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This study introduces an efficient potentiostatic method to enhance the energy storage performance of poly-
aniline (PN) by synthesizing PN@ZnO (PNZ), PN@Fe303 (PNF), and PN@ZnFe;04 (PNZF) hybrid electrodes with
defined porous morphology. The precise selection and control of the working potential during electro-
polymerization and metal oxide integration using the linear sweep voltammetry was key for synthesizing the
polymer hybrid electrodes reproducible and with defined composition and structure. The PNZF electrode
demonstrated the highest specific capacitances of 816 F g~! and 791.3 F g™! at a scan rate of 5 mV s ' and
1.0 A g7! current density, along with high power density and energy density of 1058.4 W kg™ and
136.4 Wh kg™, and with excellent stability retaining 90 % over 4000 cycles. We could attribute the excellent
performance to a low charge transfer resistance of 25.0 Q, a predominantly surface-controlled charge storage
mechanism, and a porous morphology with uniform distribution of ZnFe;04 particles in the polymer network, all
resulting from the electrochemical synthesis method. Our study provides valuable and new insights into the

structural, optical, and electrochemical properties of PN composites, particularly PNZF.

1. Introduction

Supercapacitors (SC) with an energy density (>20 Wh/kg) and a
power density (>2 kW/kg) are a key element of the current sustainable
energy transition. [1]. They excel in energy storage performance and
boast fast rechargeability, exceptional thermal stability, and prolonged
service life (>10° cycles). These qualities make them highly versatile
across various technologies, including hybrid automobile vehicles,
uninterruptable power supply systems, and electronic devices [2,3].

Various electrode materials used in SCs range from transition metal
oxides and carbon compounds such as graphene and carbon nanotubes
(CNTs) to conductive polymers such as polyaniline (PN), polythiophene
(PTh) and polypyrrole (PPy) and their composite blends [4-6]. Poly-
aniline has proven to be a promising choice among the various SCs in
recent decades due to its low mass density, ease of synthesis, high
pseudocapacity, high flexibility, low cost and high conductivity. How-
ever, pristine PN electrodes are characterized by high volume expansion
and contraction with low cyclic stability and mechanical strength during
multiple charge-discharge cycles. Numerous efforts have been made to
overcome these drawbacks, including blending hetero-materials like

* Corresponding authors.

graphene oxides and CNTs and active metal oxides such as Fe;Os, ZnO,
NiO, MnO,, CuO, SnO,, and TiOs. Among hetero-materials, metal oxides
have shown promising results as they not only stabilize the structure but
also improve the capacitive charge storage. For instance, Gautam et al.
synthesized PN-NiO composites with 89 % retention in capacitance over
5000 cycles [7]. Usman et al. reported Fe/Ni codoped PN composite
with Co30y4, achieving 84 % retention after 2000 cycles [8]. Varghees
et al. used MnO,/Sn0O; nanoparticles for PN composite and achieved
97.7 % retention over 5000 cycles [9], while Azimov et al. reported
90.1 % retention in capacitance over 3000 cycles using a-Fe;O3 for PN
composite [10]. The resulting composites demonstrated a positive
approach toward cyclic stability.

However, challenges like metal oxide agglomerations during chem-
ical synthesis, lack of control over morphology and porosity, chances of
impurity and by-product formation, and expensive precursors used like
ammonium peroxy-disulfide or benzoyl peroxides as oxidant, cyclo-
hexane, or isopropanol as emulsifier and polyvinyl amide (PVA) as
binder have switched the researcher’s attention toward electrochemical
synthesis.

Electrochemical procedures have recently gained significant
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attention due to their control over products, in situ synthesis and
simultaneous characterization, large-scale production potential, and
tunable electrochemical properties. Unsurprisingly, several parameters
are considered while synthesizing metal oxide integrated PN hybrid
electrodes to enhance energy storage performance. According to Sar-
dana et al., the super-capacitive performance of electrochemically syn-
thesized PN electrodes greatly depends upon fast Faradaic surface-
controlled electrochemical processes [11]. Shah et al. have achieved a
high specific aerial capacitance using indium tin oxide nanoparticles
(ITO) integrated PN composite following the electrochemical synthesis
[12]. Changing the working electrode to steel mesh by electrochemical
depositing PN thin films, as reported by Mahfoz et al. [13], has achieved
high power density in addition to specific capacitance. An electro-
chemically integrated TiO»-based PN composite reported by Maghsoudi
et al. [14] has shown better electrochemical properties and specific areal
capacitance than those synthesized by chemical polymerization.

This paper introduces an innovative approach for synthesizing
ferrite-integrated polyaniline composites using efficient potentiostatic
electrosynthesis. Compared to traditional chemical and electrochemical
methods, this approach provides precise control over surface
morphology, conductivity, and surface-controlled redox behavior, as
demonstrated by the results. It ensures greater uniformity and consis-
tency in composite thin films,[15] facilitates the even distribution of
metal oxide nanoparticles, and enhances surface morphology by
increasing the electrochemically active surface area (ECSA) — a critical
factor for boosting the capacitive performance of the composites [16,
17].

