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Abstract

In this study, Bi2Os, precipitated calcium carbonate (PCC), multi-walled carbon nanotube (MWCNT), and ternary BiOs/
PCC/MWCNT-based electrodes were systematically investigated in a PVDF/DMF matrix for supercapacitor applications.
Structural, morphological, textural, and electrochemical properties were evaluated using X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), field-emission scanning electron microscopy (FESEM), Brunauer—Emmett—Teller
(BET) analysis, cyclic voltammetry (CV), galvanostatic charge—discharge (GCD), and electrochemical impedance spectros-
copy (EIS). Structural characterization confirmed the coexistence of a-Bi20s, calcite PCC, and graphitic MWCNT within
the ternary composite, while BET and FESEM analyses revealed an interconnected mesoporous architecture. Among the
investigated electrodes, the Bi2Os/PCC/MWCNT composite exhibited the highest specific capacitance, reaching 1359.5
Fg'latlAg!' and retaining 899.6 F g' at 10 A g”!, corresponding to a rate retention of 66.2%. In the three-electrode
half-cell configuration, an energy density of 196 Wh kg™! was obtained at 1 A g 1. EIS analysis further demonstrated a
low charge-transfer resistance of 0.87 Q, supporting improved interfacial charge-transfer kinetics. The enhanced electro-
chemical response is attributed to the cooperative contributions of redox-active Bi2Os, the conductive MWCNT network,
and the structurally stabilizing PCC phase. During long-term cycling at 30 A g1, the composite retained 37% of its initial
capacitance after 10,000 cycles, exceeding the retention of the Bi2Os- and MWCNT-only electrodes but remaining below
that of the PCC-only electrode. The principal contribution of this study lies in the incorporation of PCC as a third, structur-
ally stabilizing component into the established Bi2Os/MWCNT system, together with the use of an electrospinning-assisted
coating approach for electrode fabrication. The results demonstrate that this ternary architecture provides high specific
capacitance and favorable rate capability, while further optimization is required to improve its long-term cycling durability.

Keywords Bi:Os - Precipitated calcium carbonate (PCC) - Multi-walled carbon nanotubes (MWCNTSs) - Ternary
composite electrode - Electrospinning-assisted coating - Supercapacitor

Introduction

The ever-increasing global energy demand, the depletion
of fossil fuel resources, and heightened concerns regarding
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energy systems that require both power efficiency and reli-
ability. The performance of supercapacitors is primarily
governed by parameters such as specific energy and power
density, cyclic stability, response time, and electrochemical
durability, which are intrinsically linked to the properties of
electrode materials [4, 5].

Recent advancements in materials science have revealed
that composite electrode structures provide a strategic ave-
nue to optimize electrochemical performance. These sys-
tems incorporate active materials into conductive polymeric
matrices, enabling the development of hybrid architectures
that synergistically combine the advantages of different
material phases. Among such matrix materials, polymer-
based composites especially those based on poly(vinylidene
fluoride) (PVDF) have become prominent due to their supe-
rior film forming capacity, thermal and chemical stability,
cost-effectiveness, and ease of fabrication [6, 7]. PVDF,
when dissolved in N,N-dimethylformamide (DMF), facili-
tates the uniform dispersion of active fillers and enables the
formation of continuous and flexible films. However, owing
to its electrochemical inertness, PVDF must be integrated
with redox-active or conductive components to enhance
charge storage capabilities [8—10].

Metal oxides, particularly bismuth oxide (Bi2Os), have
attracted growing attention as potential pseudocapacitive
materials. Bi-Os features a high theoretical specific capaci-
tance (~658 F g'1), is environmentally benign, and exists
in several polymorphic crystalline forms that are conducive
to redox reactions [11]. Charge storage in Bi-Os primarily
involves Faradaic redox processes associated with Bi3*/Bi°
transitions at the electrode—electrolyte interface. Despite
these advantages, Bi2Os suffers from inherently poor electri-
cal conductivity (~107° S cm™1), limiting its electrochemi-
cal rate performance and necessitating hybridization with
conductive additives [12].

Multi-walled carbon nanotubes (MWCNTs) are widely
employed for this purpose due to their exceptional elec-
trical conductivity (~103 S cm™1), high aspect ratio,
large specific surface area (200400 m2/g), and porous
structure-forming ability [13—15]. These features facili-
tate rapid ion diffusion, efficient charge transfer, and
enhanced double-layer capacitance. Moreover, MWCNTs
offer mechanical stability, mitigating electrode degrada-
tion under repeated cycling. However, MWCNT-only
electrodes may suffer from long-term agglomeration or
rearrangement under stress, leading to diminished cycling
stability [14, 15].

In parallel, precipitated calcium carbonate (PCC) has
emerged as a low-cost, environmentally friendly mate-
rial capable of enhancing porosity and structural integrity
when integrated into composite electrodes. PCC contrib-
utes to surface area improvement and pore formation,
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which enhances electrolyte accessibility and ion transport
kinetics [16, 17]. Despite its promising physical proper-
ties, PCC remains underexplored in supercapacitor appli-
cations and is generally not utilized in combination with
other active materials.

Although Bi.0s/carbon-based binary composites particu-
larly Bi2Os/MWCNT systems have been previously investi-
gated to compensate for the intrinsically poor conductivity
of Bi20s [10], such binary architectures generally remain
limited by insufficient long-term cycling stability, as the
redox-active oxide phase continues to undergo structural
degradation and agglomeration during repeated charge—dis-
charge cycling. To address this specific limitation, the pres-
ent study introduces PCC not as an additional conductive or
pseudocapacitive filler, but as a structural stabilizing com-
ponent that contributes to the distribution of Bi.Os within
the conductive MWCNT network and may help mitigate
agglomeration. Unlike previously reported Bi2Os/CNT elec-
trodes, which typically achieve high initial capacitance at
the expense of cycling durability, the present ternary Bi2Os/
PCC/MWCNT design is specifically engineered to simul-
taneously preserve high specific capacitance and enhance
long-term structural and electrochemical stability, repre-
senting a distinct design strategy from conventional binary
Bi20s/carbon composites.

In the present study, we systematically investigate the
electrochemical behavior of composite electrodes compris-
ing Bi20s, MWCNTs, PCC, and their ternary combinations
embedded in a PVDF/DMF matrix. Our results demon-
strate that while individual materials contribute distinct
functionalities—such as redox activity (Bi20s), electrical
conductivity (MWCNTs), and mechanical reinforcement
(PCC)— their combination improves overall capacitive
performance. This work highlights the importance of ratio-
nal composite design in achieving electrode architectures
with high specific capacitance and favorable rate capability,
while further optimization is required to improve long-term
cycling durability.

Materials and methods
Materials

All chemicals and reagents used in this study were of analyt-
ical grade and utilized as received without additional purifi-
cation steps. Bismuth nitrate pentahydrate (Bi(NOs)s'5H-0,
purity>98%) was obtained from Sigma-Aldrich as the
bismuth oxide precursor. Polyvinylidene fluoride (PVDF)
powder, also procured from Sigma-Aldrich, served as the
polymer matrix. N,N-dimethylformamide (DMF), acetone,
ethanol, potassium hydroxide (KOH), hydrochloric acid
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(HCI), sodium hydroxide (NaOH), and sodium sulfate
(NazS04) were all sourced from Merck or Sigma-Aldrich,
and were employed during synthesis, processing, and elec-
trochemical evaluation stages.

Multi-walled carbon nanotubes (MWCNTs) with an inner
diameter range of 0.5-2 nm, outer diameter of 5-15 nm,
length of 30-50 pum, and purity exceeding 92%, were used
to provide electrical conductivity and structural support in
the composite systems.

For electrode fabrication, a TIA-branded electrospinning
device was employed. Material dispensing during the elec-
trospinning process was controlled via a TOP-5300 syringe
pump manufactured by TOP. Nickel foam sheets (dimen-
sions: 40 mm*x40 mmx0.08 mm) were obtained from
MTIKorea and used as the current collector substrates. Prior
to use, the nickel foams were treated with hydrochloric acid
for surface activation and thoroughly rinsed with deionized
water.

Methods
Synthesis of Bi,0; via hydrothermal method

Bismuth oxide was synthesized using a controlled hydro-
thermal approach. In a typical procedure, 2 mmol of
Bi(NOs);-:5H20 and 3 mmol of Na.SOs were dispersed in
40 mL of deionized water and stirred thoroughly. Separately,
18 mmol of NaOH was dissolved in 40 mL of deionized
water and added dropwise to the precursor mixture while
maintaining continuous agitation. The resulting suspension
was sealed in a Teflon-lined stainless steel autoclave and
subjected to thermal treatment at 145 °C for 4 h.

