Open Access Article. Published on 18 May 2026. Downloaded on 6/12/2026 8:14:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Adv., 2026, 16, 26334

Received 24th March 2026
Accepted 5th May 2026

DOI: 10.1039/d6ra02421a

Synergistic integration of mixed metal phosphate
and poly(1H-pyrrole) for high-performance
asymmetric supercapacitor

Malek Ali, €22 Junaid Khan, £2*°¢ Sarah S. Albalawi, M. Ahmed® and Asif Mahmood**

Transition metal phosphates offer attractive charge-storage capability and environmental stability, yet their
practical use is limited by modest energy density and durability in electrolyte-rich conditions. Here, a zinc-
incorporated nickel—cobalt phosphate (MMP) was synthesized hydrothermally and integrated with poly(1H-
pyrrole) (physical mixing approach). The incorporation has enticingly enhanced electrical conductivity, ion-
transport kinetics, and structural robustness. The optimized MMP-PPY2 (25 wt% poly(l1H-pyrrole)),
composite achieved high specific capacity of 1347.6C gt at 1.2 A g~1. An asymmetric supercapacitor
assembled using MMP-PPY2 as the positive electrode and activated carbon as the negative electrode
delivered an energy density of 104.9 Wh kg™t and a power density of 11900 W kg%, retaining 97.9% of
its capacity after 4000 cycles. These results highlight the strong potential of phosphate-based hybrid
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1. Introduction

The increasing need for portable electric devices and electric
cars is driving widespread scientific efforts to develop improved
energy storage solutions that are cost-effective, safe, and highly
efficient.”> Among the diverse options, supercapacitors have
garnered substantial attention due to their rapid charge-
discharge capabilities, high power density, excellent cycle life,
and superior operational safety.>> However, their low Specific
energy (Es) remains a critical bottleneck that hinders their
broader commercialization.® To address this limitation, hybrid
supercapacitors which integrate battery-type electrodes with
electric double-layer capacitors (EDLCs)—have emerged as
a promising solution. These devices combine the high energy
density of battery grade materials with the power advantages
and cycling stability of EDLCs, thereby offering a synergistic
pathway toward enhanced performance.”® Materials such as
transition metal oxides, sulfides, chalcogenides, and conduct-
ing polymers exhibit superior energy densities compared to
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composites for high-performance asymmetric supercapacitor applications.

EDLC materials, yet often suffer from poor rate capability and
conductivity, limiting their application.®** In contrast, carbon-
based materials are widely employed in EDLCs for their ability
to store charge via electrostatic adsorption, providing excellent
power density and cycling stability, though at the cost of
reduced energy density.****

Developing high-performance supercapacitors thus necessi-
tates the rational design and modification of battery-type elec-
trode materials to overcome intrinsic limitations. In this regard,
transition metal phosphates (TP) have received considerable
attention due to their structural tunability, environmental
benignity, and cost-effectiveness.” Their rich redox chemistry,
arising from multiple accessible valence states (e.g., Ni**/Ni** in
Ni phosphate and Co**/Co®" in Co phosphate), facilitates rapid
and reversible faradaic reactions, thereby offering high theo-
retical capacities.'®"” Despite these advantages, the practical
performance of TMPs is hindered by several intrinsic limita-
tions. First, their inherently low electrical conductivity restricts
efficient electron transport and compromises rate capability.
Second, sluggish ion diffusion—attributed to dense crystal
frameworks and extended OH ™ diffusion pathways—limits the
effective utilization of active sites. Third, repeated charge-
discharge cycling induces significant volume fluctuations,
leading to structural degradation, particle pulverization, and
rapid capacity decay."®'®' As a result, pristine TMPs often
exhibit suboptimal specific capacity and poor long-term cycling
stability.