Additionally, it overcomes limitations seen in other chemical
methods, such as temperature control restrictions and nanoparticle
segregation. For instance, CuMnFeOy, integrated polyaniline composite
reported by Agale et al. exhibited agglomerated metal oxide particles
due to the chemical polymerization method [18]. Similarly, Singh et al.
reported a specific capacitance of 758 F ¢! (ata 10 mV s! scan rate) for
NiFe;0O4 integrated PN composite using the in situ chemical oxidative
polymerization method, which required continuous stirring for 24 hours
[19]. Soam reported a specific capacitance of 471 F ¢! (ata 5 mV s
scan rate) for zinc ferrite-integrated PN composite [20]. The relatively
low capacitance in these cases can be attributed to small active surface
areas and lack of porosity, likely due to conventional chemical oxidative
polymerization processes.

In contrast, we hypothesize that potentiostatic electrosynthesis
provides greater control over the distribution of metal oxide nano-
particles, thereby increasing the electrochemically active surface area
and optimizing surface-controlled redox processes within the composite
materials. This method overcomes the limitations of conventional syn-
thesis techniques and opens new possibilities for improving the capac-
itive performance and stability of polyaniline-based hybrid electrodes.

Therefore, we report the precise control of optimal working potential
necessary for the homogeneous distribution of metal oxide nanoparticles
over the PN framework, utilizing the potentiostatic electrosynthesis.
Additionally, we report the potentiostatic integration of ZnO, Fe;0O3, and
ZnFe,04 nanoparticles to synthesize PNZ, PNF, and PNZF hybrid elec-
trodes, ensuring a porous morphology and a surface-controlled charge
storage mechanism.

Among the different hybrid electrodes, PNZF has demonstrated the
highest energy density of 136.4 Wh kg™}, at a significantly high power
density of 1058.4 Wkg !, with a specific capacitance of 791.3 F g ™! at
1.0 Ag~! current density. The excellent stability, retaining 90 % over
4000 cycles with the lowest charge transfer resistance of 25.0 Q and
82.2 % coulombic efficiency, suggests predominantly surface-controlled
processes occurring at the porous surface of the hybrid electrode due to
potentiostatic integration of ZnFe,O4 nanoparticles. Moreover, the CV
and EIS analysis confirms the minimal mass transport influence and
ideal Warburg diffusion behavior of PNZF.
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2. Experimental section
2.1. Chemicals

The following chemicals were used for the synthesis of hybrid elec-
trode materials: aniline monomer (CcHsNHj, >99.5 %), sulfuric acid
(H2S04, >98 %), and dodecylbenzene sulfonic acid (DBSA) (C;gH3¢SOs3,
>92 %) were purchased from Merck, ferric chloride hexahydrate
(FeCls-6 Ho0, >99 %) and zinc chloride dihydrate (ZnCl,-2 H20, >99 %)
from Sigma Aldrich, and ammonia solution (NH4OH; 33 %) and N-
methyl-2-pyrrolidone (NMP) were purchased from Across. All chemicals
received were of analytical grade and were used as received, except for
aniline monomer, which was distilled twice before use. Double-
deionized water was used for electrolyte preparation.

2.2. Physico-chemical characterization

For morphological and elemental compositional analysis, scanning
electron microscopy (SEM) coupled with energy-dispersive X-rays (EDX)
spectroscopy was conducted using a field-emission scanning electron
microscope (FESEM, JSM 5910 JEOL). X-ray diffractometry was
employed using a diffractometer (Rigaku, having Smart-Lab Studio II
software) with a Cu-Ka (A = 1.54 ;\) radiation with 20 ranging from 10°
to 80°, step width of 0.0164°, and a step rate of 1 571,

Structural characterization of the synthesized polyaniline (PN) and
its composites was carried out using a Fourier-transform infrared (FT-IR)
spectrometer (IR-Affinity S1, Shimadzu) over a scanning range of
450-4000 cm !, with a resolution of 2 cm™!. Additional analyses were
performed using a UV-Vis spectrometer (UV-Vis Model 1800, Shimadzu)
in the 200-1000 nm range.

2.3. Electrochemical characterization

All electrochemical synthesis and analyses were conducted using a
Reference 3000 potentiostat/galvanostat (Gamry Instruments). Cyclic
voltammetry (CV) measurements were executed in a three-electrode
configuration using a gold sheet working electrode (1 cm?) — either
blank or polymer composite coated — and a gold rod counter electrode,
while saturated calomel electrode (SCE, KClgyc in HyO) as reference.
Galvanostatic charge-discharge (GCD) measurements were performed
using the same three-electrode assembly. Specific capacitances were
determined from CV and GCD curves for each sample using Egs. (1) and
(2) respectively [21].

I-dv
Cs = /2m~p~AV M
It
Cs = — 2

Here, f I dvis the integrated charge of the CV curve (C), m is the mass
(g) of the active material, v is the scan rate (mV s’l), AV is the potential
window (V), t is the discharge time (s), and V is the IR-drop corrected
potential (V).

Additionally, energy density (Wh kg™!), power density (W kg 1), and
coulombic efficiency n (%) were calculated from Egs. (3), (4), and (5),
respectively.[22-24]

2
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t
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Here, t; and t, are discharge and charge times in seconds (s).
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Furthermore, electrochemical impedance spectroscopy (EIS) was
employed to investigate charge transfer resistance (R¢r) at the elec-
trode/electrolyte interface, ions diffusion, and internal resistance (Rg),
by fixing the excitation amplitude at 5 mV,y, within the 10° Hz to 10
mHz frequency range at an open circuit.