Upon cooling to ambient temperature, the yellowish pre-
cipitate formed was separated via centrifugation and washed
multiple times with deionized water followed by ethanol to
remove residual salts and unreacted precursors. The col-
lected solid was dried in an oven at 80 °C for 24 h and sub-
sequently annealed at 450 °C for 2 h to obtain phase-pure
crystalline Bi2Os suitable for electrode fabrication (Fig. 1).

Synthesis of Bi,0s/PCC/MWCNT nanocomposite via
hydrothermal method

Precisely 0.1 g of Bi20Os, 0.01 g of PCC, and 0.01 g of
MWCNT were combined with 80 mL of distilled water in
a Teflon-lined stainless steel autoclave. The mixture was
continuously stirred using a magnetic stirrer for 30 min to
ensure homogenous dispersion. Subsequently, the autoclave
was subjected to hydrothermal treatment at 150 °C for 12 h.
The resulting dark gray precipitate was washed several
times with distilled water and ethanol to enhance purity.
After washing, the sample was dried at 80 °C for 24 h to
obtain the nanocomposite powder (Fig. 2).

Preparation of composite mixtures

In this study, four distinct composite mixtures were indi-
vidually prepared, namely Bi.Os/PVDF/DMF, PCC/PVDF/
DMF, MWCNT/PVDF/DMF, and a ternary Bi.Os/PCC/
MWCNT/PVDF/DMF  system. N,N-dimethylformamide
(DMF) was exclusively selected as the solvent throughout
the preparation process, owing to its superior dissolving
capability and exceptional compatibility with the polyvi-
nylidene fluoride (PVDF) polymer matrix.

To begin, a PVDF solution with a concentration of 10%
(weight/volume) was formulated by the gradual addition of
PVDF powder into DMF. This step was conducted under
controlled temperature conditions at 60 °C, combined with
continuous magnetic stirring to facilitate efficient polymer
dissolution. The stirring was prolonged overnight, ensuring
complete homogenization and formation of a transparent,
uniform solution free from any undissolved particles.

Each active component Bi.Os, PCC, MWCNT, or the
pre-formed ternary Bi2O;/PCC/MWCNT composite pow-
der obtained in Sect. "Synthesis of Bi2Os/PCC/MWCNT
nanocomposite via hydrothermal method" (fixed internal
mass ratio of Bi2O3:PCC:MWCNT=0.1 g: 0.01 g: 0.01 g,
i.e., 10:1:1) was separately dispersed as a single filler into
a 10 wt% PVDF/DMF polymer solution at a total filler
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40 mL dlstllled water
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Dried 80 “C for 24 hours

Fig. 1 Schematic representation of the hydrothermal synthesis of Bi>Os
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0.01 g MWCNT + 0.01gPCC +
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Fig. 2 Schematic representation of the hydrothermal synthesis of the Bi2O:/PCC/MWCNT nanocomposite

loading of 1 wt%. This loading therefore refers to the
total mass of active filler relative to the polymer solution
in each case, and is identical whether the filler is a single
component (Bi2Os, PCC, or MWCNT alone) or the ternary
composite powder as a whole, rather than corresponding
to 1 wt% of each individual component within the ternary
system. The mixtures were first treated in an ultrasonic
bath and then stirred overnight using a magnetic stirrer.
This procedure ensures uniform and homogeneous disper-
sion of the fillers within the polymer matrix, which is criti-
cal for optimizing the electrochemical performance of the
resulting composite electrodes.

Electrospinning assisted coating

The four distinct composite solutions Bi.Os/PVDF/DMF,
PCC/PVDF/DMF, MWCNT/PVDF/DMF, and the ternary
Bi:0s/PCC/MWCNT/PVDF/DMF system were individu-
ally processed via electrospinning. This technique enables
the controlled and continuous transformation of polymer
solutions into nanofibers, resulting in high surface areca
and porous structures on the electrode surface. Through-
out the experiments, the feed rate was maintained con-
stant at 3 mL/h to ensure stable solution delivery. For
uniform and efficient fiber collection, nickel foam sub-
strates were precisely fixed onto a rotating drum, with
the distance between the needle tip and the rotating drum
strictly maintained at 12 cm. Maintaining this fixed gap
optimized the electrostatic forces involved in fiber forma-
tion and deposition, facilitating the creation of homoge-
neous and orderly fiber mats.
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The applied voltage was adjusted individually for each
formulation because differences in filler composition
resulted in variations in electrospinning behavior. During
preliminary trials, the voltage was varied in small incre-
ments until a stable Taylor cone, continuous jet formation,
and uniform deposition were achieved without visible drip-
ping or jet instability. Based on these observations, voltages
of 12.78 kV, 11.89 kV, 9.06 kV, and 9.41 kV were selected
for the Bi.Os/PVDF/DMF, PCC/PVDF/DMF, MWCNT/
PVDF/DMF, and ternary Bi.Os/PCC/MWCNT/PVDF/DMF
formulations, respectively. These values therefore represent
empirically selected stable operating conditions rather than
the results of a separate systematic voltage-optimization
study. Throughout this procedure, the other electrospinning
parameters, including the feed rate (3 mL h™1) and needle-to-
collector distance (12 cm), were kept constant. Under these
conditions, continuous and porous electrospun coatings were
deposited onto the nickel foam substrates. After deposition,
the coated substrates were dried and subsequently prepared
for electrochemical testing and further characterization.

Structural characterization

The structural characteristics of Bi.Os, PCC, MWCNT, and
the Bi2Os/PCC/MWCNT composite were systematically
examined using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), nitrogen adsorption—desorp-
tion measurements (BET), field-emission scanning elec-
tron microscopy (FESEM), and energy-dispersive X-ray
spectroscopy (EDS) elemental mapping. XRD analysis was
employed to identify the crystalline phases and to verify the
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successful formation of Bi-Os along with the effective inte-
gration of PCC and MWCNT within the composite matrix.
FTIR spectroscopy was utilized to elucidate the characteris-
tic vibrational features and functional groups associated with
each constituent material. FESEM was used to investigate the
surface morphology and microstructural features of the indi-
vidual materials and ternary composite, while EDS elemental
mapping was employed to evaluate the spatial distribution of
the constituent elements within the composite and to provide
additional evidence for the coexistence of the component
phases. BET analysis was used to evaluate the specific surface
area and pore characteristics of the investigated materials.

Electrochemical characterization

Electrode fabrication Nickel foams, chosen for their high
surface area and excellent electrical conductivity, were
carefully cut into dimensions of 14 mmx= 10 mm to pre-
pare the working electrodes suitable for electrochemical
applications. To eliminate surface oxides and contaminants
that could impede interfacial conductivity, the foams were
immersed in a 1 M hydrochloric acid (HCI) solution for a
short duration. Following acid treatment, they were thor-
oughly rinsed with deionized water and dried at room tem-
perature. This surface treatment was essential to ensure
improved adhesion of the active layer and enhance the over-
all electrochemical response through better contact between
the active material and the current collector.

For electrospinning assisted coating, the cleaned nickel
foams were securely fixed onto a rotating drum within the
electrospinning apparatus. A 10% (w/v) PVDF/DMF-based
polymer solution, prepared with the appropriate active filler,
was then applied onto the foam surfaces using the electro-
spinning assisted coating technique. This method allowed
the formation of a uniform and continuous layer of poly-
mer across the porous substrate, facilitating optimal integra-
tion of the electroactive phase. The electrospinning assisted
coating PVDF layer promoted structural coherence while
enabling adequate exposure of the foam’s porosity, which is
beneficial for ion transport during charge—discharge cycles.

After coating, the electrodes were subjected to a vacuum
drying process at 80 °C for 12 h to completely evaporate resid-
ual solvent and to stabilize the deposited layer. The total mass of
the active material deposited on each nickel foam was approxi-
mately 1 mg, a value later used for normalization in specific
capacitance and electrochemical performance calculations.

Electrochemical evaluation of the electrodes The elec-
trochemical properties of the prepared electrodes were
systematically examined using a Gamry Reference 3000

electrochemical workstation. All measurements were con-
ducted in a conventional three-electrode configuration. The
composite-coated nickel foams served as the working elec-
trodes, while an Ag/AgCl electrode was employed as the
reference electrode, and a platinum foil (1 cmx 1 cm) was
used as the counter electrode.