To address these limitations, extensive efforts have been
devoted to compositional engineering and the rational design
of hybrid architectures with functional materials.**-** Bimetallic
Ni-Co phosphate has attracted particular attention due to its
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comparatively improved electrical conductivity, abundant
redox-active sites, and the synergistic interaction between Ni
and Co centers. This bimetallic synergy promotes enhanced
charge transfer kinetics and delivers superior electrochemical
performance relative to monometallic analogues.'>** Neverthe-
less, it still suffers from persistent challenges (structural insta-
bility during prolonged cycling and sluggish reaction
kinetics).**?” To further optimize their performance, the
incorporation of a third metal ion—such as zinc (Zn)—into the
host lattice has emerged as an effective strategy. Zn incorpora-
tion can modulate the electronic structure, introduce additional
electrochemically active sites, and improve structural robust-
ness, thereby enhancing rate performance and cycling
stability.”® In a recent work, Zn incorporated Co-Mn phosphate
was reported with refined morphology and 2.53 times improved
storage capability as compared to the bimetallic version.*
Stability potential and rate capability were also reported to be
improved. However, despite these improvements, Zn doping
alone is insufficient to fully mitigate critical issues such as
conductivity, volume expansion during repeated charge-
discharge processes, and restricted ion diffusion pathways.*
These unresolved limitations continue to impede the realiza-
tion of high-performance and durable energy storage devices.
A variety of approaches have been explored to overcome
these limitations. A particularly effective strategy is the incor-
poration of suitable dopants, such as conducting polymers (e.g.,
polythiophene, poly(1H-pyrrole), and polyaniline) or carbon-
based allotropes. Such modifiers suppress agglomeration of
the active material and simultaneously enhance the electro-
chemical performance of TP-electrodes by improving electrical
conductivity, facilitating ion diffusion, and extending long-term
cycling stability.'®**-** Unlike rigid carbon allotropes such as
graphene or carbon nanotubes, which tend to aggregate and
provide only electric double-layer storage, conducting polymers
like poly(1H-pyrrole) (PPy) offer multiple synergistic advan-
tages.** A synergistic combination of PPy and Li-Fe phosphate
was reported by Y. Wang.*> The composite was found with
improved conductivity and accelerated diffusion, leading to
better performance. In another recent study PPy incorporation
in nickel ferrite boosted the specific capacity three times*® with
PPy acting as a conductive support and redox active supple-
ment. Owing to its intrinsically high conductivity, porous and
flexible morphology PPy establishes a continuous electron-
transporting network when composited with other electrode
materials.*’*® This creates interconnected pathways that
improve ion mobility to and from the redox-active sites. The
flexible polymer chains of PPy also act as a mechanical buffer,
absorbing volume expansion and contraction during repeated
charge-discharge cycles, thereby preventing particle pulveriza-
tion and structural degradation—a critical factor for achieving
long-term cycling stability.***> The presence of PPy also
increases the electrochemically active surface area by forming
a thin coating around the active particles, thereby exposing
more redox-active sites and boosting specific capacity.
Furthermore, PPy contributes its own pseudocapacitive
behavior to the overall charge storage process, enhancing the
total capacitance and rate capability of the electrode.*
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Collectively, these properties make PPy a superior additive for
balancing high specific capacity, rate capability, and cycling
stability in phosphate-based supercapacitor electrodes.

Motivated by these considerations, we herein report a ratio-
nally designed hybrid electrode architecture comprising Zn-
doped Ni-Co phosphate (MMP) integrated with PPy with their
native structure preserved. The incorporation of Zn is intended
to fine-tune the electronic structure of the Ni-Co phosphate
matrix, thereby increasing the density of electrochemically
accessible redox-active sites and facilitating accelerated faradaic
charge-transfer kinetics. Subsequent integration with PPy
effectively addresses the fundamental limitations of pristine
metal phosphates. In particular, (i) the intrinsically low elec-
tronic conductivity is substantially enhanced via the formation
of a percolative conductive polymer network; (ii) sluggish ion
transport is alleviated through the development of a hierarchi-
cally porous, sponge-like morphology that promotes efficient
electrolyte infiltration and ion diffusion; and (iii) structural
degradation associated with repetitive volumetric fluctuations
during prolonged cycling is mitigated by the mechanically
compliant PPy matrix, which functions as a stress-buffering
layer to suppress particle pulverization and interfacial delami-
nation. By systematically optimizing the PPy content (15, 25,
and 35 wt%), an optimal synergistic composition was identified
and subsequently implemented in the assembly of an asym-
metric supercapacitor device. Collectively, this work delineates
a coherent, design-driven strategy to effectively overcome the
intrinsic shortcomings of transition metal phosphates, thereby
enabling their deployment in next-generation high-
performance asymmetric supercapacitor systems.

2. Experimental section

2.1. Materials

All chemicals employed in this study were of analytical grade
and used as received without any further purification. Nickel(u)
nitrate hexahydrate, cobalt(u) nitrate hexahydrate, and zinc(u)
nitrate hexahydrate served as the primary metal precursors.
Sodium phosphate was employed as the phosphate source,
while hydrazine hydrate acted as a reducing agent. Ammonium
persulfate ((NH,),S,0g) was used as an oxidant for poly(1H-
pyrrole) (PPy) synthesis. Conductive additives included acety-
lene black (AB) and activated carbon (AC), and polyvinylidene
fluoride (PVDF) was used as a binder. NMP functioned as the
solvent for slurry preparation. Ethanol and acetone were
employed as cleaning and washing agents. All chemicals were
purchased from Sigma-Aldrich.

2.2. Synthesis of mixed metal phosphate (MMP)

The synthesis of Zn-incorporated nickel-cobalt phosphate was
achieved via a hydrothermal route involving multiple prepara-
tory steps. Initially, 0.686 g of nickel nitrate, 0.635 g of cobalt
nitrater, and 0.234 g of zinc nitrate were dissolved in 35 mL of
DI water under constant magnetic stirring to prepare the metal
nitrate precursor solution (Solution A). In parallel, 0.343 g of
sodium phosphate was dissolved in 15 mL of DI water with
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continuous stirring for 15 minutes to form Solution B. Solution
A was gradually introduced into Solution B using a dropwise
method while the mixture was agitated intensely to guarantee
a consistent blend. Following this, 3 mL of hydrazine hydrate
(N,H,-xH,0, 50-60%) was added to initiate the reduction
process and encourage crystal growth, after which stirring
continued for another hour. All of the aforementioned proce-
dures were carried out at ambient temperature. The resulting
uniform suspension was then placed in an autoclave and
underwent a hydrothermal reaction at 160 °C for a full day. The
solid product collected from this process was meticulously
cleaned. Ultimately, the refined material was desiccated in
a vacuum oven at 75 °C for 10 hours to produce the final mixed
metal phosphate (MMP) composite material with correspond-
ing composition of Zn, 35-Ni;-Co; phosphate.