2.4. Synthesis of metal oxide nanoparticles

Co-precipitation was carried out to synthesize different metal oxide
nanoparticles.[25] For the synthesis of ZnO and Fe;O3, ZnCly-2 HoO
(1.36 g,10.0 mmol, 1.0 eq) and FeCl3-6 H,0 (2.70 g, 9.98 mmol, 1.0 eq)
were dissolved in 100 mL distilled water, respectively, and stirred at 80
°C for 30 min. The mixture was filtered, and ammonia solution (33 %)
was added dropwise until a pH of 10 was set. The nanoparticles
precipitated as their respective hydroxides. They were filtered, washed
with distilled water and ethanol, and dried at 120 °C for 20 min. Then,
they were calcined at 600 °C for 2 hours with a heating rate of 10 °C
/min to obtain ZnO and Fe,O3 nanoparticles, respectively. The same
procedure was used to synthesize ZnFe,O4 nanoparticles using ZnO and
Fey03 in a 1:1 eq. ratio.

2.5. Potentiostatic synthesis of PN hybrid electrodes

A multistep synthesis sequence was used to synthesize the PN com-
posites. An aniline precursor solution was prepared by dispersing aniline
(1.0 mL, 10.9 mmol, 1.0 eq) in distilled water. Then, HySO4 (5.55 mL,
1 M) and DBSA (0.5 mL, 2.2 mmol, 2.01 eq) were added. The solution
was thoroughly mixed, and distilled water was added to a total volume
of 100 mL [26,27]. In the case of the PN composite synthesis, the metal
oxides (0.1 g) were added to the solution.

Potentiostatic electrodeposition of PN and metal oxide integrated PN
composites was carried out using chronoamperometry in a three-
electrode setup. Suitable potentials for aniline polymerization, already
determined from the LSV technique, i.e., +0.8 V vs. SCE, were applied
for 600 s to get a thin PN film, followed by negative potential to achieve
ion exchange with the Zn and Fe oxide nanoparticles [28]. For example,
a potential of —0.6 V was applied vs. SCE to deposit ZnO nanoparticles
over 600 s to yield the PNZ.

Similarly, for the deposition of FeoO3 and ZnFey04 particles, —0.7 V
and —0.9 V were applied for 600 s to obtain PNF and PNZF. The elec-
trodeposition process was repeated three times to get a fully covered
electrode. The composites were thoroughly washed with distilled water
and dried with acetone afterward for physico-chemical analysis.

3. Results and discussion
3.1. Identification of potentials for the potentiostatic electrodeposition

The key to uniform electrochemical polymerization is identifying
suitable reaction conditions, primarily the applied potential. All poten-
tiostatic syntheses and measurements were conducted in sulfuric acid
(pH = 1) and at room temperature, to achieve comparable conditions to
most chemical synthesis. As substrate or current collector gold sheets
were used, as the material is well-suited to analyze PN composites due to
its inertness, high stability and high overpotential to the hydrogen
evolution and oxygen evolution reaction. Several other substrates were
tested, such as stainless steel, lead, silver and copper, but failed in the
deposition of lacked stability.

The key for the electrochemical synthesis is controlling the potential
at the working electrode. It must be high enough to initiate polymeri-
zation but not so high as to trigger over-oxidation or the formation of
degradation products [17,29]. Potentials in the range of +0.8 V to
+0.9 V for aniline polymerization led to optimal growth and conversion
of conductive polyaniline thin films, whereas potentials above this range
caused over-oxidation, as indicated by the reduction in specific capaci-
tance at higher potentials [29]. To facilitate the incorporation of metal
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oxide nanoparticles into the polyaniline, the applied potential was
reversed to negative potentials. At —0.6 V for ZnO, —0.7 V for Fez0s, and
—0.9 V for ZnFe204, smaller and uniformly distributed nanoparticles
formed, leading to a highly porous structure and increased electro-
chemically active surface area, as seen in SEM analysis (Fig. 1b and
Fig. 3). More negative potentials led to nanoparticle aggregation,
negatively affecting uniformity and conductivity. This precise control of
potential is a key advantage of the potentiostatic method, enabling
better morphology and enhanced electrochemical performance
compared to traditional methods.

Chronoamperograms depict the non-linear current response during
polymer growth (Fig. 2). Initially, a rapid increase in current density was
observed for pure PN at +0.9 V vs. SCE, lasting about 50 s, due to fast
polymerization kinetics of polyaniline [30]. The increase was followed
by a decrease in current density over approximately 170 s due to the
growth of longer polymer chains and fast consumption of aniline in the
diffusion layer, leading to a mass transport limitation. With an increase
in the chain length, the polymerization’s reaction kinetics decrease,
preventing mass transport limitation and resulting in a steady rise in
current density until the end of the polymerization [31]. A similar trend
was observed during the PN polymerization in the presence of ZnO,
Fes03, and ZnFe;04 metal oxide particles [32,33].

3.2. Physico-chemical characterization of the polyaniline composites

The physicochemical material properties of pristine polyaniline (PN)
and its composites, PNZ, PNF, and PNZF, are discussed in the following.