All electrochemical tests were performed in a highly con-
ductive 2 M KOH aqueous solution. This experimental
setup enabled a reliable assessment of the electrodes’ charge
storage capabilities, electrical conductivity, and cycling sta-
bility. The data collected from these tests facilitated a com-
parative evaluation of the different electrode compositions
and offered valuable insights into their potential suitability
for high-performance supercapacitor applications.

Specific capacitance (C,, F g'1) was calculated from the
galvanostatic discharge curves using the following equation:

C, = (I x A/(m X AV) (1)

where I is the applied discharge current (A), At is the dis-
charge time (s), m is the mass of the active material loaded
on the electrode (g), and AV is the potential window (V),
excluding the IR drop.

Energy density (E, Wh kg 1) and power density (P, W
kg 1) were subsequently derived from the specific capaci-
tance values as follows:

E = (C, x AV?)/(2 X 3.6) 2)
P = (E x 3600)/ At 3)

All specific capacitance, energy density, and power density
values reported in this study were normalized to the mass of
the active material alone (~1 mg per electrode, Sect. "Elec-
trode fabrication") and correspond to a three-electrode half-
cell configuration (working electrode vs. Ag/AgCl reference,
Pt counter electrode) in 2 M KOH electrolyte. As these
values are not normalized to the total mass of a packaged,
two-electrode device, they are inherently higher than those
typically obtained for a practical full-cell configuration, con-
sistent with common practice in the supercapacitor literature.

Results and discussion

Characterization results

The XRD pattern of the Bi2Os sample exhibits sharp and
well-defined diffraction peaks, indicating a high degree of

crystallinity. The major reflections observed at 26 = 27.4°,
33.1°, 46.3°, and 55.5° can be indexed to the (120), (121),
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Table 1 Indexed diffraction peaks of Bi,O;, PCC, and MWCNT

Sample 20 (°) (hkl) Phase JCPDS No. Ref.
Bi:0s 274  (120) 0-Bi:0s 41-1449  [19]
Bi:0s 331 (121) 0-Bi:0s 41-1449  [19]
Bi:0s 463  (041) a-Bix0s 41-1449  [19]
Bi:0s 555 (240) 0-Bi:0s 41-1449  [19]
PCC (CaCOs) 29.4 (104) Calcite 05-0586  [20]
PCC (CaC0Os) 39.4 (113) Calcite 05-0586  [20]
PCC (CaCOs) 43.1 (202) Calcite 05-0586  [20]
PCC (CaCOs) 47.5 (018) Calcite 05-0586  [20]
MWCNT 26.0 (002) Graphitic carbon 41-1487  [21]

(041), and (240) planes of monoclinic 0-Bi-Os (JCPDS
No. 41-1449) [18], confirming the successful formation of
the a-Bi2Os phase without detectable impurity phases. The
PCC sample shows intense diffraction peaks located at 20 =
29.4°,39.4° 43.1°, and 47.5°, corresponding to the (104),
(113), (202), and (018) planes of calcite CaCOs (JCPDS No.
05-0586) (Table 1) (Fig. 3) [20].

The MWCNT sample presents a broad peak at around
20 = 26°, assigned to the (002) plane of graphitic carbon
(JCPDS No. 41-1487) (Table 1). The composite sam-
ple contains the characteristic peaks of a-Bi.Os and PCC
together with the carbon-related reflection of MWCNT,
indicating successful composite formation without altering
the primary crystal structure.

To provide a quantitative assessment of the crystalline
domains, the crystallite dimensions of the individual com-
ponents were estimated from selected characteristic reflec-
tions using the Scherrer equation, D=K\/(Bcos6), where D

Fig. 3 X-ray diffraction (XRD) patterns of Bi.O3,
PCC, MWCNT, and Bi2Os/PCC/MWCNT com-
posite samples

Intensity (a.u.)

is the crystallite size, K is the shape factor (0.9), A is the
wavelength of Cu Ka radiation (1.5406 A), B is the full
width at half maximum (FWHM) of the selected diffraction
peak in radians, and 6 is the corresponding Bragg angle. The
calculated XRD-derived structural parameters are summa-
rized in Table 2.

As shown in Table 2, the characteristic Bi-Os and PCC
reflections yielded crystallite sizes of approximately 82.2
and 80.5 nm, respectively. For MWCNT, the broad gra-
phitic (002) reflection centered at 25.716° corresponds
to an interlayer spacing d002 of 3.4615 A and a coher-
ent stacking height Lc of approximately 2.84 nm. The
Lc value represents the coherent stacking dimension
of the graphitic layers and should not be interpreted as
the physical nanotube diameter. A single Scherrer crys-
tallite-size value was not assigned to the ternary Bi»Os/
PCC/MWCNT composite because its diffraction pattern
contains overlapping reflections from multiple crystal-
line phases; therefore, the structural characteristics of the
composite were evaluated separately by multiphase Riet-
veld refinement.

Rietveld refinement was further employed to quanti-
tatively evaluate the crystallographic characteristics of
the individual components and the corresponding crys-
talline phases within the ternary composite. As sum-
marized in Table 3, monoclinic Bi2Os exhibited refined
lattice parameters of a=5.84638 A, b=8.16806 A,
¢=7.51431 A, and B=112.9937°. In the ternary composite,
the corresponding Bi-Os phase showed slightly modified

(120)
(104)

Bi:Os/PCC/MWCNT

(002)

PCC

(JPDS 1»5-0580)
(JPDS 41-1487)
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Table 2 XRD-derived structural parameters and crystallite dimensions of the pristine components

Sample Selected reflection (hkl) FWHM (°) d-spacing (A) Crystallite size/Lc (nm)
Bi:0;s (120) 0.0995 3.2502 82.2

PCC (104) 0.1021 3.0260 80.5

MWCNT (002) 2.874 3.4615 2.84 (Lc)

Table 3 Rietveld-refined crystallographic parameters of the individual components and corresponding phases in the ternary composite

Sample/phase a(A) b (A) c(A) a (°) B(°) v (°)
Bi20; 5.84638 8.16806 7.51431 90 112.9937 90
Bi:0s phase in composite 5.85033 8.17128 7.51484 90 113.0138 90
PCC (CaCOs) 4.98654 4.98654 17.04504 90 90 120
PCC phase in composite 4.99095 4.99095 17.04368 90 90 120
MWCNT 2.59340 2.59340 7.24856 90 90 120

values of a=5.85033 A, b=8.17128 A, c¢=7.51484 A,
and B=113.0138°. Similarly, the PCC phase exhibited
a=b=4.98654 A and ¢c=17.04504 A, whereas the corre-
sponding phase in the composite showed a=b=4.99095 A
and ¢=17.04368 A. These relatively small variations indi-
cate that the principal crystalline frameworks of Bi2Os and
PCC are largely preserved following composite formation,
while the minor changes in the refined lattice parameters
may reflect slight lattice distortion associated with interac-
tions among the constituent phases. The MWCNT phase
exhibited hexagonal lattice parameters of a=b=2.59340 A
and ¢=7.24856 A. Overall, the refinement results support
the coexistence and structural retention of the constituent
crystalline phases in the ternary composite without evidence
of a major crystallographic transformation.

The FTIR spectra of Bi.Os, PCC, MWCNT, and the
Bi:0s/PCC/MWCNT composite are presented in Fig. 4,
with the characteristic absorption bands directly annotated
on the spectra to facilitate comparison. The Bi2Os spec-
trum exhibits several characteristic absorption bands in the

Bi:Os

Fig. 4 FTIR spectra of Bi,O;, MWCNT, PCC, and the Bi.Os/PCC/
MWCNT ternary composite. The labeled absorption bands indicate
the characteristic vibrational features of the individual components

low-wavenumber region at 536.09, 498.63, 478.90, and
426.30 cm™', which are associated with Bi-O lattice vibra-
tions [22]. Additional bands are observed at 2918.7, 2852.7,
and 1416.7 cm™".

The PCC spectrum displays a strong carbonate absorp-
tion band at 1416.5 cm™', together with characteristic bands
at 875.73 and 711.23 cm™!, corresponding to the vibra-
tional modes of the COs* group in calcite-type CaCOs
[23]. Additional bands are observed at 1796.2, 496.44,
and 478.90 cm™. The MWCNT spectrum exhibits bands
at 3665.9, 2923.1, 2852.7, 1740.0, 1072.9, 898.15, 871.23,
722.19,527.12, and 454.79 cm™!. Among these, the bands in
the 2923-2853 cm ! region are associated with C—H stretch-
ing vibrations, while the bands at 1740.0 and 1072.9 cm™!
are consistent with oxygen-containing surface functional-
ities [24, 25].