2.3. Synthesis of poly(1H-pyrrole) (PPy)

Poly(1H-pyrrole) (PPy) was produced through a chemical
oxidative polymerization method. The process began by di-
ssolving 34.230 g ammonium persulfate ((NH,4),S,0g) as an
oxidant in 100 mL of deionized water (0.15 molar solution). This
solution was stirred continuously for 15 minutes while being
cooled to 0 °C to maintain a uniform reaction environment.
Next, 0.15 mol of pyrrole monomer (10.4 mL equivalent to
10.064 g) was introduced drop by drop into the oxidant solution
with ongoing agitation (equal monomer: oxidant used). The

Solution A

Ni(NO,), 6 H,0 0.66g
Co(NO,), 6 H,0 0.635g
Zn(NO,), 6 H,0 0.234¢g

DI water

Zn-in(;orporated
Ni; (PO,),/Co;(PO,),
(MMP)

Polypyrrole (PPy)

Scheme 1 Schematic illustration of synthesis process.
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Autoclave at 160 °C
for 24 hours

Stirring for 1/6 h
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ammonium persulfate solution serves as the oxidant and
dopant.**** The polymerization was allowed to proceed under
constant stirring for 16 hours, during which a black precipitate
slowly formed, confirming the generation of PPy. The initial pH
of the APS solution in deionized water was measured to be
approximately 3.5. Upon completion of the polymerization, the
pH of the filtrate decreased to 1.8. This significant drop is
consistent with the polymerization mechanism, which
produces H" ions as a byproduct. The solid product was then
isolated via vacuum filtration and rinsed extensively. The final
PPy material, labeled PPY, was obtained after drying the puri-
fied polymer in an oven at 70 °C for 14 hours.

2.4. Preparation of composite

To incorporate PPy into the mixed metal phosphate (MMP)
matrix, a physical mixing strategy employing mechanical stir-
ring (Magnetic stirrer (IKA C-MAG HS 7)) coupled with ultra-
sonication was adopted. In a typical procedure, 1.0 g of MMP
was dispersed in 30 mL of deionized water. The suspension was
stirred magnetically at 300 rpm for 3 hours at ambient
temperature (25 + 2 °C), followed by ultrasonication for 30
minutes in a bath sonicator (40 kHz, 100 W) to ensure complete
de-agglomeration and uniform dispersion of the MMP nano-
flakes. Subsequently, poly(1H-pyrrole) (PPy) powder was added
to the suspension in varying weight percentages: 15 wt% (MMP-
PPY1), 25 wt% (MMP-PPY2), and 35 wt% (MMP-PPY3). The

Hydrothermal
reaction at
160°C, 24 h

Zn-inéorporated
Ni; (PO,),/Co;(PO,),
(MMP)

Zn-incorporated Ni; (PO,),/Co,
(PO,); (MMP)

@ MMP-PPy1 (15%)
@ MMP-PPy2 (25%)
N—_—

@ MMP-PPy3 (35%)
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mixture was further stirred at 300 rpm for 2 hours, followed by
a final ultrasonication step of 15 minutes to promote intimate
interfacial contact between the MMP and PPy components.
Throughout the process, the temperature was maintained at 25
£ 2 °C. The resulting homogeneous dispersions were centri-
fuged at 5000 rpm for 10 minutes, and the solid residues were
collected. The obtained material was washed and dried under
vacuum at 70 °C for 8 hours. The final composites were labeled
MMP-PPY1, MMP-PPY2, and MMP-PPY3 according to their PPy
content. The whole synthesis process is represented schemati-
cally in Scheme 1.

The physical mixing approach was chosen over in situ poly-
merization to preserve the intrinsic conductivity and porous
morphology of the pre-synthesized PPy, to avoid exposing the
MMP framework to oxidative polymerization conditions, and to
enable precise control over the polymer loading. Preliminary
experiments confirmed that the described stirring and sonica-
tion parameters yield well-dispersed, agglomerate-free
composites with reproducible electrochemical performance.*

2.5. Working electrode and device assembly

The electrode slurry was prepared by combining 80 wt% of the
active material with 10 wt% acetylene black as a conductive
additive and 10 wt% polyvinylidene fluoride as a binder, using
N-methyl-2-pyrrolidone as the solvent. The mixture was stirred
(magnetically) for 8 hours to achieve a uniform dispersion. Prior
to slurry coating, nickel foam substrates (2 mm thick, 1 x 1
cm?) were pretreated to remove surface oxides and organic
residues. The foams were immersed in 3 M HCI solution and
subjected to ultrasonication for 15 minutes. Subsequently, the
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foams were rinsed thoroughly with deionized water, followed by
absolute ethanol, and then dried under vacuum at 60 °C for 12
hours. This cleaning procedure yields a clean, oxide-free surface
that ensures strong adhesion of the active material and repro-
ducible electrochemical performance.

The homogeneous slurry was then evenly coated onto the
pretreated nickel foam substrates, which served as both the
support and the current collector. After coating, the electrodes
were dried at 70 °C for 9 hours to eliminate residual solvent and
promote strong adhesion of the active layer.

