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nanoparticle morphology via
polyethylene glycol mediation for aqueous
rechargeable zinc-ion batteries
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Parbhej Ahamed,a Ahammad Musaa and Md. Sadiqul Islam Sheikha

Aqueous rechargeable zinc-ion batteries (ARZIBs) are highly promising next-generation energy storage

systems, yet their deployment is often hindered by sluggish cathode diffusion kinetics. Herein,

morphology-tuned Mn3O4 nanoparticles were successfully synthesized via a facile, eco-friendly route

employing polyethylene glycol (PEG 3350) as a structure-directing soft template. FESEM and TEM

confirmed the formation of uniform spherical morphology. The engineered nanostructure exhibited an

optical band gap of 3.87 eV and enhanced surface hydrophilicity, which significantly optimized

electrolyte–electrode interfacial contact. When evaluated as an ARZIBs cathode, the cell demonstrated

highly reversible Zn2+/H+ co-intercalation chemistry with a dominant diffusion-controlled pseudo-

capacitive charge storage mechanism. Driven by initial phase transformation and electrochemical self-

activation, the cathode delivered a remarkable peak specific discharge capacity of 274.82 mAh g−1 at

a current density of 0.1 A g−1 and maintained a capacity retention of 76.12% after 500 cycles. EIS

confirmed low initial charge-transfer resistance, validating the superior kinetics of the morphology-

tailored cathode. This study highlights green morphology engineering as an effective paradigm to

construct high-performance manganese-based cathodes for advanced ARZIBs applications.
Introduction

With the escalating global demand for sustainable and clean
energy, the search for efficient, low-cost, and eco-friendly energy
storage devices and the rapid adoption of renewable energy
sources and the electrication of transportation have become
paramount.1 Lithium-ion batteries (LIBs) have long been the
cornerstone of energy storage due to their high energy density
(170–250 Wh kg−1), high specic power (200–1000 W kg−1), and
a long cycle life (up to 3000 cycles).2,3 However, several drawbacks
such as high cost, resource scarcity, and safety concerns related to
ammable organic electrolytes, limiting their application in large-
scale storage.4 Lithium-sulfur (Li–S) batteries are considered
highly promising next-generation energy storage systems because
of their remarkable theoretical specic capacity (1675 mAh g−1)
and high energy density (2600 Wh kg−1), which are much greater
than those of conventional lithium-ion batteries. Nevertheless,
their practical application remains limited due to critical issues
associated with both the sulfur cathode and lithiummetal anode.5

Solid-state lithium batteries are viewed as a viable pathway to
address the safety and performance constraints of conventional
lithium batteries, due to their non-ammable solid electrolytes,
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expanded electrochemical stability window, and capability for
higher energy density.6 At present, the energy density of lithium-
ion batteries (LIBs) is largely restricted by the cathode materials,
prompting the search for alternative energy storage technologies.7

Similarly, lead-acid batteries pose environmental hazards due to
toxic components like lead and acid waste.8 Therefore, it is
essential to develop alternative secondary batteries capable of
meeting growing energy demands. Among the available options,
potassium-ion batteries have emerged as encouraging candidates
for energy storage due to their abundant resources, cost-
effectiveness, and low standard potential (−2.93 V).9 Comple-
mentary energy storage technologies, such as supercapacitors
utilizing conjugated polymers, also contribute to sustainable
energy solutions by providing high power density and rapid
charge–discharge capabilities.10 In contrast, aqueous rechargeable
zinc-ion batteries (ARZIBs) have emerged as a promising alterna-
tive, offering advantages like high theoretical capacity (820 mAh
g−1), high volumetric capacity (5855mAh cm−3), cost-effectiveness
(z1.35 USD$/lb) of Zn foil anode, intrinsic safety and ionic
conductivity (1 S cm−1) of the aqueous electrolytes, and environ-
mental compatibility.11,12 However, the performance of ARZIBs is
critically dependent on the cathode material, which oen suffers
from low capacity, poor cycling stability, and sluggish kinetics.13,14