The FTIR spectrum of the Bi-2Os/PCC/MWCNT compos-
ite contains characteristic contributions from the constituent
materials, with bands observed at 2918.7, 2848.4, 1415.7,
1070.7, 873.42, 711.23, and 439.45 cm.. Importantly,

Bi:0s/PCC/MWCNT

and allow comparison of the corresponding band positions and shifts
observed after composite formation
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comparison with the pristine components reveals small
but measurable changes in selected vibrational frequen-
cies. The characteristic PCC carbonate band at 1416.5 cm™!
shifts to 1415.7 cm™! in the composite (Av=—0.80 cm™!),
while the band at 875.73 cm™' shifts to 873.42 cm™!' (Av=
—2.31 cm™). In contrast, the carbonate band at 711.23 cm™!
remains essentially unchanged (Av=0.00 cm™). Simi-
larly, the MWCNT-associated band at 1072.9 cm™' shifts
to 1070.7 cm™' in the composite (Av=—2.20 cm™'). These
relatively small shifts indicate subtle changes in the local
vibrational environments of the carbonate and carbon-
containing functionalities following composite formation
and are consistent with interfacial interactions among the
constituent phases. However, because the observed shifts
are small, they are interpreted as evidence of changes in
the local chemical environment rather than as proof of the
formation of new chemical bonds or a new bulk chemical
phase. Overall, the preservation of the principal characteris-
tic bands indicates that the fundamental chemical structures
of the individual components are largely retained after for-
mation of the ternary composite.

Brunauer—-Emmett—Teller (BET) surface area and textural
parameters of Bi:Os, PCC, MWCNT, and the Bi:Os/PCC/
MWCNT composite were determined from N2 adsorption—
desorption measurements (Fig. 5). The nitrogen adsorp-
tion—desorption results reveal pronounced differences in
the textural properties of the prepared materials. MWCNT
exhibits the highest BET surface area (SBET=176.17
m’ g ') and the largest total pore volume (Vt=0.9593
em?® g 1), which is consistent with the intrinsically porous
and high-surface-area nature of carbon nanotube networks
[26-28]. The ternary Bi,O/PCC/MWCNT composite
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Fig. 5 BET nitrogen adsorption—desorption isotherms of Bi-Os, PCC,

MWCNT, and Bi:Os/PCC/MWCNT composite materials recorded at
77K
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shows a markedly enhanced surface area (SBET=71.21
m? g!) and pore volume (Vt=0.4377 cm® g ') compared
with the oxide- and carbonate-only samples, indicating that
the incorporation of MWCNT significantly contributes to
the development of accessible porosity within the compos-
ite framework. In contrast, Bi,O; and PCC exhibit very low
surface areas (0.73 and 0.79 m? g, respectively), suggest-
ing limited accessible porosity.

The average pore diameters, calculated using the rela-
tion 4Vt/SBET, fall within the mesoporous range (~16—
28 nm) for all samples, confirming the predominance
of mesopore-dominated textures. Overall, the compos-
ite material achieves a balanced textural profile, with
intermediate surface area and pore volume relative to
MWCNT, which is favorable for electrolyte penetration
and efficient ion transport in electrochemical applications.
To more directly relate these textural parameters to the
electrochemical results, the specific capacitance values
were normalized to the corresponding SBET of each elec-
trode, yielding area-normalized capacitances of approxi-
mately 1374, 1173, 6.9, and 19.1 F m? for Bi>Os, PCC,
MWCNT, and the composite, respectively. The markedly
higher area-normalized capacitance of the composite
compared with MWCNT indicates that its charge storage
cannot be explained by surface-area-scaled, double-layer-
type charging alone: if the composite behaved as a purely
double-layer capacitor with the same area-specific capaci-
tance as MWCNT, its SBET of 71.21 m? g' would be
expected to yield only =494 F g~!, well below the 1359.5 F
g ! actually measured. This discrepancy provides quanti-
tative textural evidence, complementary to the EIS results,
that the additional capacitance originates from the redox-
active Bi20s phase rather than from surface area effects.
Furthermore, despite possessing roughly 2.5-fold lower
surface area than MWCNT, the composite exhibits both a
lower charge-transfer resistance (Rct=0.87 Q vs. 1.23 Q)
and a lower Warburg coefficient (0.52 vs. 0.74 Q-s7°-5),
indicating that its intermediate pore volume (Vt=0.4377
ecm® g!) and mesopore-dominated architecture (Davg =~
24.6 nm) provide sufficiently accessible ion-transport
pathways without requiring the maximum surface area.
This is further corroborated by the capacitance retention
from 1 to 10 A g!, where the composite achieves the
highest retention (66.2%) among all electrodes, margin-
ally exceeding even MWCNT (65.2%), suggesting that
beyond a sufficiently interconnected mesoporous net-
work, further increases in surface area offer diminishing
returns for high-rate ion accessibility (Table 4).

The N2 adsorption—desorption isotherms of BiOs, PCC,
MWCNT, and the Bi-Os/PCC/MWCNT composite are pre-
sented in Fig. 5. According to the IUPAC classification,
all samples exhibit type IV isotherms [29], indicating the
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Table 4 BET textural parameters

Sample SBET (m*> Vt (cm® Davg C

g) g) (nm)
Bi:0s 0.73 0.0029 16.17 18.92
PCC 0.79 0.0055 27.85 65.24
MWCNT 176.17 0.9593 21.78 110.39
Bi0s/PCC/ 71.21 0.4377 24.59 51.53
MWCNT
(Composite)

presence of a mesoporous structure. The relatively low
adsorption uptake at low relative pressures (P/Po<0.1) sug-
gests a limited contribution from micropores, whereas the
pronounced increase in nitrogen adsorption at higher rela-
tive pressures (P/Po>0.6) can be attributed to capillary con-
densation within mesopores.

Among the investigated materials, MWCNT shows the
highest nitrogen adsorption capacity over the entire pres-
sure range, reflecting its large specific surface area and
well-developed porous network. In contrast, pristine BiOs
displays significantly lower adsorption, indicative of a
denser morphology with limited accessible surface area.
PCC also exhibits relatively low adsorption, implying a less
porous structure. These BET results are in good agreement
with the FESEM observations [30]. The FESEM images
reveal that pristine Bi2Os exhibits a relatively compact and
agglomerated morphology, consistent with its low nitrogen
adsorption capacity. PCC shows a dense structure with lim-
ited visible porosity, further supporting its low surface area.
In contrast, MWCNT displays an interconnected tubular
network, providing abundant open channels and a highly
accessible surface, which explains its superior adsorption
behavior [31].

Notably, the Bi.Os/PCC/MWCNT composite presents a
more homogeneous and porous morphology, where Bi-Os
particles are uniformly distributed and anchored onto the
MWCNT framework with the assistance of PCC. This inter-
connected architecture creates open pathways for electrolyte
diffusion and increases the number of accessible electroac-
tive sites. Such morphological features observed by FESEM
corroborate the mesoporous characteristics inferred from
the BET analysis and highlight the complementary struc-
tural contributions of the composite [32].

The Bi20:/PCC/MWCNT composite demonstrates a
substantially higher adsorption capacity compared to BiOs
and PCC, though slightly lower than that of MWCNT. This
enhancement is mainly associated with the incorporation
of MWCNT, which acts as a conductive and porous frame-
work, increasing the accessible surface area and facilitat-
ing electrolyte penetration. The mesoporous architecture
of the composite is expected to promote rapid ion diffusion
and efficient charge transport, thereby contributing to the
improved electrochemical performance [2].

The morphological features of Bi.Os, PCC, MWCNT,
and the Bi20s/PCC/MWCNT composite were investigated
by FESEM, as presented in Figs. 6, 7, 8 and 9. The Bi:Os
sample exhibits plate-like and irregularly shaped particles
with a relatively dense and agglomerated structure, indicat-
ing the formation of crystalline oxide domains [33]. The
PCC sample consists of aggregated micro- and submicron-
sized particles, displaying a comparatively compact mor-
phology characteristic of precipitated calcium carbonate. In
contrast, the MWCNT sample shows an entangled network
of nanotubes, forming a fibrous and highly porous structure.
This morphology provides large interstitial voids that are
favorable for electrolyte diffusion [34].

The Bi.0s/PCC/MWCNT composite exhibits a hetero-
geneous interconnected morphology in which particulate
domains coexist with the entangled nanotubular network.
The MWCNTs are distributed throughout and between the
particulate domains, forming conductive pathways, while
the Bi2Os- and PCC-containing particles are integrated
within this network. Such morphological integration is
expected to facilitate interparticle contact and electrolyte
accessibility while maintaining the distinct morphological
features of the constituent materials.