Electrochemical measurements were conducted using
a GAMRY ref. 3000 Potentiostat/Galvanostat in a 1 M KOH
aqueous electrolyte. In asymmetric supercapacitor the mass of
3.50 mg cm > (active electrode material) was approximately
employed for the battery type positive electrode, and for the AC
anode, it was about 6.50 mg cm 2 (active electrode material) to
ensure charge balancing and optimized performance of the
device. The two electrodes were separated by a thin, porous
membrane to facilitate ion transport while preventing electrical
shorting. Finally, the assembled device was securely sealed to
ensure proper packing and stability during electrochemical
testing.

3. Results and discussion

3.1. Structural and morphological aspects

XRD analysis was performed to investigate the crystalline
structure of the synthesized materials, and the corresponding
diffraction patterns of all samples are presented in Fig. 1(a-e).
For the MMP sample (Fig. 1(a)), distinct diffraction peaks were
observed at 26 values of 11.5°, 29.5°, 31.0°, 33.0°, 35.9°, 47.5°,
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= ig . ~Bs M 3 ]
S g 3 1% 2 & g
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Fig. 1 (a—e) XRD pattern observed for MMP, MMP-PPY1, MMP-PPY2, MMP-PPY3, and PPY correspondingly.
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and 51.7°, corresponding to the crystallographic planes (220),
(311), (222), (400), (511), and (440), among others. These
reflections are well indexed to JCPDS card no. 70-2851 (nickel
cobalt phosphate) and no. 80-0008 (zinc phosphate),*” con-
firming the successful formation of the mixed metal phosphate
(MMP) phase with a spinel-type crystalline structure. For the
PPy sample (Fig. 1(e)), a broad hump between diffraction angles
of (26) 20-30° is observed, which corresponds to the presence of
short-range ordering in the molecular arrangement of the
amorphous polymeric matrix. The observed amorphous struc-
ture is in excellent agreement with previous reports**** repre-
senting random stacking and irregular arrangement of polymer
chains. In the composite samples (Fig. 1(b-d)), the XRD
patterns display overlapping features of both MMP and PPy,
confirming the successful integration of the polymer within the
inorganic matrix. Notably, the MMP-PPY2 sample (Fig. 1(c))
exhibits the most balanced diffraction profile—the character-
istic peaks of MMP remain visible, while a noticeable decrease
in peak intensity and slight broadening are observed compared
to pristine MMP. This indicates partial encapsulation of the
crystalline MMP domains by PPy. The MMP-PPY1 (Fig. 1(b)) and
MMP-PPY3 (Fig. 1(d)) exhibit relatively higher and lower peak
sharpness, respectively, corresponding to lower and higher PPy
contents. The well-defined peaks across all hybrid samples
confirm that MMP retains its framework even after polymer
incorporation. This structural arrangement is advantageous for
electrochemical applications, as it facilitates ion transport and
charge storage by combining the electrical conductivity of PPy
with the structural stability of MMP.

S000m " Mege 2000KX EWT= 1500AV SgnalA=SET 500 0m
F—  sempeero= WO=693mm  ProtoNo. = 9575

Sample 0=

Mag= 2000KX EHT=1500%V SknelA=SE1
WD=693mm  Photo No. = 9575
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The surface structures of the produced MMP were scrutinized
using SEM, presented in Fig. 2. The undoped MMP sample
(Fig. 2(a)) showed a structure composed of flakes, suggesting
a constrained surface area and routes for ions movement.
Conversely, the PPy dopant itself (Fig. 2(e)) revealed a rough,
spongy structure made of connected spherical particles, which is
a favorable configuration for rapid ion movement and faster
reaction speeds. When 15% PPy was added to the MMP base
(Fig. 2(b)), the polymer partially coated the surface (indicated by
the highlight), but its spread was uneven and fragmented. With
a higher PPy concentration of 25% (Fig. 2(c)), an ideal, highly
porous framework developed, featuring a consistent and even
layer of the polymer. This structural arrangement is anticipated
to greatly boost electrical conductivity and ease ion access,
leading to superior performance in electrochemical applica-
tions.*® Nevertheless, when the PPy concentration was raised to
35% (Fig. 2(d)), it caused an over-saturation of the polymer. This
led to the clumping of particles and the obstruction of the
material's porous network. Such a change in structure is likely to
impede the penetration of the electrolyte and reduce the mate-
rial's overall electrochemical efficacy. Compared to all other
tested formulations, the composite containing 25% PPy exhibi-
ted the most beneficial structural characteristics, achieving an
optimal equilibrium of high electrical conductance, efficient ion
movement, and extensive active surface area. These combined
properties position it as the most suitable material for use in
advanced supercapacitor electrodes.

To further validate the composite coverage of the MMP
framework by the PPy, energy dispersive X-ray spectroscopy

0o
——

Mag= 2000KX EHT= 1500V SgnalA=SE1
Sample 10= WD=693mm  Photo No. = 957

500 nm

—

Mag= 2000KX ENT=1500kV SignalA=SE1
Semple 1D= WD=693mm  Photo No. = 9575
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500 nm
e e s =

Sample 1D =

Fig. 2
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(a—e) SEM image presenting surface morphology of for MMP, MMP-PPY1, MMP-PPY2, MMP-PPY3, and PPY correspondingly.
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(EDS) elemental mapping was conducted for the optimized
composite MMP-PPY2, as shown in Fig. S1 (SI). The elemental
maps confirm the homogeneous distribution of Zn, Ni, Co, P,
and O elements throughout the structure, indicating the
uniform presence of the mixed metal phosphate phase. Simul-
taneously, distinct yet moderately dispersed signals of carbon
(C) and nitrogen (N) are also observed, which originate exclu-
sively from the poly(1H-pyrrole) (PPy) component. The relatively
non-uniform and patchy distribution of C and N compared with
the metallic elements reveals that PPy does not form a contin-
uous coating but instead deposits locally on the MMP surface.
This observation provides direct evidence of partial surface
coverage, where the polymer layer encapsulates specific regions.
Such a configuration ensures intimate interfacial contact
between MMP and PPy, which is beneficial for facilitating
charge transfer and ion diffusion during electrochemical
processes.

