-blade method. Specifically, the active
materials, carbon black powder, and PVDF (pre-diluted in NMP
at 80 mg mL ™) were ground together at a mass ratio of 75:15:
10. The resulting mixture was evenly coated onto a graphite/ITO
substrate and then dried at 80 °C for 12 hours. The mass of
active materials was determined to be approximately 0.45 mg
per working electrode. The graphite substrate, now coated with
active materials, was subsequently used for electrochemical
measurements. For electrochemical impedance spectroscopy
(EIS) and galvanostatic charge-discharge (GCD) measurements,
the graphite substrate served as the working electrode (WE) in
a Swagelok-type cell, tested using a Lanhe CT3001 battery
testing system, as depicted in Fig. S1a and b. In this setup, two
WEs were separated by a membrane soaked in 1 M H,SO,. For
cyclic voltammetry (CV) measurements, a three-electrode
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system (Gamry REF 600) was implemented, with the graphite
substrate as the working electrode, a platinum rod as the
counter electrode, and an Ag/AgCl electrode as the reference
electrode, also using 1 M H,SO, as the electrolyte (Fig. Sic).

The specific capacitance - SC (F g~ ') was calculated from
GCD curves as follows:*

I x At
SC= ————— 1
mx AV (1)

The SC was also determined from CV curves using the
following equation:***’

A

SC:2><m><v><AV

(2)
where I is the constant current (A), At is the discharge time (s),
AV is the potential window (V), and m is the total weight of
active materials deposited on the working electrode (WE) (g), A
is the area enclosed by the CV curve, and v is the scan rate
Vs

Results and discussion

The morphologies of the as-prepared materials are revealed in
SEM images (Fig. 1), showing distinct differences. The AgNWs
had diameters of approximately 51 + 10 nm and a length of
about 2.7 + 0.6 um, corresponding to an aspect ratio of 51
(length-to-diameter). Notably, the nanowires exhibited signifi-
cant coherence in shape and morphology, appearing as
cylindrical-like wires. Meanwhile, the C@AgNWs showed
a significant reduction in length to approximately 1.1 + 0.5 pm
and an increase in diameter to 65 + 17 nm. This can be
attributed to the decomposition of glucose into carbon frag-
ments at high temperatures, which subsequently anchored onto
the AgNW surface, forming an amorphous carbon layer con-
sisting of sp* and sp® carbon atoms.?®** During this process, the
original AgNWs fragmented into shorter wires due to heat-
induced stress, leading to concomitant irregularities in the
size and shape of the C@AgNWs. Upon PANI deposition via in
situ polymerization at low temperatures, the PANI@C@AgNWs
exhibited a notable increase in diameter to 181 + 57 nm, while
the length remained approximately the same at 1.2 £+ 0.6 um.
Importantly, nanostructured PANI was observed on the surface,
completely covering the underlying C@AgNWs with PANI
nanowires, and the thickness was estimated to be approxi-
mately 116 nm. It was evident that the original AgNWs were
sequentially coated with amorphous carbon and PANI nano-
wires, forming coaxial wire-like structures. Additionally, PANI
nanowires were directly deposited onto the AgNWs, resulting in
the formation of PANI@AgNWSs, which exhibited a similar
coaxial structure. However, these structures appeared more
uniform in size and shape compared to the more variable
appearance of PANI@C@AgNWs, with diameters of 182 =+
43 nm and lengths of 1.9 £ 0.9 um. This improved uniformity is
attributed to the intrinsic consistency of the underlying AgNWs,
as previously discussed. As a result, the AgNWs decorated with
PVP demonstrated strong adhesion with carbon and PANI
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materials, which is expected to play a significant role in the
electrochemical characteristics of the as-prepared materials.
For comparison, bulk PANI, prepared using the same procedure
without AgNWs, was also investigated (Fig. S2). The SEM images
revealed large aggregates with non-uniform shapes, indicating
that PANI nanowires form only when incorporated with
substrate materials such as AgNWs and/or PANI@AgNWs.