Various cathode materials, including Prussian blue analogues,
manganese-based compounds, vanadium-based materials, and
organic species, have been extensively investigated for aqueous
RSC Adv., 2026, 16, 29155–29171 | 29155

http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra01648k&domain=pdf&date_stamp=2026-05-28
http://orcid.org/0000-0003-0101-4749
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra01648k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016032


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 6
:1

5:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ARZIBs. Metal–organic framework (MOF)-derived materials have
recently attracted signicant attention in energy storage applica-
tions owing to their high specic surface area, efficient mass
transport pathways, and abundance of accessible electroactive
metal sites.15 Among the various cathode candidates, manganese
oxides (MnxOy) are particularly attractive due to their multivalent
nature, which enables high theoretical capacities, as well as their
low cost and environmental benignity.16,17 Mn predominantly
exists as Mn3+ and Mn4+. Mn3+, with a high-spin electronic
conguration and a single electron in the eg* orbital, induces
Jahn–Teller distortion of the octahedral structure.18 This local
distortion leads to irreversible structural changes and rapid
capacity fading. Considerable efforts have been made to enhance
structural stability and prevent metal dissolution through strate-
gies such as surface modication.19 In this context, the phase eld
method (PFM) has emerged as a powerful computational
approach for predicting nano- and mesoscale microstructural
evolution during material processes, providing deeper insight into
structural instability and degradation mechanisms.20

Mn3O4 known as hausmannite, is a mixed-valence manga-
nese oxide (Mn2+Mn3+

2O4) with a spinel structure.21 However,
a major challenge lies in its poor intrinsic electronic conduc-
tivity and the signicant volume expansion it undergoes during
the insertion and extraction of large hydrated zinc ions. These
factors lead to sluggish reaction kinetics and rapid capacity
fade, limiting its long-term cycling stability.22 Tailoring the
morphology as well as nano-structuring has been identied as
a viable strategy to mitigate these issues.23 The possible limi-
tations of Mn3O4 cathodes for long-term applications, including
Mn dissolution, low intrinsic conductivity, structural instability,
and sluggish ion diffusion, can be effectively addressed through
several advanced strategies reported in recent literature. Surface
coating or protective interphase engineering using TiO2,
carbon, or conductive polymers can suppress Mn dissolution
and stabilize the electrode/electrolyte interface; for example,
Yang et al. (2025) reported that a TiO2 interphase on Mn-based
cathodes signicantly enhanced interfacial stability and deliv-
ered 87.6% capacity retention aer 1000 cycles at 10 A g−1.
Cation doping with Ce3+, Co2+, Fe3+, or Zn2+ can mitigate Jahn–
Teller distortion, generate oxygen vacancies, and improve
conductivity, thereby enhancing structural durability and
cycling reversibility.24 Electrolyte optimization, particularly by
introducing Mn2+ additives (e.g., MnSO4) into ZnSO4 electro-
lytes, can reduce irreversible Mn loss by shiing the
dissolution/deposition equilibrium and suppressing byproduct
formation. In addition, morphology and defect engineering,
such as constructing hierarchical or hollow nanostructures with
oxygen vacancies or pre-inserted ions, can buffer volume vari-
ation and shorten Zn2+ diffusion pathways.25 Furthermore,
forming composites with highly conductive matrices such as
graphene, carbon nanotubes (CNTs), MXene, or carbon nano-
bers can greatly improve charge transport and mechanical
integrity, resulting in superior long-term stability. A simple and
effective method for achieving this morphological control may
be developed through the use of polyethylene glycol (PEG). PEG
is a non-toxic and versatile polymer that acts as a mediating
agent during the nanoparticle synthesis.26 It functions as a so
29156 | RSC Adv., 2026, 16, 29155–29171
template, with its polymer chains adsorbing onto specic
crystal facets of the growing nanoparticles. The presence of PEG
facilitates the formation of porous and high-surface-area
architectures, inuences the anisotropic growth which
improve the Zn2+ ion diffusion and show high electrochemical
performance.27–29 It not only regulates particle size and prevents
agglomeration but also contributes to surface functionalization,
potentially improving wettability and ion transport kinetics.14