Nitrogen adsorption-desorption isotherms and micropore
size distributions for all samples are presented in Fig. 3(a). All
samples exhibit Type I isotherm behavior, characterized by high
N, uptake in the low relative pressure region (P/P, < 0.1), which
is indicative of a microporous structure. The Brunauer-
Emmett-Teller (BET) specific surface area of the pristine MMP
sample was determined to be 567 m* ¢~". Upon incorporation of
PPy, the specific surface area increases progressively: 716 m>g ™"
for MMP-PPY1, 784 m*> g~ ' for MMP-PPY2, and 741 m® g~ for
MMP-PPY3. The highest value observed for MMP-PPY2 (784 m>
g7 ') is attributed to the synergistic effect of the conducting
polymer network. Specifically, the introduction of PPy serves as
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agglomeration of the MMP nanoflakes, thereby preserving
interparticle porosity and exposing additional electroactive
sites. Moreover, the porous and flexible nature of PPy itself
contributes to the overall surface area by creating additional
meso- and micropores within the composite matrix. The slight
decrease in surface area for MMP-PPY3 (741 m?* g~ ') suggests
that excessive PPy content leads to partial pore blockage and
particle clumping, consistent with the SEM observations
(Fig. 2). The total pore volume follows a similar trend,
increasing from ~0.22 cm® g~ for MMP to ~0.28 cm® g~ for
MMP-PPY1 and reaching a maximum of ~0.33 cm® g~ ' for
MMP-PPY2, followed by a slight decrease to ~0.30 cm?® g~ * for
MMP-PPY3.

The FTIR spectra presented in Fig. 3(b-f) confirm the
successful formation of Zn-doped Ni-Co phosphate (MMP),
polypyrrole (PPY), and their composites. The spectrum of MMP
exhibits a broad band around ~3400 cm™' due to O-H
stretching and a weak band near ~1630 cm ™' corresponding to
H-O-H bending. Strong absorption bands in the range of 1200-
900 em™" are assigned to PO,’” stretching vibrations, while
bands below ~800 cm ™" arise from O-P-O bending and metal-
oxygen (Ni-O, Co-O, Zn-O) vibrations, confirming the phos-
phate framework.

The observed absorption bands in Fig. 3(f) are in excellent
agreement with previously reported spectra of polypyrrole.®>>*
Specifically, the peaks at 1554 cm ™" and 1474 cm ™" correspond
to the fundamental stretching vibrations of the pyrrole ring. The
bands at 1294 cm™ ' and 1049 cm ™' are assigned to the in-plane
=C-H bending vibrations, while the peak at 1196 cm ™" arises

a physical spacer that prevents the restacking and from the C-N stretching vibration of the pyrrole ring. The
600 — . : . . :
~ —s— MMP 4 4
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Fig. 3 (a) BET isotherm of synthesized MMP and MMP-PPY composites, (b—f) FTIR of all the samples correspondingly.
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absence of any additional significant peaks confirms the
successful polymerization of pyrrole without detectable side
products. For the composites MMP-PPY1 (c), MMP-PPY2 (d),
and MMP-PPY3 (e), both phosphate and PPY characteristic
bands are observed. The PO,>~ peaks are retained, while PPY-
related bands appear with comparatively lower intensity due
to the dominant MMP matrix. Slight shifts and changes in peak
intensity are observed with increasing PPY content, suggesting
strong interfacial interaction between MMP and PPY. These
results confirm the successful incorporation of PPY into the Zn-
NiCo(PO,), matrix, forming well-integrated hybrid composites.

The Raman spectrum of Zn-doped Ni-Co phosphate (Fig. S2)
shows characteristic bands at ~310-377 cm ™' (metal-oxygen
vibrations), ~484 cm~"' (O-P-O bending), and a strong peak at
~1058 cm™ ' and a weak one at ~943 corresponds to the
symmetric stretching of PO,*” groups, confirming the forma-
tion of a well-defined phosphate structure. The PPy spectrum
exhibits prominent bands at ~1574 cm™" (C=C stretching),
~1296 cm~ "' (C-N stretching), and ~1190 cm™"' (C-H bending
and ring deformation), indicating successful polymerization. In
the Zn-NiCo(PO,),/PPy composites, both phosphate and PPy
features are preserved, with increasing intensity of PPy-related
bands and slight peak shifts, suggesting strong interaction
and successful integration of PPy within the phosphate matrix.

The TGA curves of Zn-NiCo(PO,),, PPy, and their composites
provide insight into the thermal stability and content. The

View Article Online
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pristine Zn-NiCo(PO,), shows minimal weight loss, indicating
high thermal stability, whereas pure PPy exhibits significant
degradation above ~300 °C due to polymer decomposition. The
composite samples display intermediate behavior, combining
the stability of the inorganic phase with the degradable nature
of PPy. A systematic increase in weight loss is observed with
increasing PPy content from MMP-PPY1 (15%) to MMP-PPY3
(35%), along with a corresponding decrease in residual mass
at high temperature. Based on the residual weights, the PPy
content in the composites is consistent with the intended
composition, confirming the successful incorporation of PPy
into the Zn-NiCo(PO,), matrix.