Further investigation was conducted using XRD. As shown in
Fig. 2, the XRD pattern of AgNWs displays all characteristic
peaks located at 260 = 38.5°, 45.1°, 65.4°, and 78.5°, corre-
sponding to the (111), (200), (220), and (311) facets, respectively,
indicating the formation of solid Ag.*® These peaks persisted in
the pattern of C@AgNWs, suggesting that the amorphous
carbon coating formed at high temperatures did not alter the
crystalline structure of the underlying AgNWs. Amorphous
carbon generally does not exhibit XRD peaks due to its lack of
long-range crystalline order.** Notably, the deposition of PANI
was confirmed by the presence of peaks located at 26 = 29° and
31°, corresponding to the (113) and (322) facets,* which are
characteristic of the crystalline structure of PANI. All peaks
corresponding to AgNWs were significantly diminished in
intensity, which can be attributed to the complete coverage of
crystalline PANI on the AgNWs, as discussed in the SEM anal-
ysis above.

The chemical states of the as-prepared materials were
analyzed using XPS spectra (Fig. 3 for the XPS spectra of PAN-
I@C@AgNWs and Fig. S3 for all the materials). Three core-level
orbitals were examined: Ag 3d, C 1s, and N 1s. In the Ag 3d
orbital, all four materials exhibited characteristic peaks, which
were deconvoluted into smaller peaks at specific binding ener-
gies (BE) (as shown in Table 1), corresponding to Ag® and Ag,O
(primarily AgO and Ag,0) present in solid Ag.**** Notably, the
intensities of these peaks gradually decreased in the order of
AgNWs > C@AgNWs > PANI@C@AgNWs. This can be attributed
to the subsequent deposition of materials onto the original
AgNWs, which resulted in shielding and reducing the signal of
the Ag 3d orbitals. This provides clear evidence that the core
AgNWs remained intact after each subsequent deposition.
Interestingly, the presence of PVP on AgNWs was confirmed, as
the C 1s orbital of AgNWs exhibited peaks at BE = 296.7 eV and
287.9 eV, corresponding to C-N and C=0 bonds in PVP mole-
cules.®® In the N 1s orbital, two distinct peaks for PANI were
observed at BE = 400.5 eV and 402.5 eV, corresponding to
benzenoid units and protonated amines,***” respectively, con-
firming the presence of polyaniline. The C 1s orbital of
C@AgNWs exhibited peaks corresponding to C-C/C-H bonds,
similar to those in AgNWs. However, these peaks were more
intense, indicating that the presence of the carbon layer
increased the carbon density, rather than being solely attrib-
uted to PVP. Additionally, the peak at BE = 399.5 €V, assigned to
the N-C bond in PVP,*® was still present, further supporting the
existence of PVP-stabilized AgNWs in the PANI@C@AgNWs
structure. Together with the SEM and XRD results discussed
above, the XPS analysis firmly demonstrates that the coaxial
AgNWs-PANI structures were successfully fabricated. The
structures of the amorphous carbon and PANI are revealed in
the TEM images (Fig. 4). After deposition of the carbon layer,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images and corresponding size distribution of (a) AQNWs, (b) C@AgNWs, (c) PANI@AgNWSs, and (d) PANI@C@AgNWs.

the C@AgNWs exhibited a high degree of surface disorder, the C@AgNWs core, with a thickness ranging from 80 to
accompanied by a slight increase in diameter, indicating the 100 nm. This observation is in strong agreement with the SEM,
formation of a thin carbon layer. In the case of PAN- XRD, and XPS results discussed above.

I@C@AgNWSs, a polymeric PANI coating was observed to wrap

© 2025 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2025, 7, 7306-7316 | 7309
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Fig. 3 XPS spectra of the as-prepared PANI@QC@AgNWSs, showing Ag
3d, C 1s, and N 1s orbitals.

Table 1 Binding energies corresponding to the Ag 3d orbitals present
in the as-prepared materials

Binding energy (eV)

Ag 3ds), Ag 3d;),
Sample Ag° AgO Ag° AgO
AgNWs 368.18 368.25 374.17 374.78
C@AgNWs 366.67 367.19 372.69 373.59
PANI@C@AgNWs 366.69 367.74 372.68 373.80
PANI@AgNWs 367.10 368.25 373.23 374.23

Further Raman measurements (Fig. 5) revealed that, in the
C@AgNWs, carbon layers composed of sp>-hybridized carbons
were formed, as evidenced by the prominent G band at
1580 cm™ " and an increased G/D band intensity ratio compared
to that of pristine AgNWs. In the case of PANI@C@AgNWs,
characteristic vibrational peaks of PANI appeared in the region
adjacent to the D band, including the C-N" stretching of the ES
form, as well as the C-N stretching of the secondary aromatic
amine at 1330 cm ™" and 1250 cm ™", respectively.