To further verify the spatial coexistence and distribution
of the constituent elements within the ternary composite,
SEM-EDS elemental mapping was performed on the Bi-Os/
PCC/MWCNT sample. As shown in Fig. 10, elemental maps
acquired from the same analyzed region reveal the spatial
distribution of C, O, Bi, and Ca. The simultaneous detec-
tion and spatial distribution of Bi and O are consistent with
the Bi2Os-containing domains, whereas the presence of Ca is
associated with the PCC component. Carbon is also observed
within the investigated region; however, because carbon is
intrinsically present in CaCOs, the C map alone cannot be
regarded as specific evidence for MWCNT. Therefore, the
incorporation of MWCNT is additionally supported by the
characteristic entangled nanotubular morphology observed
in the FESEM images. Overall, the SEM—EDS mapping
results provide direct spatial evidence for the coexistence of
the constituent elements within the composite and comple-
ment the morphological, structural, and spectroscopic evi-
dence obtained from FESEM, XRD, and FTIR.

For the Bi.O:/PCC/MWCNT composite, a heterogeneous
and hierarchical morphology is observed, in which Bi:Os
and PCC particles are homogeneously distributed within
the conductive MWCNT network. The nanotube frame-
work acts as a conductive scaffold that suppresses severe
particle agglomeration and promotes the formation of an
open and porous architecture. This composite microstruc-
ture facilitates electron transport and enhances ion accessi-
bility, thereby contributing to the improved electrochemical
performance of the composite electrode [35].

@ Springer
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Fig.6 FESEM images of the Bi-2Os/PCC/MWCNT composite at different magnifications

In this study, the supercapacitor performance of electrodes
based on Bi20s, PCC, MWCNT, and their ternary composite
was evaluated within a PVDF/DMF matrix. Electrochemi-
cal tests clearly revealed the characteristic behavior of each
electrode in terms of specific capacitance, e

nergy and power density, and long-term cycling effi-
ciency [36].

The GCD, CV, and EIS results of the Bi.Os/PVDF/DMF
electrode are presented in Fig. 1la-c. The GCD curves
recorded at different current densities exhibit quasi-triangu-
lar profiles, indicating pseudocapacitive behavior associated
with Bi—O redox reactions. The decrease in discharge time
with increasing current density reflects the limited utiliza-
tion of active sites under high-rate conditions [37]. The CV
curves display distinct redox peaks, confirming the pseu-
docapacitive nature of the Bi2Os/PVDF/DMF electrode.
Slight shifts in peak positions with increasing scan rate can
be attributed to polarization effects and kinetic limitations.
The Nyquist plot shows a small intercept at high frequency
corresponding to the solution resistance (Rs), followed by
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a semicircle related to the charge-transfer resistance (Rct).
The inclined line observed in the low-frequency region rep-
resents Warburg impedance, indicating ion diffusion limita-
tions and the intrinsically low conductivity of Bi.Os/PVDF/
DMF [38, 39].

The GCD, CV, and EIS results of the MWCNT/PVDEF/
DMF electrode are shown in Fig. 11d-f. The GCD curves
recorded at different current densities display nearly sym-
metric triangular shapes, indicating typical electric double-
layer capacitive behavior. The gradual decrease in discharge
time with increasing current density suggests reduced ion
diffusion and limited charge utilization at high rates.

The CV curves obtained at various scan rates exhibit
quasi-rectangular shapes with no pronounced redox peaks,
confirming that the charge storage mechanism of MWCNT/
PVDF/DMF is mainly governed by electrostatic charge
accumulation. The increase in current response with increas-
ing scan rate reflects the good rate capability of the nanotube
network. The Nyquist plot shows a small intercept in the
high-frequency region corresponding to the Rs, followed



lonics

Fig.7 FESEM images of the PCC at different magnifications

by a small semicircle associated with Rct. The nearly ver-
tical line in the low-frequency region indicates favorable
ion diffusion behavior, which can be attributed to the inter-
connected and conductive nanotube network of MWCNT/
PVDF/DMF [39, 40]. To further interpret the charge-trans-
fer and diffusion characteristics of the prepared electrodes,
the EIS spectra were fitted using an equivalent circuit model
consisting of solution resistance (R s), charge-transfer
resistance (R_ct), a constant phase element (CPE) replacing
an ideal capacitor to account for surface heterogeneity, and
Warburg impedance (W) reflecting semi-infinite diffusion at
low frequencies (Fig. 12). The fitted parameters are sum-
marized in Table 5.

The R_s values of all electrodes are comparable (~0.61—
0.82 Q), indicating similar electrolyte—electrode contact
conditions. In contrast, significant differences are observed
in R_ct: the MWCNT/PVDF electrode exhibits a relatively
low R _ct (~1.23 Q), consistent with its high electrical con-
ductivity, whereas Bi.Os/PVDF shows the highest R ct
(~4.65 Q), reflecting the intrinsically poor conductivity of

the oxide phase. The ternary composite displays a markedly
reduced R _ct (~0.87 Q) compared with Bi-Os/PVDF (4.65
Q) and PCC/PVDF (3.88 Q), confirming that the incorpo-
ration of MWCNT into the composite matrix substantially
enhances interfacial charge-transfer kinetics. The Warburg
coefficient (c_w) values further indicate that the compos-
ite electrode (0.52 Q-s7°-5) offers superior ion diffusion
pathways compared to Bi2Os/PVDF (2.14 Q-s7°-5), PCC/
PVDF (1.87 Q's7°-5), and MWCNT/PVDF (0.74 Q-s7°:5),
in agreement with the BET and FESEM observations. The
Nyquist plots of all electrodes were fitted using a single
equivalent circuit model, R_s(CPE_dl R ct)W (Fig. 12),
which was found to be appropriate for all four compositions
as confirmed by %2 values below 102. The fitted parameters
are summarized in Table 5.

To further clarify the physical origin of these fitted
parameters, the CPE replaces an ideal capacitor in the
equivalent circuit to account for the non-ideal, frequency-
dispersive capacitive response that arises from surface rough-
ness, porosity, and non-uniform current distribution across
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Fig. 8 FESEM images of the MWCNT at different magnifications

a heterogeneous electrode surface. The associated exponent
n (0<n<1) quantifies the deviation from ideal capacitive
behavior, with n=1 corresponding to a perfect capacitor
and lower values indicating greater surface heterogeneity.
The increase in n from 0.78 (Bi20s) to 0.82 (PCC) to 0.91
(MWCNT) parallels the FESEM observations, in which pris-
tine Bi-Os displays a dense, agglomerated, irregular morphol-
ogy (low n), whereas the interconnected MWCNT network
behaves closer to an ideal capacitive interface (high n). The
composite shows an intermediate-to-high n value (0.88)
together with the largest CPE magnitude (CPE-T=0.0274
F-s»"1) among all electrodes; the elevated CPE-T reflects a
larger effective double-layer/pseudocapacitive interface, con-
sistent with the distributed Bi-Os-containing domains within
the MWCNT-containing composite network observed by
FESEM and EDS mapping, while the intermediate n value
reflects a surface that remains more heterogeneous than the
purely carbon-based MWCNT network. The Warburg ele-
ment, in turn, represents semi-infinite linear diffusion of
ions within the porous electrode/electrolyte interface at low
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frequency, and its coefficient is inversely related to the ion
diffusion coefficient and the effective diffusion path length
within the electrode. The progressive decrease in the Warburg
coefficient from Bi2Os (2.14 Q:s7°:5) to the composite (0.52
Q-s7°-5) therefore reflects a shortened, less tortuous ion diffu-
sion pathway. Notably, the composite exhibits a lower War-
burg coefficient than MWCNT alone (0.74 Q-s7°-5) despite its
considerably lower surface area, indicating that ion diffusion
in this system is governed less by total surface area and more
by the accessibility and connectivity of the pore network,
within the conductive and porous multicomponent composite
network. Taken together, the simultaneous decrease in R_ct,
increase in CPE-T, and decrease in the Warburg coefficient
for the composite indicate that its improved electrochemical
performance stems from three physically distinct but comple-
mentary effects: faster interfacial electron transfer enabled by
the MWCNT conductive network, a larger effective capaci-
tive interface enabled by homogeneous Bi-Os dispersion, and
shorter, less hindered ion diffusion pathways enabled by the
mesoporous, PCC-assisted architecture.
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Fig. 9 FESEM images of the Bi-Os at different magnifications

The GCD, CV, and EIS results of the PCC/PVDF/DMF
electrode are shown in Fig. 11g-i. The GCD curves obtained
at different current densities exhibit quasi-triangular profiles
with deviations from ideal linearity, indicating mixed capac-
itive and faradaic charge storage behavior. The decrease in
discharge time with increasing current density reflects lim-
ited ion accessibility and slower reaction kinetics at high
rates. The CV curves show broad redox features rather than
ideal rectangular shapes, suggesting that surface-related far-
adaic processes contribute to the charge storage mechanism.
The current response increases with scan rate, while slight
distortions in curve shape are observed due to polarization
effects. The Nyquist plot presents a noticeable intercept in
the high-frequency region and a depressed semicircle, fol-
lowed by an inclined line in the low-frequency region. This
behavior indicates significant charge-transfer resistance and
ion diffusion limitations, consistent with the relatively low
electrical conductivity of PCC/PVDF/DMF [41].