3.2. Electrochemical analysis in three cell configuration

3.2.1. Cyclic voltammetry (CV). CV was conducted for the
synthesized electrode materials to evaluate their charge storage
kinetics across varying scan rates employing a voltage range of
0 to 0.7 V. Fig. 3(a) displays the CV curves of all samples
recorded at a scan rate of 3 mV s~ . The voltammograms of each
sample exhibit two well-defined redox peaks—corresponding to
oxidation and reduction processes—appearing in both the
anodic and cathodic sweeps. These peaks are indicative of
faradaic redox reactions occurring at interface, highlighting the
diffusion-controlled behavior of the materials. The prominent
redox features confirm a redox-driven diffusion-controlled
mechanism. The specific capacity (Qs) of the electrodes is
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(a) Comparative CV curves of all samples, (b) CV results of MMP-PPY2, and (c) Qs calculated through CV curves.
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proportional to the area enclosed by the CV loop. A comparative
analysis of the voltammograms in Fig. 4(a) reveals that the
MMP-PPY2 sample exhibits the largest enclosed area, signifying
the highest charge storage capacity among the evaluated
samples. Further insights into the rate performance of MMP-
PPY2 are provided in Fig. 4(b), which presents its CV curves at
various scan rates. As sweeping rate increases, the voltammo-
grams retain their overall shape and symmetry, with broad
redox peaks remaining visible. This behavior suggests excellent
rate capability and electrochemical stability. The progressive
shift of redox peaks with increasing scan rates is characteristic
of surface-controlled redox reactions, reinforcing the redox-
dominant diffusion-controlled nature of the electrode—a hall-
mark of high-performance, battery-type materials.

The Qg was calculated from CV results.”>** As illustrated in
Fig. 4(c), the electrochemical data reveal that the MMP-PPY2
composite delivers a superior specific capacity (Qs) of 2062.6C
g 'ata 3 mV s ' scan rate. This performance is notably higher
than that of the other samples: MMP (1190.6C g~ '), MMP-PPY1
(1545.3C g~ '), MMP-PPY3 (1788.2C g '), and pure PPY (891.2C
g ). The well-dispersed poly(1H-pyrrole) coating forms
a porous, interconnected network over the MMP flakes, signif-
icantly increasing the electroactive surface area while main-
taining accessible ion diffusion pathways. This balanced
architecture facilitates efficient electron transport and rapid
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redox reactions at the electrode-electrolyte interface. Moreover,
the integration of conductive PPy with the redox-active MMP
matrix yields a composite that combines high capacitance,
superior rate capability, and structural stability—collectively

contributing to its outstanding diffusion-controlled
performance.
3.2.2. Galvanostatic charge-discharge (GCD). The storage

behavior was further evaluated through GCD conducted within
a potential window of 0-0.6 V across varying current densities.
Fig. 5(a) displays the GCD profiles of all the samples at a current
density of 1.2 A g '. The discharge curves exhibit a quasi-
plateau region with a distinct hump, a characteristic signature
of faradaic redox processes, in good agreement with the CV
observations. Among all samples, MMP-PPY2 demonstrates
superior charge storage performance, reflected by its prolonged
discharge time and larger integrated area under the curve.
Fig. 5(b) further illustrates the GCD behavior of MMP-PPY2
across a range of current densities. The consistent retention
of the redox plateau, even at higher currents, signifies excellent
rate capability, coulombic efficiency (Fig. S6) and electro-
chemical stability. The outstanding performance of MMP-PPY2
can be attributed to its optimized composite architecture. The
incorporation of 25% poly(1H-pyrrole) introduces a conductive
and porous network that enhances electron mobility while
preserving ion-accessible channels within the MMP matrix. The
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Fig. 5 (a) Discharge curves recorded at 1.2 A g~* for all the samples, (b) GCD results of MMP-PPY2, and (c) Qs calculated through GCD curves.
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coulombic efficiency at 1.2 A g~ ! was found to be around 90%
(Fig. S6). The slight decrease in coulombic efficiency observed at
higher current densities can be attributed to several interrelated
factors. At lower current densities (1.2-3.0 A g~ ), the ions have
sufficient time to penetrate the porous structure of the elec-
trode, resulting in nearly complete and reversible redox reac-
tions. However, as the current density increases (6-10 A g™ 1),
the electrochemical processes become limited by ion diffusion
and charge-transfer kinetics, which restrict the full utilization of
the active sites. Moreover, higher current flow induces greater
internal resistance, leading to a significant IR drop and voltage
polarization during charge-discharge cycles. These effects,
combined with possible minor side reactions, local heating,
and incomplete ion transport across the electrode-electrolyte
interface, contribute to the slight decline in coulombic
efficiency.