7310 | Nanoscale Adv, 2025, 7, 7306-7316
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To elucidate the influence of these layers on the electrical
properties, EIS was performed to evaluate the charge transfer
resistance (R..) from the Nyquist plots (Fig. 6). The R values
were determined to be 8.28 Q, 3.73 Q, and 1.43 Q for PANI,
PANI@AgNWs, and PANI@C@AgNWs, respectively. Clearly, the
incorporation of AgNWs led to a significant enhancement in
overall conductivity compared to pure PANI, which can be
attributed to the intrinsically high electrical conductivity and
excellent interfacial compatibility of AgNWs, as discussed
previously. Notably, PANI@C@AgNWs exhibited a lower R
than PANI@AgNWs, highlighting the beneficial role of the
carbon interlayer. As revealed by the Raman analysis, the
carbon layer contained a substantial network of sp>-hybridized
carbons (layered sheets of sp> carbon atoms). Although the
conductivity of this amorphous carbon was lower than that of
pristine AgNWs, it served as an effective intermediate buffering
layer between the highly conductive AgNWs and the semi-
conducting PANI. This hierarchical architecture facilitated
a more efficient electrical conduction pathway. Similar interfa-
cial modifying layers have been widely employed to reduce
charge injection barriers in conductive composites.***'

Among the investigated materials, PANI@QC@AgNWs was
expected to offer easier access for the intercalation and dein-
tercalation of charges during charge-discharge cycles, facili-
tating faster redox reactions. Following this, the Swagelok
model was still applied to conduct GCD measurements for the
as-prepared materials. Fig. 7a shows the GCD curves for PAN-
I@C@AgNWs at different current densities. At 0.5 A g™, an
asymmetrical curve was observed, indicating resistive losses.*>*
From 1 A g ' to 4 A g~', nearly symmetrical charge and
discharge curves were obtained, indicating high reversibility
and good electrochemical stability. From these curves, the
corresponding specific capacitance (SC) values were calculated
to range from 261 F g~ " to 96 F g™, as shown in Fig. 7b. At low
current densities, the discharge process occurs more gradually,
allowing for more complete utilization of active materials,
resulting in higher specific capacitance. This is derived from
eqn (1), which shows that capacitance increases as the
discharge time is longer for the same voltage range. Addition-
ally, a current density of 10 A g~ was applied to evaluate the
fast-charging capability of the material (Fig. S4). Under this
condition, the discharge time was only 2 s, and the SC was
calculated to be 18 F g~ . Therefore, a current density of 1 A g™
was also chosen to investigate the GCD curves for PANI and
PANI@AgNWs using a potential range from —0.3 to 0.8 V
(Fig. 7c). These materials exhibited good symmetrical GCD
curves. However, their discharge times were significantly
quicker, corresponding to SC values of 99 F ¢~ " and 109 F g/,
compared to 184 F g ' obtained for PANI@C@AgNWs.
Furthermore, 3000 charge-discharge cycles were conducted for
all the materials (Fig. 7d). PANI@C@AgNWs exhibited the
highest SC and experienced a capacitance loss of 47% compared
to the initial value after 3000 cycles, whereas the losses for
PANI@AgNWs and PANI were 51% and 89%, respectively.
Remarkably, the XRD patterns of PANI@C@AgNWs after 3000
GCD cycles (Fig. S5) revealed that the chemical structure
remained unchanged, with dominant peaks corresponding to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Raman spectra of the as-prepared materials using an excitation wavelength of 785 nm.

conductive carbon (26 = 25°) and the (113) and (322) facets of
PANI. This strongly indicates that the material exhibits excellent
structural stability under working conditions.

Further investigation was conducted to elucidate the role of
the carbon layer and the mechanism by which charges are
stored. CV measurements were performed using a three-
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Fig. 6 Nyquist plots of the as-prepared materials measured using the

Swagelok model. Measurements were conducted over a frequency
range of 0.01 Hz to 1 MHz.