For supercapacitors, structural features like porosity and high sur-
face area are directly related to good supercapacitive performance. A
high surface area with porous morphology provides more active sites for
electrolyte accessibility to facilitate ion transport. The tunable
morphology produced by the potentiostatic method, which has a posi-
tive effect on the performance of hybrid electrodes, was investigated
using SEM analysis.

Fig. 3a, b shows the SEM images of FeoO3 and ZnFe,04 nanoparticles,
which are in the nano range. For pristine PN irregular agglomerated
short fibrous growth patterns were observed with an average strand
length of ~0.5 pm and less than 20 nm width (Fig. 3c). Both, PN and
PNF exhibit dens nanostructures that are strongly agglomerated with
several nanometer-sized particles shown in Fig. 3¢, d. Agglomeration,
particularly noticeable for PNF, can be attributed to the magnetic
properties of the FeyOs nanoparticles incorporated in the polymer
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Fig. 1. (a) Linear sweep voltammetry (LSV) of aniline, and (b) ZnO, Fe,03, and
ZnFe;04 nanoparticles for in situ synthesis of PNZ, PNF, and PNZF composites.



L. Khan et al.

Synthetic Metals 310 (2025) 117784

28 2
(@) (b) e .
241 et 200 s ot
20 Lo’ IR
00....'... ....... L -24
<16}
= 2.6
=12}
8 28
4f -3
0 ....-..PN 32 ..PNZ
0 100 200 300 400 500 600 0 100 200 300 400 500 600
-4 0
(©) e (d)
45 P .
. -’ '08 -ttt et
B e .
<-5.5 16r &
£
- 6 2.4
6.5
3.2
-7
...o..PNF "PNZF
_ . \ \ ) \ -4 L . L L L
750700 200 300 400 500 600 0 100 200 300 400 500 600

Time (s)

Time (s)

Fig. 2. Current-time response (I-t) profiles during synthesis of (a) PN, (b) PNZ, (c) PNF, and (d) PNZF.

Fig. 3. SEM images of (a) Fe;03, (b) ZnFe;04, (c) PN, (d) PNF, (e) PNZ, and (f) PNZF.

structure [34].

In contrast, PNZ and PNZF show short fibrous growth patterns, with
average strand lengths of ~40-60 nm and strand widths between 25 and
30 nm (Fig. 3e, f). The surface is rougher, with tiny nanoparticles of ZnO
and ZnFe;04. Further, large vacancies of 1-3 um in diameter are visible.
The open structure of PNZF supports the hypothesis that Zn counteracts
the agglomeration effect of iron oxide, as reported in the literature [35].

Patil et al. synthesized the PNFZ composite using a chemical oxida-
tive method with 10 wt% zinc ferrite, producing similar particles but in
larger sizes, approximately ~600 nm [36]. In contrast, our method
demonstrates the production of PNZF with a larger surface area and

higher porosity,
polymerization.
Structural features of PN and its composites with metal oxides were
analyzed using X-ray diffraction (XRD), as shown in Fig. 4. The XRD
pattern of PN synthesized by cyclic voltammetry and chro-
noamperometry exhibited a single broadband at 26 = 25.9° and 32.1°,
indicating its highly amorphous nature (Figs. 4a and 4b). The XRD
pattern of ZnO and PNZ showed characteristic peaks at 20 = 32.1°,
34.7°, 37.1°, 47.3°, 57.7°, and 67.9°, consistent with previously re-
ported values (Fig. 4c and d) [28]. The XRD pattern of Fe,O3 exhibited
characteristic peaks at 20 = 24.2°, 34.0°, 35.6°, 42.0°, 49.7°, 54.2°,

validating the viability of the potentiostatic
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Fig. 4. XRD spectra of (a) PN synthesized by potentiodynamic polymerization (LSV) during parameter identification, (b) PN synthesized by potentiostatic poly-

merization, (c¢) ZnO, (d) PNZ, (e) Fe;O3, (f) PNF, (g) ZnFe,04, (h) PNZF.

57.6°, 62.9°, and 64.1°, indicating its crystalline nature without any
impurities (Fig. 4e and f) [37,38]. The diffraction peaks of zinc ferrite
and PNZF (Figs. 4g and 4h) were observed at positions 26 = 18.2°, 30.1°,
35.41°, 43.1°, 53.2°, 56.3°, and 65.2°, consistent with the spinel cubic
phase due to the presence of hexagonal ZnO and Fe;Os, forming the
bimetallic ZnFey04 [39]. The average crystallite size (D) was calculated
using Scherer’s equation (Eq. 6):

D = (K-2)/(p-cosh) 6)
Here is K = 0.9 (Scherer constant), 4 = 0.15406 nm (wavelength of X-
rays), f = full width at half maximum (FWHM) in radians, and 6 is the
peak position on the x-axis.

The peak position and FWHM from XRD data were used to calculate
the average crystallite size for ZnFe;04, PNZF, FeoO3, PNF, ZnO, and
PNZ, which were found to be 21.51 nm, 25.34 nm, 29.42 nm, 27.2 nm,
33.19 nm, and 24.7 nm, respectively.