The specific capacities (Qs) through GCD were evaluated®*
using eqn (S3) (SI section). At a current density of 1.2 A g~ the
samples MMP, MMP-PPY1, MMP-PPY2, MMP-PPY3, and PPY
delivered 744.2, 952.1, 1347.6, 1096.2, and 470.5C g, respec-
tively, as depicted in Fig. 5(c). Galvanostatic charge-discharge
(GCD) profiling further confirms the exceptional electro-
chemical behavior of the MMP-PPY2 composite. The observed
reduction in specific capacity at elevated current densities
occurs because of a rise in the equivalent series resistance and
the electrode's restricted ability to fully integrate electrolyte
ions. This limitation in ionic penetration results in slower
reaction rates and a consequent rapid decrease in stored
charge.>>>®

3.2.3. Electrochemical impedance spectroscopy (EIS). The
electrical conductivity and charge transfer characteristics of the
phosphate-based electrodes were systematically investigated via
EIS using 0.1 Hz to 0.1 MHz frequencies. Fig. 6 presents the
Nyquist plots for all synthesized samples. The equivalent series
resistance (ESR), derived from the high-frequency x-intercept of
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Fig. 6 Nyquist plots from electrochemical impedance spectroscopy
(EIS) for all the synthesized electrode materials.
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the plots, encompasses contributions from the intrinsic resis-
tance of the electrode material, ion transport resistance through
the KOH electrolyte, and interfacial resistance at the electrode-
electrolyte boundary. The high-frequency semicircular region of
the spectra reflects the charge transfer resistance, associated
with electron exchange processes at the electrode surface.
Notably, all samples exhibit minimal values, indicative of effi-
cient charge transfer and good electrical conductivity. In the
low-frequency region, the presence of a sloped line represents
Warburg impedance (Wy), related to ion (OH ") diffusion within
the electrode structure. A steeper slope corresponds to lower ion
diffusion resistance and better electrolyte accessibility. The ESR
values for the analyzed samples were calculated as 1.33 Q, 0.94
Q, 0.68 Q, 1.19 Q, and 1.14 Q, correspondingly. Among them,
the MMP-PPY2 composite, with 25% PPy content, displayed the
lowest ESR of 0.68 Q. The results were fitted using the equiva-
lent circuit. The circuit is presented in the inset, which incor-
porates the solution resistance (R;) in series with a parallel
branch consisting of a constant phase element (CPE) and
a Warburg element (W). The Warburg component represents
the ion-diffusion contribution within the porous electrode
matrix. The fitted parameters corresponding to this circuit
model are summarized in Table S2 (SI).

The exceptional EIS response of MMP-PPY2 can be ascribed
to its well-integrated composite structure, where the conductive
PPy framework not only reduces internal resistance but also
facilitates rapid electron mobility and efficient ion diffusion.
These features collectively position MMP-PPY2 as a highly
promising electrode candidate for battery-type behavior in
hybrid (asymmetric) supercapacitor systems.

3.3. Asymmetric device

To assess the practical applicability of the MMP-PPY2
composite, an asymmetric supercapacitor device was fabri-
cated using MMP-PPY2 as the positive electrode and activated
carbon (AC) as the negative electrode, as illustrated in Fig. 7(a).
Electrochemical performance of the assembled MMP-PPY2//AC
device was evaluated via C. In a typical three-electrode config-
uration, AC generally operates within a voltage window of 0 to
—1.0 V, while MMP-PPY2 exhibits a stable operating range of
0 to +0.7 V. Consequently, the full-cell device was assessed over
an optimized operational voltage range of 0 to 1.7 V to ensure
comprehensive charge storage analysis. Fig. 7(b) presents the
CV curves recorded at various sweep rates. The hybrid device
displays characteristic quasi-rectangular CV profiles with
distinct redox features, confirming its diffusion-controlled
electric double-layer hybrid behavior. Notably, the CV curves
maintain their shape and symmetry even at higher scan rates,
indicating excellent electrochemical stability.

Further electrochemical evaluation was carried out using
galvanostatic charge-discharge (GCD) testing across a current
density range of 1.9 to 14 A g ' within the same potential
window of 0-1.7 V. The GCD curves, shown in Fig. 7(c), exhibit
non-linear features consistent with redox-based charge storage,
corroborating the hybrid nature of the device. As depicted in
Fig. 7(c), the asymmetric supercapacitor delivered a remarkable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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characteristics of the asymmetric device. (c) Galvanostatic charge—discharge (GCD) profiles for the device. (d) Specific capacity (Qs) values

determined from the GCD data of the practical supercapacitor cell.

specific capacity of 444.0C g "' at a moderate current density,
while retaining 204.6C g ' even at a high current load of
14 A g~ '—demonstrating excellent capacity retention and rate
capability.

The long-term electrochemical durability of the fabricated
MMP-PPY2//AC hybrid supercapacitor was assessed through
cyclic stability testing over 4000 continuous GCD cycles at
a high current density of 14 A g™, As presented in Fig. 8(a), the
device exhibited remarkable cycling stability, retaining 97.9% of
its initial charge capacity, thereby demonstrating excellent
structural integrity and electrochemical resilience. The 2.1%
capacity loss over 4000 cycles may be attributed to minor
cumulative effects, including gradual mechanical relaxation of
the PPy coating from the MMP surface during repeated volu-
metric changes, slight irreversible trapping of electrolyte ions
within deep micropores, and marginal oxidation or restructur-
ing of PPy chain ends under prolonged alkaline cycling. To
further probe the conductivity and interfacial characteristics of
the device, EIS was performed before and after cycling, using
0.1 Hz to 0.1 MHz frequency range (Fig. 8(b)) and no significant
change in the spectrum is observed. The impedance spectrum
revealed a low ESR of 0.60 Q, signifying minimal internal
resistance and efficient charge transport. Additionally, the
charge transfer resistance was found to be nearly negligible,

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

further confirming the superior electrochemical kinetics of the
hybrid system.