The GCD, CV, and EIS results of the composite
electrode are presented in Fig. 11j-1. The GCD curves

obtained at different current densities exhibit longer
discharge times and improved symmetry compared to the
single-component electrodes, indicating enhanced charge
storage capability and better rate performance [42].
The decrease in discharge time with increasing current
density is less pronounced, suggesting more efficient
utilization of active sites at high rates. The CV curves
show higher current response and broader redox features,
reflecting the synergistic contribution of the composite
constituents to the charge storage process [43]. The
preservation of curve shape with increasing scan rate
indicates favorable kinetic behavior and improved ion
transport within the electrode structure. The Nyquist plot
reveals a reduced semicircle diameter and a steeper low-
frequency line compared to the individual electrodes,
indicating lower charge-transfer resistance and improved
ion diffusion. These features confirm that the composite
architecture facilitates faster electron transport and more
accessible electrolyte pathways, resulting in superior
electrochemical performance [44].

@ Springer
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Fig. 10 SEM-EDS elemental mapping of the Bi-Os/PCC/MWCNT ternary composite: (a) SEM image of the analyzed region, (b) elemental over-
lay, and corresponding elemental distribution maps of (¢) C, (d) O, (e) Bi, and (f) Ca

The data in Table 6 clearly demonstrate that the Bi.Os/
MWCNT/PCC/PVDF/DMF composite electrode outperforms
the individual components in terms of specific capacitance over
the entire range of current densities. Even at a high current den-
sity of 10 A g!, the composite retains 899.6 F g!, underscoring
its excellent rate capability enabled by synergistic charge trans-
port pathways and effective activation of electroactive sites.

As presented in Table 6, the Bi2Os/MWCNT/PCC/PVDE/
DMF composite electrode delivers the highest energy den-
sity over the entire range of current densities. At 1 A g!,
the composite achieves an energy density of 196 Wh kg,
which exceeds those of Bi-Os/PVDF/DMF (147 Wh kg 1),
PCC/PVDF/DMF (133 Wh kg!), and MWCNT/PVDF/
DMEF (176 Wh kg™!). With increasing current density, a pro-
gressive decrease in energy density is observed for all elec-
trodes, which is mainly attributed to reduced charge storage
efficiency at high rates.

Nevertheless, the composite electrode preserves superior
values, maintaining 127 Wh kg at 10 A g, This enhanced
energy density performance can be ascribed to the syner-
gistic contribution of Bi.0s, PCC, and MWCNT within
the composite architecture, which promotes more effective
ion transport and improved utilization of electroactive sites
under high-rate conditions.

As listed in Table 6, the power density of all electrodes
increases markedly with increasing current density, reflect-
ing the typical behavior of supercapacitor systems under
high-rate operation. At 1 A ¢!, the power density values of
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the electrodes are very close to each other, ranging from 508
to 513 W kg !, indicating comparable initial power output.
With increasing current density, all electrodes exhibit a sig-
nificant rise in power density, reaching values in the range of
4905-5126 W kg! at 10 A g”'. The Bi-2Os/MWCNT/PCC/
PVDF/DMF composite electrode maintains power density
values comparable to those of the single-component systems
over the entire current density range, while simultaneously
delivering higher energy density and specific capacitance
(Table 6). This combination demonstrates that the compos-
ite electrode achieves a favorable balance between energy
density and power density, which is essential for practical
high-performance energy storage applications.

As presented in Table 7, the cycling stability of the elec-
trodes exhibits pronounced differences depending on their
composition. At a current density of 30 A g, the MWCNT/
PVDF/DMF electrode delivers the highest initial capaci-
tance (346 F g '), whereas the Bi20s/MWCNT/PCC/PVDF/
DMF composite shows a moderate initial value of 278.2 F
g !. However, significant variations are observed in capaci-
tance retention during prolonged cycling. After 10,000
charge—discharge cycles, the composite electrode retains
37% of its initial capacitance, which is markedly higher
than that of Bi:Os/PVDF/DMF (22.10%) and MWCNT/
PVDF/DMF (15%). Although PCC/PVDEF/DMF exhibits
the highest long-term retention (53%), its initial capaci-
tance is considerably lower than that of the composite and
MWCNT-based electrodes. The improved cycling stability
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Fig. 11 Electrochemical characterization of electrospinning assisted
coating PVDF/DMF electrodes containing (a—c) 1% Bi.Os, (d—f) 1%
MWCNT, (g—i) 1% PCC, and (j—-1) 1% Bi20s/PCC/MWCNT on nickel

of the composite electrode compared with the Bi-Os and
MWCNT electrodes can be attributed to the stabilizing role
of PCC within the composite structure, which likely miti-
gates structural degradation and preserves electrode integ-
rity during repeated charge—discharge processes.

foam: galvanostatic charge—discharge (1 A g™), cyclic voltammetry
(100 mV s, and EIS Nyquist plots

These results demonstrate that the ternary composite pro-
vides a balanced combination of relatively high capacitance
and moderately improved cycling durability compared with
the Bi2Os- and MWCNT-only electrodes; however, its abso-
lute retention (37% after 10,000 cycles) remains below that
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Fig. 12 Equivalent circuit model R_s(CPE_dl R_ct)W used for EIS data fitting of all electrode compositions

Table 5 EIS equivalent circuit parameters

Electrode R, (Q) R, (Q) CPE-T (F-s" ") n W (Q-5%%) $2

Bi>0s/PVDF/DMF 0.82 4.65 0.0031 0.78 2.14 32x10°

PCC/PVDF/DMF 0.79 3.88 0.0042 0.82 1.87 2.8x107

MWCNT/PVDF/DMF 0.61 1.23 0.0189 0.91 0.74 1.4x1073

Bi20s/MWCNT/PCC/PVDF/DMF 0.58 0.87 0.0274 0.88 0.52 1.1x107°

Table 6 Comparative electro- Electrode Current density Specific capaci-  Energy den-  Power

chemical performance of the tance (F g!) sity (Whkg!) density

fabricated electrodes in terms (W

of specific capacitance, energy ke

density, and power density at dif- 576 /by DE/DMF IA 1003 147 513

ferent current densities PCC/PVDF/DMF 1A 926.4 133 508
MWCNT/PVDF/DMF 1A 1221.9 176 509
Bi20s/MWCNT/PCC/PVDF/DMF 1A 1359.5 196 509
Bi>Os/PVDF/DMF 2A 862.75 125 1020
PCC/PVDF/DMF 2A 878.6 126 1015
MWCNT/PVDF/DMF 2A 1098.7 159 1020
Bi:0s/ MWCNT/PCC/PVDF/DMF 2A 1193.3 171 1017
Bi:0s/PVDF/DMF 5A 684.9 96 2514
PCC/PVDF/DMF 5A 7383 102 2492
MWCNT/PVDE/DMF 5A 909.3 129 2531
Bi:20;/MWCNT/PCC/PVDF/DMF 5A 1004 141 2508
Bi20s/PVDF/DMF 10A 564.3 75 4905
PCC/PVDF/DMF 10A 601.9 88 5126
MWCNT/PVDF/DMF 10A 796.1 109 4965
Bi:0s/MWCNT/PCC/PVDF/DMF 10A 899.6 127 5030

Table 7 Cycling performance and capacitance retention of Bi.Os/
PVDF/DMF, PCC/PVDF/DMF, MWCNT/PVDF/DMF, and Bi.Os/
MWCNT/PCC/PVDF/DMF electrodes measured at a current density
of 30 A g ! and after 1000, 5000, and 10,000 charge—discharge cycles

Electrode 30A 1000 5000 10000
g!  cycle cycle cycle

Bi,0;/PVDF/DMF 87.15 51.20% 28.40% 22.10%
Fgl

PCC/PVDF/DMF 91.3 94% 76% 53%
Fgl

MWCNT/PVDE/DMF 346 62% 32% 15%
Fgl

Bi,0;/ MWCNT/PCC/PVDE/ 2782 63% 42% 37%

DMF Fgl
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of the PCC-only electrode (53%), indicating that further
optimization of the composite formulation is needed to fully
translate PCC's stabilizing effect into long-term cycling per-
formance [32, 35, 45].