© 2025 The Author(s). Published by the Royal Society of Chemistry

electrode system, and the results are shown in Fig. 8. First,
different potential ranges were investigated at a scan rate of
40 mV s~ (Fig. 8a). Within the potential range of —0.3 to 0.8 V,
the oxidation and reduction processes of PANI@C@AgNWs
were completed. The first anodic peak, located at 0.33 V,
corresponds to the oxidation of leucoemeraldine salt (LS) to ES.
The second anodic peak at 0.58 V is associated with the redox
conversion between bipolarons and polarons, facilitated by the
hydrolysis of PANL**** During the reverse scan (0.8 to —0.3 V),
the corresponding reduction process occurs, forming cathodic
peaks symmetrical to the anodic peaks, indicating the good
reversibility of the PANI@C@AgNWs. To investigate the
pseudocapacitive behavior of PANI@C@AgNWSs, CV measure-
ments were conducted at different scan rates (Fig. 8b). The
corresponding SC was calculated using eqn (2). As shown in
Fig. 8c, SC decreases with increasing scan rate. A relationship
between the current density (i) and scan rate (v) was established
according to the following equation:***’

log(i) = blog(v) + ¢ (3)
where i is the current density (A g~') at different scan rates, v is
the scan rate (mV s~ '), and b and c are constants. From the CV
curves at different scan rates, the anodic and cathodic peak
current densities were determined. As depicted in Fig. 8d, the
b values were found to be 0.79 and 0.88 for the anodic and

Nanoscale Adv., 2025, 7, 7306-7316 | 7311
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(a) GCD curves of PANI@C@AgNWs obtained at different current densities, conducted over a potential range of —0.3 to 0.8 V, (b) specific

capacitance values calculated at different current densities using the GCD curves, (c) GCD curves of PANI, PANI@AgNWs, and PANI@C@AgNWs,
and (d) specific capacitance values recorded over 3000 charge—discharge cycles for the as-prepared materials.

cathodic peaks, respectively. This range of b values suggests that
PANI@C@AgNWs store electrical charges through both
EDLC(non-faradaic) and redox reactions (faradaic).*® To further
clarify the contributions of faradaic and non-faradaic charge
storage, the Dunn method was applied using the following
relationships:**°

l(V) :k1V+k2\/;, (4)

and

% = kv +ka,
where i(v) is the current obtained from CV at scan rate v (mV
s™'). Fig. 8e and f depict the percentage of capacitance contri-
butions calculated using the Dunn method at different scan
rates. It is evident that charge storage primarily occurs through
a non-faradaic mechanism, in which charges are stored physi-
cally at the electrode-electrolyte interface, forming an EDLC
without involving chemical reactions. The percentage of non-
faradaic processes increases with scan rate, ranging from 69%
to 88% as the scan rate increases from 5 to 100 mV s~ . Inter-
estingly, PANI is generally known for its dominant pseudo-
capacitive behavior (faradaic).>*

(5)

7312 | Nanoscale Adv, 2025, 7, 7306-7316

However, in PANI@C@AgNWs, EDLC (non-faradaic) is the
dominant charge storage mechanism. At this stage, the role of
the underlying carbon layer has been elucidated. The carbon
materials primarily store charges through EDLC,*“** which
eventually contributes to the overall capacitance of PAN-
I@C@AgNWs. At high scan rates, EDLC percentage also
increases accordingly, as non-faradaic processes are favored at
high scan rates.”> In contrast, faradaic processes, primarily
redox reactions, tend to be more efficient at low to moderate
scan rates, as chemical reactions require more time to
complete.>*** The carbon layer has been demonstrated to play
a crucial role in enhancing the capacitive behavior of PAN-
I@C@AgNWs, not only by reducing R, for faster charge trans-
port but also by dominating charge storage through EDLC.