The chemical structure and functional groups of metal oxides, PN,
and its composites were investigated by FTIR analyses. The FTIR spectra
of pure PN and its composites show clear characteristic peaks (Table 1).
For example, the peak at 3260 cm ' corresponds to the N-H bond
stretching vibrations in the PN polymer chain (Fig. 5a) [40]. In addition,
a notable and relatively intense peak at 1530 cm ™" indicates the C=C
stretching of the benzoid ring. The persistence of this peak in the com-
posites confirms the retention of polymer composition even after
potentiostatic deposition of metal oxides. The EDX pattern shown in
Figure S1 also affirms that the electrochemical incorporation of various

Table 1
Position of FTIR vibrations observed for the PN and PN composites.

PN PNZ PNF PNZF Peak assignments

(em™) (em™) (em™) (em™)

1105 1134 1138 1153 CH bending

1303 1308 1307 1370 -N=Quinoid=N-

1402 1402 1403 1405 CN bending

1570 1570 1571 1579 CN stretching

1581 1577 1574 1580 Benzenic quinoinic nitrogen
1608 1609 1610 1619 C—C stretching
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Fig. 5. FT-IR spectra of (a) PN and its composites, (b) ZnO, Fe;03 and ZnFe,04.

metal oxide particles into the polymers does not affect the polymer
composition.[41] The peak at 1490 cm™! is assigned to C-N stretching
vibration, which is more pronounced in the composites than pristine PN,
indicating the attachment of metal oxides. The characteristic bands in
the 1142-1154 cm ™! range are assigned to the C-H bending vibration in
the plane of the aromatic benzoid/quinoid rings, which also explains the
delocalization of the pi electrons [42]. The FTIR spectra of the metal
oxides (see Fig. 5b) explain the structural features of corresponding
metal oxides. The bands at 720, 950, and 1060 cm ™' can be assigned to
ZnO, Fey03, and ZnFey04, respectively. A broad band at 3500 em
present in the FTIR spectra of all metal oxides, is due to OH stretching.
This band illustrates the porous nature of the metal oxides, which
contain moisture in the pores of the metal oxides [43]. This peak is more
pronounced and broader in the spectrum of ZnO, indicating a higher
water content than other metal oxides.
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Optical characterization of metal oxides, PN, and the PN composites
was done to gain insights into their doping level and charge transport
during electronic excitation. Therefore, all the samples were dissolved in
appropriate amounts of NMP, and UV-vis spectra were recorded in the
200-800 nm range. The obtained spectra for metal oxides and PN
composites are shown in Fig. 6a and Fig. 6b, respectively.

The UV-vis spectra of PN and PN composites reveal three charac-
teristic peaks. The first peak in the 720-800 nm range is attributed to the
creation of excitons that cause the bipolaronic transition [12]. The
bipolaronic transition in PNZF was observed at 750 nm, while for PNZ
and PNF, it was observed at 680 nm and 800 nm, respectively. The
second peak in the 380-430 nm range represents the polaron transition
of quinoid rings in PN and composites [44]. The relatively higher in-
tensity absorbance peaks observed in the 280-300 nm range represent
the n-1* transition of the aromatic/benzoid rings of composites and pure
PN [45]. Specifically, for PNZF, this peak was observed at 280 nm, while
for PNF and PNZ, it was observed at 300 nm and 290 nm, respectively.

On the other hand, the UV-Vis spectra of metal oxides showed a
single and characteristic absorption peak in the range of 270-320 nm.
The absence of extra peaks implies the purity and well-crystalline nature
of the metal oxides [46]. This single prominent and characteristic ab-
sorption peak was observed at 270 nm for ZnO, 320 nm for Fe;03, and
380 nm for ZnFe;04.[47] The shifting of peak position is related to
bathochromic shift, which was a reason for selecting bimetal oxides to
synthesize an imminent hybrid electrode for future supercapacitors.

3.3. Electrochemical characterization of the polyaniline composites

To investigate that the PN composites are suitable as electrode ma-
terial for supercapacitors, the electrochemical properties were investi-
gated by cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS).

Since the cyclic voltammetry of PANI composites has already been
described in detail in the literature, only the general behavior is pre-
sented here. Fig. 7 shows PN, PNZ, PNF, and PNZF CVs between po-
tentials of —0.2 V and 0.9 V (vs. SCE, KClg,;. in Hy0) with different scan
rates. All electrochemical measurements were carried out in 1 M HySO4
electrolyte solution. Fig. 7a depicts the cyclic voltammogram of poly-
aniline (PN), revealing three distinct redox transitions. The first oxida-
tion peak at 0.17 V corresponds to the conversion from leucoemeraldine
to emeraldine while the 3™ oxidation peak at 0.77 V corresponds to its
further oxidation to pernigraniline. The middle peak at 0.45 V can be
attributed to smaller polymer chains undergoing additional chain
growth, ion doping/de-doping processes, or the degradation products

(a) —PN
—PNZ
——PNF
——PNZF

690 nm

Absorbance (a.u.)

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 6. UV/Vis spectra of (a) PN and its composites and (b) ZnO, Fe,Os3,
and ZnFe;04.
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present in the film. The oxidation peaks are accompanied by corre-
sponding reduction peaks on the reverse scan at —0.03, 0.64, and
0.37 V, respectively.