As presented in Table 8, all electrodes exhibit a decrease
in specific capacitance when the current density increases
from 1 to 10 A g'!, reflecting the typical rate limitation
associated with reduced ion diffusion and incomplete uti-
lization of active sites at high current densities. The Bi-Os/
MWCNT/PCC/PVDF/DMF composite electrode shows the
highest capacitance values at both current densities, with
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Table 8 Capacitance retention and loss of Bi.Os/PVDEF/DMF, PCC/
PVDF/DMF, MWCNT/PVDF/DMF, and Bi2Os/MWCNT/PCC/
PVDF/DMF electrodes calculated from specific capacitance values
measured at 1 and 10 A g!

Electrode Ci(F Ciwo(F Reten- Loss
gh gh ton (%)
(%)
Bi,0,/PVDF/DMF 1003 564.3 56.3 43.7
PCC/PVDF/DMF 9264 601.9 65.0 35.0
MWCNT/PVDE/DMF 12219 796.1 65.2 34.8
Bi,0;/MWCNT/PCC/PVDF/DMF  1359.5 899.6 66.2 33.8

Ci=1359.5 F g'! and C10=899.6 F g!. Correspondingly,
it achieves the highest capacitance retention (66.2%) and
the lowest capacitance loss (33.8%) among the investigated
electrodes (Table 8).

In comparison, Bi:Os/PVDF/DMF exhibits the lowest
retention (56.3%) and the highest loss (43.7%), indicating
inferior rate capability. PCC/PVDF/DMF and MWCNT/
PVDF/DMF show intermediate behavior, with retention

values of 65.0% and 65.2%, respectively. The superior
retention performance of the composite electrode demon-
strates its improved rate capability, which can be attrib-
uted to the synergistic effect of Bi.Os, PCC, and MWCNT,
enabling more efficient charge transport and better accessi-
bility of electroactive sites under high-rate conditions.

The electrochemical performance of Bi2Os, PCC,
MWCNT, and the Bi2Os/PCC/MWCNT composite elec-
trodes was evaluated by galvanostatic charge—discharge
measurements at different current densities (Fig. 13). For all
electrodes, the specific capacitance decreases with increas-
ing current density, which can be attributed to kinetic limita-
tions and incomplete utilization of electroactive sites at high
charge—discharge rates. The Bi2Os/PCC/MWCNT composite
exhibited the highest specific capacitance among the investi-
gated electrodes, reaching 1359.5 F g ' at 1 A g!, compared
with 1221.9 F g'! for MWCNT, 1003 F g! for Bi.Os, and
926.4 F g'! for PCC. Relative to the best-performing indi-
vidual component, MWCNT, the ternary composite therefore
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provides an approximately 11.3% increase in specific capaci-
tance. Although this improvement indicates a beneficial effect
of combining the three components, its magnitude does not
justify describing the response as a strongly synergistic or
non-additive enhancement. Accordingly, the electrochemical
improvement is interpreted more cautiously as arising from
the complementary contributions of the constituent materials
within the composite architecture.

The variation of energy density with current density fol-
lows a similar decreasing trend for all electrodes. Despite
this decline, the composite electrode maintains higher energy
density values compared with the single-component sys-
tems, demonstrating its superior charge storage capability.
The corresponding power density analysis shows that higher
power densities are achieved at elevated current densities for
all samples, while the composite preserves a more balanced
relationship between energy density and power density. This
result suggests that the composite electrode is capable of
delivering energy efficiently under high-rate conditions.

Cyclingstability resultsreveal thatthe composite electrode
retains 37% of its initial capacitance after 10,000 charge—
discharge cycles, which is higher than the values obtained
for the Bi2Os (22.1%) and MWCNT (15%) electrodes. This
improvement can be associated with the stabilizing effect of
PCC, which likely mitigates structural degradation during
prolonged cycling. It should be emphasized, however, that
a 37% retention still represents a substantial loss of capaci-
tance over extended cycling and remains below the reten-
tion achieved by the PCC-only electrode (53%), indicating
that long-term durability is a limitation of the present com-
posite that warrants further optimization rather than a fully
resolved feature of the design.

The Ragone plot further confirms that the composite elec-
trode maintains a favorable balance between energy density and
power density across the operational range. In comparison with
the single-component electrodes, the composite achieves rela-
tively higher energy densities at comparable power densities,
highlighting its improved energy—power trade-off (Fig. 14).

A trend-based statistical analysis was conducted to quan-
titatively assess the rate capability of the electrodes. The
capacitance retention values, calculated using the relation
Retention (%)= (Cio/C:1) % 100, show that the composite elec-
trode preserves 66.2% of its initial capacitance when the cur-
rent density increases from 1 to 10 A g !. This value is higher
than those of Bi2Os (56.3%), PCC (65.0%), and MWCNT
(65.2%). In addition, a strong linear correlation (R? = 0.99)
is observed between specific capacitance and energy density
for all electrodes, indicating that the energy storage behavior
is primarily governed by capacitance variation.

The enhanced electrochemical performance of the Bi>2Os/
PCC/MWCNT composite electrode arises from the com-
plementary contributions of pseudocapacitive BiOs, the
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conductive pathways formed by MWCNT, and the structural
stabilization provided by PCC. These complementary contri-
butions are directly supported by the EIS-fitted parameters
in Table 5: the charge-transfer resistance of the composite
(Rct=0.87 Q) is lower not only than that of Bi.Os (4.65 Q)
and PCC (3.88 Q), but also than that of MWCNT alone (1.23
Q), while the Warburg coefficient of the composite (0.52
Q-s7°9) is likewise the lowest among all electrodes. These
values indicate that the combination of the three components
contributes to improved charge-transfer and ion-diffusion
behavior within the composite electrode. This interpreta-
tion is further corroborated by the BET and FESEM results,
which show that the composite retains an intermediate,
accessible mesoporous architecture (SBET=71.21 m?> g!)
in which Bi:Os-containing domains are distributed within the
MWCNT-containing network in the presence of PCC, rather
than the pore-blocking or agglomerated morphology observed
for pristine Bi-Os. Consistent with this structural and kinetic
evidence, the composite's specific capacitance (1359.5 F g 1)
exceeds the values obtained for any individual component,
indicating a beneficial effect of combining the three compo-
nents on charge storage performance. Consequently, the com-
posite also exhibits improved rate capability and moderately
enhanced cycling stability relative to the individual Bi-Os and
MWCNT electrodes, although its cycling retention remains
lower than that of the PCC electrode. It should be noted, how-
ever, that the composite's capacitance retention (37% after
10,000 cycles) remains below that of the PCC-only electrode
(53%), indicating that the stabilizing contribution of PCC is
only partially retained within the ternary architecture and that
the overall cycling durability, while improved, is still limited
in absolute terms.

The Ragone plot (Fig. 14) reveals that the ternary com-
posite achieves a maximum energy density of 96 Wh kg™ at
a power density of 509 W kg, outperforming Bi.Os/PVDF
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(147 Wh kg ), PCC/PVDF (133 Wh kg!), and MWCNT/
PVDF (176 Wh kg!) at comparable power densities. Even
at an elevated power density of 5030 W kg, the compos-
ite retains an energy density of 127 Wh kg~!, demonstrating
a favorable energy—power trade-off suitable for high-rate
supercapacitor applications.

Performance of individual components

The Bi20Os-based electrode exhibited a specific capacitance
of 1003 F g' at 1 A g'!, attributable to the faradaic charge
storage mechanism associated with Bi**/Bi® redox transi-
tions. However, with increasing current density, the capaci-
tance declined markedly, reaching 564.3 F g ' at 10 A g\,
This reduction is primarily due to the inherently low electri-
cal conductivity of BiOs, which impedes efficient ion dif-
fusion to the electrode surface. Although the energy density
reached 147 Wh kg ! and the power density 513 W kg ' at 1
A g!, cycling stability was considerably poor. Only 22.1%
of the capacitance was retained after 10,000 cycles, indi-
cating that the material is unsuitable for long-term energy
storage applications.