Furthermore, the decomposition of PEG during calcination can
create mesoporous frameworks, which provide multiple chan-
nels for Zn2+ ion diffusion and increase the number of active
redox sites.29,30 Compared to gelatin 31, cellulose,1 and rice
powder,32 PEG offers better solubility control, tunable molec-
ular weight, and thermal stability, making it an ideal candidate
for scalable Mn3O4 synthesis. The application of green tem-
plating strategies for Mn3O4 synthesis is not new. Tonu et al.
demonstrated the use of bloom gelatin as a biopolymeric
template for synthesizing Mn3O4, resulting in coin cells with
a specic discharge capacity of 219.33 mAh g−1 and high
coulombic efficiency. Their study conrmed that so templates
signicantly inuence particle dispersion, crystallinity, and
electrochemical behavior.31 In another work, cellulose-
supported CuO cathodes fabricated by Hassan et al. (2025)
exhibited high performance and excellent cycling stability,
emphasizing the importance of eco-friendly templating
methods in battery research. The resulting coin cells exhibited
a specic discharge capacity of 253.03 mAh g−1 at a current
density of 100 mA g−1 and a coulombic efficiency of 98.28%
aer 800 cycles.1 Similarly, Tonu et al. synthesized bixbyite
Mn2O3 microdice via an ultrasonic-assisted reverse micelle
method for ARZIB cathodes. The material exhibited a 293.59
mAh g−1 discharge capacity at 0.1 A g−1, 90.35% capacity
retention, and 98.44% coulombic efficiency aer 1000 cycles,
attributed to its porous structure and high crystallinity.33 Li
et al. employed a manganese glycerate template to synthesize
MnO2 microspheres for ZIBs. The material showed a specic
capacity of 259 mAh g−1 at 0.5 A g−1, with enhanced ion
transport, demonstrating the efficacy of templates in battery
applications.34

In this work, PEG 3350 was strategically employed as
a structure directing template to nely tune the morphology of
Mn3O4, successfully suppressing random crystal growth to yield
structured spherical type nanoparticles with optimized
electrochemical kinetics. When evaluated as a cathode material
in CR-2032 coin-type ARZIBs, the engineered nanostructure
exhibited signicantly enhanced electrochemical performance,
including a superior specic discharge capacity, outstanding
rate capability, and long-term cycling durability.

Materials and methods
Chemicals and instruments

Manganese(II) acetate tetrahydrate, (CH3COO)2Mn$4H2O CAS
No. 6156-78-1, was purchased from Sigma-Aldrich (USA, purity
99%). Extra pure polyethylene glycol 3350 (PEG) CAS No. 25322-
68-3 was collected from Incepta Pharmaceuticals Limited
(Bangladesh). Stainless steel (SS) substrates (304 grades) of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation of Mn3O4 (schematic diagram).
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thickness t-0.01× w-100 mm, zinc foil, polyvinylidene uoride
(PVDF), N-Methyl-2-pyrrolidone (NMP) and carbon black (C-
black) were used for the preparation of CR-2032 coin cell
battery. The whole experiment was carried out using deionized
(DI) water; prepared by deionized water system (Model: WDI-15,
Human Science, South Korea) available in the laboratory. The
structure and morphology of prepared samples were investi-
gated using FESEM machine (JSM-7610F, Jeol Japan). X-ray
diffraction analysis was done using X-ray diffractometer (XRD:
Bruker, D2 PHASER, Germany) with Cu Ka radiation at 2q from
10 to 80°. FTIR was done using FTIR spectrometer (IR Tracer-
100, Shimadzu Corporation, Japan). Solid state UV visible
spectroscopy was applied to nd out the optical band gap and
recorded within the range of 200–1000 nm using a UV spec-
trophotometer (UV-1800, Shimadzu Corporation, Japan).
Raman spectroscopy was conducted using a DXR Smart Raman
spectrometer from Thermo Fisher Scientic (USA), equipped
with a 780 nm excitation laser and a full-range grating. The
elemental constituents and manganese valency were charac-
terized through X-ray photoelectron spectroscopy (XPS; L-Alpha,
Thermo Scientic, UK). The prepared materials shape and
crystal planes were evaluated using transmission electron
microscopy (TEM) (JEM 2100 Plus Electron Microscope), JEOL,
Japan). The wettability of the material was evaluated by
measuring the contact angle using an Ossila contact angle
goniometer (L2004A1). CV, EIS, and BCD were performed via
Biologic (SP 300) potentiostat.
Preparation of Mn3O4 using polyethylene glycol (PEG) as
template