Key performance indicators for energy storage devices—
specific energy density (Es) and specific power (Pg)—were also
evaluated to quantify the practical potential of the hybrid
supercapacitor in high-performance applications as (9).**

E, =0, x AVI72 (1)

E, = Q, x 3600/At )

The Ragone plot in Fig. 8(c) illustrates the overall energy-
power performance of the assembled MMP-PPY2//AC asym-
metric device. The device achieves a peak E; of 104.9 Wh kg™ " at
a power density P, of 1615 W kg™ '. Furthermore, it maintains
a considerable energy density of 48.4 Wh kg™' even at a very
high power density of 11900 W kg™, demonstrating an excel-
lent rate capability. This robust performance, which retains
approximately 46% of its energy density as power is increased by
nearly an order of magnitude, is attributed to the synergistic
combination of the battery-type MMP-PPY2 cathode and the
capacitive AC anode, which facilitates rapid ion transport and
efficient charge transfer.

To contextualize these results, a direct comparison with
recently reported asymmetric supercapacitors based on similar
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(a) The measured cycling stability of the fabricated device over 4000 consecutive charge—discharge cycles. (b) EIS analysis performed on

the full device. (c) A Ragone plot comparing the energy (Es) and power (P;) densities of the current device with previously reported systems.

materials is presented in Table 1. As evidenced by the data, the
energy and power metrics of our MMP-PPY2//AC device are
highly competitive, and in several key aspects, they exceed the
performance of systems documented in prior studies.””* We
attribute this superior performance to the unique composite
architecture of the MMP-PPY2 material, which offers both high
pseudocapacitance and structural stability, enabling a wide
operating voltage and efficient kinetics within the full device.
The b-value analysis was performed as shown in Fig. 9(a).
The calculated b-values fall between 0.71 and 0.79, confirming

mixed capacitive and diffusion-limited contributions.* Addi-
tionally, the Dunn's method was applied to separate the
capacitive (k,v) and diffusion-controlled (k,v"?) portions of
current at different scan rates employing the relation:”

I(v) = kyv + kov'? (3)

The k; and k, are the constants that define the capacitive and
diffusion contributions, respectively, in the device's overall

Table 1 E; and P obtained from MMP-PPY2//AC device compared to recently reported literature

Material Energy density (Wh kg™") Specific power (W kg™) Ref.
MMP-PPY2//AC 104.9 1615 This work
Vanadyl phosphate/carbon/polypyrrole 30.6 813 66

NiP (surface modified) 88.03 1500 67
CoNiP,0,@PPY 94.6 1074 68
Zn,P,0,/NF@PPybinder-free 94.2 1800 69
MnO,/graphene/polypyrrole 22.5 4.6 K 70
LDH/PPY 86.23 973.65 71
MWCNT/NiS/PPy 33.12 6750 72
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performance. The quantified results (Fig. 9(b)) clearly show that
both mechanisms contribute simultaneously (14.66% capaci-
tive and 85.34% diffusion-controlled contribution at 10 mv s %),
with the capacitive portion increasing at higher scan rates
(49.76% capacitive and 50.24% diffusion-controlled contribu-
tion at 10 mV s~ '). This further affirms the hybrid potential of
the fabricated device.

Additionally, the device exhibited excellent electrochemical
stability, as confirmed by a leakage current test conducted by
holding it at the maximum operating voltage of 1.7 V for 12
hours, during which no measurable leakage current was
observed. The internal resistance of the device, determined
from the IR drop during galvanostatic charge-discharge
measurements, was found to be 0.03 V, indicating low internal
resistance and efficient charge transfer. These results support
the reported high energy density of 104.9 Wh kg™ " and validate
the performance of the device under the given operating
conditions.

4. Conclusion

In this study, a mixed-metal phosphate (MMP) and poly(1H-
pyrrole) (PPy) were combined using a straightforward physical
mixing method. Morphological and structural analyses
confirmed the successful formation and uniform integration of
the composite materials. Electrochemical evaluation in a three-
electrode configuration revealed that the MMP-PPY2 (25 wt%
poly(1H-pyrrole)) composite exhibited the highest specific
capacities among all samples, achieving 1347.6C g~ " at a current
density of 1.2 A g~'. The optimized MMP-PPY2 electrode was
further assembled into an asymmetric supercapacitor (MMP-
PPY2//AC) that delivered outstanding performance, attaining
a high specific energy of 104.9 Wh kg™, alongside a specific
power of 1615 W kg™ '. Impressively, the device retained
48.4 Wh kg of energy while delivering a 11 900 W kg * power
density. In addition, the device exhibited exceptional long-term
stability, maintaining 97.9% of its initial capacity after 4000
continuous cycles. These results underscore the effectiveness of
incorporating conductive PPy into the MMP matrix, significantly
enhancing electrochemical performance through improved

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

charge transport and ion diffusion pathways. The binary MMP-
PPY2 composite demonstrates great potential as a high-
performance electrode material for next-generation asymmetric
supercapacitor applications.
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