For PNZ, PNF, and PNZF, analogous electrochemical behaviors were
observed in the CVs (Fig. 7b-d). These composites also display three
distinct redox transitions visible at low scan rates. However, at higher
scan rates, the peaks merge due to the increased current, resulting in
near-rectangular CV shapes attributed to the heightened double-layer
capacitance. Furthermore, an upward shift in the potential of the
redox peaks at faster scan rates suggests hindered charge transfer.

When comparing the cyclic voltammograms (CVs) of polyaniline
(PN) and its composites, it is evident that PNFZ has the highest redox
activity (Fig. 8a). The redox transition of the PNZF composite, from its
emeraldine form to the fully oxidized pernigraniline state, is observed at
0.81 V with a corresponding reduction peak at 0.64 V. These peaks show
the highest current density compared to other samples. This is due to the
incorporation of ZnFe,Q4 that increases the redox behavior of polyani-
line. Similarly, the reverse scan of PNZF at a scan rate of 5mV s as
indicated in Fig. 8a reveals two prominent peaks, further supporting the
presence of Zn and Fe ions which contribute to the energy storage
mechanism. PNZ and PNF exhibit a similar trend, contrasting with
pristine PN [48]. From the comparative CVs, the highest specific
capacitance of 816 F g~! was obtained for PNZF at a scan rate of
5mV s '. For PNF, PNZ, and PN, lower specific capacitances of 597,
359, and 331 F g~! were obtained, respectively. Thus, incorporating
ZnFey04 significantly increased charge storage capability compared to
the other electrode materials. As the scan rate increases, all composites’
specific capacitances drop steadily. This trend occurs due to the slow
mass transport of electrolyte ions inside the porous active material.
Consequently, the charge storage capability is lower (Fig. 8b).

The current dependence on scan rate was analyzed using Eq. (7) to
investigate further the charge storage mechanism occurring at the
electrode-electrolyte interface [24,49].

logl = loga + blogv )

In this equation, b represents the slope directly associated with the
charge storage mechanism. For instance, a value of "b" equal to 0.5
suggests a diffusion-controlled process, while a value higher than 0.5
indicates a surface-controlled process. Among the different electrode
materials investigated, PNZF exhibited the highest values: 0.81 for
oxidation and 0.73 for reduction (Figure S2), suggesting a surface-
controlled process. However, the impact of mass transport by ion
diffusion still contributes to the overall performance at high scan rates
[24].

The surface-controlled charge storage mechanism was correlated
with the electrochemically active surface area (ECSA) by comparing the
ECSA of pristine PN and PN hybrid materials at a scan rate of 20 mV/s
using Eq. (8) [50] (see also Figure S3).

A [A = (w2 /i) (8)

Here A, is the ECSA of pristine PN, A is the ECSA of the hybrid
electrodes, iy, and i; are the anodic peak currents, and vy and v; are the
scan rates of pristine PN and hybrid electrodes, respectively. o is the
fractal dimension and is greater than 2 for metal oxides; when set at 2 for
this analysis, the ECSA was found to be 4.6 times higher for PNZF than
for PN, while for PNZ and PNF, it was 4.01 and 1.58 times higher,
respectively. The increase in ECSA of hybrid electrodes compared to PN
electrodes implies efficient potentiostatic integration of metal oxide
nanoparticles, which enhances the porosity and ECSA of the resulting
hybrid electrodes. The comparative increase in ECSA observed for PNF
compared to PNZF is attributed to large voids, as revealed by its SEM
images. However, aggregation was still noted due to the high magnetic
nature of Fe;O3 nanoparticles [51].

Moreover, the cycle stability of PN and its composites was investi-
gated at 30 Ag~! for 4000 consecutive GCD cycles within the potential
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range of 0-1.1 V. As illustrated in Fig. 8c, all four polymers exhibit a
linear decrease in capacitance retention over the entire cycling duration.
PN and PNZ demonstrate comparable and relatively low cycle stability,
dropping below 70 % capacitance retention after 4000 cycles. Similarly,
PNF follows a similar trend with a capacitance retention of approxi-
mately 80 % over the cycling experiment. Notably, the highest capaci-
tance retention is observed for PNZF, reaching 90 % throughout the
entire testing period. The linear decrease in capacitance retention sug-
gests a consistent degradation mechanism persisting throughout the
cycle test, with no additional processes occurring in the later stages that
alter the rate of performance loss.

Fig. 9 shows the GCD profiles of PN and its composites at different
current densities between 0.5 F g% to 10 F g~1. The asymmetric and
distorted triangular shape in the potential range from OV to 1.1V
originates from the pseudocapacitive behavior of the materials. It is

-1

incredibly dominant for PNF and PNZF, thus underscoring their high
pseudocapacitive nature compared to PN and PNZ samples (Fig. 9a-d).
Notably, the charge-discharge duration of PNZF surpassed that of the
other samples, suggesting the positive contribution of ZnFe;O4 doping to
the polymer structure. The synergistic interaction between the ZnFe;Oy4-
dopant and the polymer network increased electrical double-layer
capacitance, additionally to the pseudo-capacitance stemming from
redox reactions at the electrode interface.

Furthermore, in the case of PN, PNZ, and PNF, a noticeable instan-
taneous voltage drop occurs when the supercapacitor changes from
charging to discharging. This drop results from the cumulative ohmic
resistance of the electrodes, electrolyte, and contact resistances within
the electrode structure. Consequently, the IR drop reduces the total us-
able voltage window (AV), contributing to these three materials’ lower
charging and discharging times. For PNZF, the IR drop is significantly
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lower; thus, the charge and discharge time are higher.