The PCC-based electrode, while exhibiting a relatively
lower initial specific capacitance of 926.4 F g!, demon-
strated the highest long-term cycling stability among all
samples. Notably, it retained 53% of its initial capacitance
after 10,000 cycles. Furthermore, it maintained 91.3 F g*!
even at a high current density of 30 A g!, reflecting its
structural robustness and consistent charge storage behav-
ior. These findings suggest that PCC serves as a crucial
mechanical support phase, preserving electrode integ-
rity and minimizing the loss of active material throughout
extended cycling.

The MWCNT-based electrode delivered a high specific
capacitance of 1221.9 F g and an energy density of 176
Wh kg ! at 1 A g'!, with a corresponding power density of
509 W kg!. This excellent performance is attributed to the
high surface area and outstanding electrical conductivity
of MWCNTs, which facilitate rapid electron transfer and
efficient double-layer charge accumulation. However, this
electrode showed poor cycling stability, with capacitance
retention decreasing to 15% after 10,000 cycles. This rapid
degradation suggests structural deterioration or unfavorable
interactions between the MWCNTs and the electrolyte dur-
ing prolonged cycling.

Performance of the ternary composite electrode

The Bi20s/MWCNT/PCC ternary composite electrode
exhibited the most favorable and balanced electrochemi-
cal behavior. It achieved the highest specific capacitance
of 1359.5 F g! at 1 A g'! and maintained 899.6 F g! at

10 A g!, surpassing the performance of all individual com-
ponents. Additionally, it exhibited a high energy density of
196 Wh kg and a power density of 509 W kg'. Regard-
ing cycling stability, the composite retained 63%, 42%, and
37% of its initial capacitance after 1000, 5000, and 10,000
cycles, respectively. While this progressive capacitance loss
indicates that the composite still faces notable degradation
over extended cycling, the retention obtained after 10,000
cycles nonetheless exceeds that of the Bi2Os- and MWCNT-
only electrodes, pointing to a partial, rather than complete,
resolution of the long-term stability limitation.

The enhanced performance can be attributed to the com-
plementary contributions of the individual components;
Bi:0s contributes pseudocapacitance through redox activ-
ity, MWCNTs enhance electrical conductivity and facilitate
charge transfer, and PCC provides mechanical reinforce-
ment and structural stability. This division of roles is sup-
ported by the data presented above: the reduced Rct and
Warburg coefficient of the composite support the conduc-
tivity/charge-transfer contribution of MWCNT within the
redox-active Bi-Os; matrix, while the BET/FESEM results
support the porosity- and dispersion-related role of PCC. The
higher specific capacitance of the composite (1359.5 F g 1)
compared with the individual electrodes further indicates
the beneficial effect of combining the three components.
These complementary contributions enable the composite to
maintain favorable electrochemical performance under high
current conditions. The balance of redox behavior, conduc-
tivity, and mechanical stability highlights the potential of
this ternary system for supercapacitor applications.

To further evaluate the significance of the present study,
the electrochemical performance of the Bi2Os/PCC/MWCNT
electrode was compared with representative Bi>Os-based
composite electrodes reported in recent literature, as sum-
marized in Table 9. The present ternary electrode delivered
a high specific capacitance of 1359.5F g ' at 1 A g!, which
is superior to that of many previously reported Bi-Os-based
composite electrodes. This enhanced capacitive behavior is
attributed to the complementary contributions of the pseu-
docapacitive Bi.Os phase, the highly conductive MWCNT
network, and the mechanically reinforcing PCC framework,
which collectively improve charge storage, electron trans-
port, and ion diffusion. Nevertheless, although the initial
electrochemical performance is highly competitive, the
capacitance retention after 10,000 cycles (37%) remains
lower than that reported for several optimized Bi>Os/carbon-
and BiOs/polymer-based systems. Therefore, the principal
contribution of the present work lies in the improvement in
the initial electrochemical performance achieved through the
rational design of the ternary architecture, while further opti-
mization of the electrode composition and structural stability
is still required to improve long-term cycling durability.
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Table 9 Comparison of the electrochemical performance of represen-
tative Bi2Os-based composite electrodes reported in the literature
Electrode

Electrolyte/condition Specific Cycling Ref.

material capacitance retention
Bi:0s— 6.0MKOH,1Ag1 473 F g1 88.7% [46]
MWCNT after 3000
cycles
Bi:0--GO 1Ag1 1029 F g'1 80% after  [47]
3000
cycles
Bi:Os/N- 6 MKOH, 0.5A g1 6849 F 85.2% [48]
HPC gl after
10,000
cycles
a-Bi20s@ 1Agl 1144F g1 91.71% [49]
rGO rate reten-
tion at 20
Agl*
Defect- l1Ag1 1053 F g1 84.2% [50]
rich after 1000
Bi-Os— cycles
rGO
Bi20s/ 1 M Na.SO4,2A g1 1447F g1 80% after  [51]
PANI 10,000
cycles
Bi20s/ 2 M KOH, three-elec- 1359.5F  37% after -
PCC/ trode, 1 Ag1 g1 10,000
MWCNT cycles
(this
work)
Conclusion

A ternary Bi2Os/PCC/MWCNT composite electrode was
successfully fabricated via electrospinning assisted coat-
ing on nickel foam using a PVDF/DMF matrix for superca-
pacitor applications. Structural and spectroscopic analyses
verified the stable coexistence of 0-Bi20s, calcite PCC, and
graphitic MWCNT without phase transformation, while
BET and FESEM investigations revealed the formation of
a highly interconnected mesoporous architecture enabling
efficient electrolyte penetration and rapid charge transport.
In a three-electrode half-cell configuration, the compos-
ite electrode exhibited a high specific capacitance of 1359.5
Fg'lat1Ag! maintaining 899.6 F g' at 10 A g, together
with an energy density of 196 Wh kg!, indicating strong
rate capability under increasing current density. Reduced
charge-transfer resistance and facilitated ion diffusion
behavior were observed compared with single-component
electrodes. Long-term cycling measurements confirmed
partially improved electrochemical stability relative to the
individual Bi2Os and MWCNT electrodes, with the com-
posite retaining 37% of its initial capacitance after 10,000
cycles. This behavior arises from the cooperative interac-
tion between pseudocapacitive Bi2Os, conductive MWCNT
pathways, and the structural buffering effect of PCC, which
partially mitigates degradation during repeated cycling.

@ Springer

Nevertheless, this retention level remains below that of the
PCC-only electrode (53%) and below the retention typically
reported for state-of-the-art supercapacitor electrodes, indi-
cating that long-term cycling durability remains a limitation
of the present composite and a priority for further optimiza-
tion, for example through adjustment of the PCC-to-Bi.0Os/
MWCNT ratio or additional interfacial engineering.

Notably, this work distinguishes itself from previously
reported binary Bi2Os/carbon nanotube electrodes by iden-
tifying and exploiting a distinct structural role for PCC.
While MWCNT alone provided the highest initial capaci-
tance (1221.9 F g'1 at 1 A g'1) but suffered rapid capacity
fading (only 15% retention after 10,000 cycles), and Bi-Os
alone exhibited even poorer durability (22.1% retention), the
incorporation of PCC as a mechanical buffering phase rather
than as a conductive or redox-active component enabled
the ternary composite to retain 37% of its capacitance after
10,000 cycles while still delivering the highest overall spe-
cific capacitance (1359.5 F g'1) among all tested electrodes.
This finding demonstrates that PCC's primary contribution
lies in structural reinforcement and stabilization rather than
in charge storage or electron transport, offering a design
principle that is largely unexplored in conventional Bi>Os/
CNT-based supercapacitor electrodes.

It should be noted that the electrochemical performance
reported herein was obtained under a three-electrode half-
cell configuration, and the resulting specific capacitance and
energy density values, while indicative of the intrinsic redox
and charge-storage capability of the composite material,
do not directly represent the performance of a packaged,
practical energy storage device. Future work will focus on
evaluating the composite electrode in a two-electrode full-
cell (symmetric or asymmetric) configuration to assess its
viability for real-world supercapacitor applications.

The present electrode design highlights an effective mate-
rials engineering strategy in which conductive networks and
mechanically stabilizing phases are integrated with redox-
active materials to simultaneously improve capacitance, rate
performance, and, to a more limited extent, operational stabil-
ity. Such a multi-component architecture provides a promising
platform for the development of high-energy supercapacitor
systems, although further improvements in long-term cycling
durability will be necessary before these materials can be
considered for practical, extended-use applications.
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