Lastly, the as-prepared PANI@C@AgNWs was successfully
transferred onto the flexible ITO-coated PET substrate
(Fig. S1d), followed by GCD measurements. As shown in Fig. 9,
at a current density of 0.5 A g, the SC after 500 cycles was
calculated to be 85 F g~ '. At a higher current density of 1 A g™,
the SC gradually increased from ~10 F g~" to nearly 40 F g~
over 3000 cycles. This steady increase in capacitance suggests
an extended electrochemical activation process, wherein the
conductive network becomes progressively more efficient. Such

© 2025 The Author(s). Published by the Royal Society of Chemistry
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self-conditioning behavior is characteristic of conducting poly-
mers, particularly PANI, where repeated ion insertion and
extraction promote chain rearrangements and enhance the
accessibility of electroactive sites.”>*® Although the SC values for
PANI@C@AgNWs deposited on ITO-coated PET were lower
than those obtained on graphite substrates, the ability to
maintain electrochemical functionality on a flexible platform
underscores the robustness and adaptability of the coaxial
architecture. Importantly, these results highlight the practical
feasibility of employing PANI@C@AgNWs in flexible

© 2025 The Author(s). Published by the Royal Society of Chemistry

-1

supercapacitor devices, which are of great interest for next-
generation portable and wearable electronics.

In comparison with prior studies, relative to representative
PANI-based composites (Table 2), the SC of PANI@C@AgNWs at
1 A g 'is comparable to that of o-Fe,O; nanotube/PANI (185 F
g 'at1 A g ") and falls within the range reported for rGO@-
PANI-DBSA symmetric devices (134-173 F g " at 1 A g "), but
remains below 3D cross-linked PANI (280.4 Fg ' at 1Ag ') and
PANI nanowires on MOF-derived nanoporous carbon tested at
a lower rate (534 F g~' at 0.2 A g~ '). By contrast, semi-
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Table 2 Comparison of SC values obtained from GCD measurements with those reported in previous studies

Materials Specific capacitance Cyclic stability Year Ref.

3D cross-linked PANI network 2804Fg tat1Ag" 98% after 1000 cycles 2025 57
rGO@PANI-DBSA composites in 3D-printed symmetric devices 134-173Fg 'at1A g’ 77-85% after 5000 cycles 2024 58
o-Fe,0; nanotube/PANI composite 185 Fg tat1Ag! 90.1% after 3000 cycles 2021 59

PANI nanowires on MOF-derived nanoporous carbon 534Fg 'at02Ag " 94.4% after 10 000 cycles 2021 60
Semi-polycrystalline PANI-activated carbon 45Fg lat5Ag" 92.5% after 10 000 cycles 2023 61
PANI/SWNT thin film (transparent) 55Fg 'at5Ag" n/a 2012 62
PANI@C@AgNWs (coaxial) 184Fg tat1Ag ! 53% after 3000 cycles 2025  This work

polycrystalline PANI-activated carbon shows markedly lower
capacitance under high-rate operation (45 F g™" at 5 A g ')
despite excellent durability (92.5% retention over 10 000 cycles).
Crucially, this work emphasizes the role of a thin amorphous
carbon interlayer as an interfacial charge-transfer buffer at the
AgNW/PANI junction, which reduces charge-transfer resistance
and explains the observed rate performance and the predomi-
nance of EDLC at elevated scan rates. Such a mechanism has
been insufficiently investigated in prior studies with PANI-
based systems.

Conclusions

In this study, AgNWs were fabricated using PVP as a stabilizer,
followed by the subsequent deposition of a carbon layer and
PANI. The as-prepared materials were characterized by SEM,
XRD, and XPS, confirming the formation of PANI nanowires on
the outer layer of the core materials. The PANI@QC@AgNWs
structures exhibited an average diameter of 181 4+ 57 nm and
a length of 1.2 £+ 0.6 pm, with PANI nanowires measuring
approximately 116 nm in thickness. Furthermore, EIS revealed
that the R, was 8.28 Q, 3.73 Q, and 1.43 Q for PANI, PAN-
I@AgNWs, and PANI@C@AgNWs, respectively, indicating
a significant reduction in resistance with the incorporation of
AgNWs and the carbon layer. The SC obtained from GCD
measurements was 99 F g~ ', 109 F g~ ', and 184 F g~ for PANI,
PANI@AgNWSs, and PANI@C@AgNWs, respectively. After 3000

7314 | Nanoscale Adv,, 2025, 7, 7306-7316

charge-discharge cycles, the capacitance loss for PAN-
I@C@AgNWs was 47%, compared to 51% for PANI@AgNWs
and 89% for PANI, demonstrating improved cycling stability.
The presence of the intermediate carbon layer was found to be
crucial for enhancing charge transfer and contributing signifi-
cantly to overall capacitance via EDLC.
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