Consequently, the comparison reveals significantly lower specific
capacitances for PN, PNZ, and PNF of 476, 280, and 182F g’l,
respectively, at a current density of 1 A g~L. In contrast, PNZF exhibits
the highest specific capacitance of 791.3F g~! at the same current
density. These findings are consistent with those obtained from the CV
analysis. Moreover, the decrease in specific capacitances with increasing
current densities across the various electrodes suggests that the pro-
cesses are predominantly surface-controlled and exhibit only mass
transport limitations at high current densities, as indicated by the CV
results [11].

Table 2 compares various polyaniline composite electrode materials
in a three-electrode setup. The analysis of PNFZ reveals comparable
charge storage capabilities to those incorporating cobalt-iron oxide and
nickel-iron oxides; however, it stands out due to its non-toxic dopant.
Consistent with PN composites, PNZF exhibits a notably high power
density of 1058.4 W kg™ ! alongside a moderate energy density of
136.4Whkg™! at 1.0Ag !, making it suitable for high-power
applications.

3.4. Analysis of PN and its composites in a symmetrical supercapacitor

For realistic performance analysis of PN, PNZ, PNF, and PNZF, they
were assembled in a symmetrical supercapacitor and investigated by
GCD and EIS in a two-electrode setup. The symmetrical setup results in
similarly shaped charge-discharge curves that became more rectangular.

Their specific capacitances were calculated from the discharge curves
measured at 1 A g™}, and the respective energy, power density, and
coulombic efficiency were determined (see Table 3).

PN exhibits moderate charge storage capabilities with a specific
capacitance of 181.3 F g~ 1. It demonstrates a relatively high power
density at 1058.4 W kg™, albeit with a moderate energy density of
31.3 Wh kg~ L. Despite this, PN maintains a high Coulombic efficiency of
130.3 %. In contrast, PNZ exhibits slightly improved charge storage
properties with a higher specific capacitance of 280.6 F g~!. However,
its power and energy density are comparatively lower at 774.0 W kg ™!
and 25.9 Wh kg~!, respectively. The low specific capacitance for PNZ
contradicts the results from the three-electrode measurements. The
negative polarization of the respective counter electrode in the two-
electrode setup may cause losses during the GCD cycles, leading to
performance loss.

Additionally, PNZ, like PN, showed a higher coulombic efficiency of
123.9 %. A coulombic efficiency higher than 100 % indicates an irre-
versible process occurs during the GCD experiment. This is consistent
with the cycle stability experiments with three electrodes, in which PN
and PNZ showed the lowest capacity retention over 4000 cycles and,
thus, the fastest degradation.

In contrast, PNF demonstrates superior charge storage capabilities
compared to PN and PNZ, with a significantly higher specific capaci-
tance of 475.9Fg ™' and a good energy and power density of
65.1 Wh kg! and 941.4 W kg™!, respectively. PNF maintains a high
Coulombic efficiency of 90.5 %. Amongst the different samples, PNZF

Table 2

Comparison of various PN/metal oxide electrodes for supercapacitors.
Electrode material Method of synthesis Capacitance (F g-1) at Energy density (Wh Power density (W Capacitance Retention ~ References

1Ag! kg™ kg™ (%)

PN/GO/ ZnFe;04 Hydrothermal 594 45.2 302.7 82 [52]
PN/Fe;03/rGO Chemical oxidative polymerization 283.4 47.4 550 78 [53]
PN@Fe-Ni co-doped In-situ oxidative polymerization 1171 144 84 [8]
Co304
PN/NiFe,04/ rGO In-situ oxidative polymerization 1134.2 19.3 610 76.5 [11]
PN/CoFe,04/ GO Chemical oxidative polymerization 1123 240 2680 98.2 [54]
PNZF Potentiostatic electrochemical 791.3 136.4 1058.4 920 this work

polymerization
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Table 3

Specific capacitances, energy densities, power densities, and coulombic efficiencies for PN and its composites at 1.0 A g~ *.

Synthetic Metals

310 (2025) 117784

Sample  Charge time Discharge time Discharge potential Specific capacitance (F Energy density (Wh Power density (W Coulombic efficiency
() () W) g ) kg™ (%)

PN 81.8 106.6 0.59 181.3 31.3 1058.4 130.3

PNZ 97.4 120.7 0.43 280.6 25.9 774.0 123.9

PNF 275.1 248.9 0.52 475.9 65.1 941.4 90.5

PNZF 564.6 464.1 0.59 791.3 136.4 1058.4 82.2

stands out again with the notably highest specific capacitance of
791.3F g~l. Therefore, the energy and power density were
136.4 Wh kg™ ! and 1058.4 W kg™, respectively, and a coulombic effi-
ciency of 82.2 %. The decrease in coulombic efficiency arises from a
prolonged duration for the complete charge-discharge sequence. How-
ever, the results show that doping PN with ZnFe,04 produces excellent
performance and energy storage properties suitable for high-power
applications.

The performance of electrochemical devices involves analyzing
various types of losses, including charge transport losses, charge transfer
losses due to electrochemical reactions, and losses attributed to reactant
diffusion. Electrochemical impedance spectroscopy enables the charac-
terization of these processes individually by separating them by their
respective time constants, thus showing their contributions to the total
loss. Fig. 10 illustrates the Nyquist plots obtained from measurements
conducted on PN and PN composite-coated electrodes at OCP.

The spectra can be divided into three distinct regions: (1) the high-
frequency region (> 1kHz) is attributed to the bulk resistance,
comprising the charge transport resistance stemming from the current

collector, wiring, and both electrical and ionic transport through the
electrode and electrolyte; (2) a broad and open semi-circle observed in
the mid-frequency range (1 kHz to 5 Hz), attributed to the electrode
interfaces’ double layers, ion transport barriers in the porous electrode
channels, and charge transfer processes;[55-57] and (3) a mono-
tonically increasing slope observed at frequencies below 5 Hz to 0.1 Hz,
typically associated with ion diffusion within the active material and
other slower diffusion processes [58].

Through this analysis, the intricate interplay between these funda-
mental processes can be identified, providing valuable insights into the
loss mechanisms that determine the electrochemical performance of
supercapacitors.

The analysis of EIS parameters was done using a simplified electrical
equivalent circuit (EEC). This EEC comprises several elements: a bulk
resistance (Rpu, >1 kHz) in series with a polarization resistance (Rpo1)
that is in parallel arrangement with a constant phase element (CPE,
1 kHz — 100 Hz) which describes the increased resistance to the current
flow caused by the electrochemical reaction of the active PN composite
in the electrical double layer. It is coupled in series with a charge
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Fig. 10. EIS spectra of PN, PNZ, PNF, and PNZF. The EEC for fitting the spectra is shown below.
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transfer resistance (Rcr) in parallel with another CPE element to fit the
pseudocapacitive part of charge transfer (100 kHz — 1 Hz), and an open
Warburg element (W,, >1 Hz) to model ion transport within the poly-
mer particles.

For all four electrode materials, low bulk resistances ranging from
0.50 Q to 1.11 Q were observed, underscoring the high conductivity of
both the electrode material and the remaining components of the
supercapacitor. In the case of PN and PNZ, notably high polarization
resistances of 130.6 Q and 74.0 Q were obtained in the frequency range
of 1 kHz to 100 Hz, likely stemming from irreversible loss processes at
the electrode/electrolyte interface, such as chain degradation, contrib-
uting to their lower Coulombic efficiency. Conversely, PNF and PNZF
exhibited lower polarization resistances of 6.45 Q and 34.7 Q,
respectively.

Furthermore, high charge transfer resistances were observed for PN
(109.4 Q), while PNZ and PNF showed intermediate values of 44.2 Q
and 51.5 Q, respectively. This indicates kinetic limitations during the
electrochemical redox reaction of the polymer for these three cases. In
contrast, PNZF demonstrated a significantly lower charge transfer
resistance of 25.0 Q, suggesting higher efficiency in charge transfer and
thereby translating into superior charge storage capability [59]. Addi-
tionally, at the low-frequency range, an almost ideal Warburg diffusion
behavior was observed across all cases. This finding suggests minimal
mass transport influence attributed to slow ion diffusion, indicating a
predominantly surface-controlled charge storage mechanism for all
materials [60].

These insights highlight the intricate interplay between different
resistance components and their impact on the electrochemical perfor-
mance of the supercapacitor electrodes.

4. Conclusions

In summary, we have employed an efficient potentiostatic method,
utilizing a pre-determined optimal working potential to synthesize
pristine PN and metal oxides-integrated hybrid electrodes: PNZ, PNF,
and PNZF, intended for charge storage in symmetric supercapacitors.
SEM analysis confirmed the porous surface morphologies of the hybrid
electrodes and irregular, agglomerated short fibrous growth patterns of
pristine PN and other PN hybrid electrodes; CV and EIS analysis
confirmed the surface-controlled charge storage mechanism that syn-
ergizes with the high electrochemical active surface area. Among these,
PNZF demonstrated the highest energy storage performance, attributed
to the effective potentiostatic integration of spinal zinc-ferrite nano-
particles. The superior energy storage performance of PNFZ with spe-
cific capacitances of 816 F g~ and 791.3 F g~ ! at 5mVs ! scan rate and
1.0 A g~ current density is accredited to its pseudocapacitive nature
and efficient charge transfer processes. Analysis of GCD profiles in two-
and three-electrode setups confirms an energy density of 136.4 Wh kg ~?
and a power density of 1058.4 W kg™!, making PNZF a suitable elec-
trode material for high-power charge storage applications. EIS mea-
surements revealed the intricate interplay between different process
losses, proving the surface-controlled charge storage mechanism.
Moreover, the PNZF exhibited the lowest charge transfer resistance of
25.0 Q and 34.7 Q polarization resistance, with an ideal Warburg
diffusion behavior at low-frequency regions. Furthermore, PNZF showed
the highest capacitance retention of ~90 % over 4000 cycles with
82.2 % coulombic efficiency.

Overall, our study demonstrates the promising potential of PN
composites, particularly PNZF, as electrode materials for high-
performance supercapacitors, offering insights into their structural,
optical, and electrochemical properties for future energy storage
applications.
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