5 mL of deionized water and 1.0 g of manganese(II) acetate
tetrahydrate were added to a crucible. The mixture was stirred
until complete dissolution was achieved. A weight ratio of 1 :
© 2026 The Author(s). Published by the Royal Society of Chemistry
0.5 between manganese(II) acetate tetrahydrate and PEG was
then maintained by adding 0.5 g of PEG to the mixture.
Stirring continued until a macroscopic homogeneous
mixture was formed. The precursor mixture (manganese(II)
acetate tetrahydrate + PEG 3350) was dried at 80 °C to form
a homogeneous melt, then transferred to a muffle furnace
and calcined at 400 °C for 8 h in air. The heating ramp rate
was 5 °C min−1, and the sample was allowed to cool naturally
inside the furnace to room temperature aer the dwell time.
Finally, the black color powder was formed as the desired
product and labelled as P1M1. The same procedure was
repeated for weight ratios of 1 : 1 and 1 : 2 (manganese(II)
acetate tetrahydrate to PEG), producing samples labelled as
P2M1 and P3M1, respectively. These conditions were kept
identical for all samples (M1, P1M1, P2M1, and P3M1). A
manual mortar and pestle were used to grind the resulting
powders before they were used in additional experiments.
Fig. 1 Showed a schematic illustration of the product
synthesis process. Another experiment was conducted
without the addition of PEG, with simply deionized water and
manganese(II) acetate tetrahydrate. The synthesized product
was labelled as M1.

One possible explanation for the creation of Mn3O4 particles
is as follows.35

MnðC7H6O2Þn ��!
400�C

CO2 þH2OþMnO; n ¼ 1 or 2

2MnOþ 1

2
O2/Mn2O3

Mn2O3 + MnO / Mn3O4
RSC Adv., 2026, 16, 29155–29171 | 29157
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Coin cell fabrication

The synthesized P3M1 (as it contains smallest particle sizes and
uniformity) was blended with conductive C-black and PVDF in
a weight ratio of 8 : 1 : 1, using NMP as solvent. The resulting
slurry was prepared using a mortar and pestle, then coated onto
a stainless steel (SS) foil uniformly to form a thin cathode layer.
The coated foil was dried at 70 °C to ensure full solidication
before being processed by a battery dice cutting machine. It was
then punched into 1.44 cm2 squares to form the cathode for
a CR-2032 coin cell. The average mass loading of active material
(Mn3O4) was 8 mg cm−2. CR-2032 coin cells were assembled in
ambient laboratory air. The cathode was the prepared Mn3O4

electrode, the anode was zinc foil (thickness ∼0.5 mm, length
1.3 cm), and the separator was a commercial Whatman lter
paper. The electrolyte was a 2 M ZnSO4 aqueous solution.
Approximately 200 mL of ZnSO4 was added per cell before
crimping and no Mn2+ additive was used. To assemble the coin
cell, the components including the metal casing, prepared
cathode, separator, anode, spacer, and spring were carefully
layered in order and sealed using a crimping machine.
Fig. 2 FTIR spectra of prepared samples.
Physical characterization

FTIR analysis. To determine the chemical bonding charac-
teristics of the synthesized samples, FTIR analysis was carried
out over the spectral range of 300–4000 cm−1. The FTIR spectra,
as shown in Fig. 2, identied three prominent peaks within the
450–650 cm−1 region. The band at 614 cm−1 was associated with
Mn–O stretching vibrations in tetrahedral sites, while the peak
at 516 cm−1 corresponded to distortion vibrations of Mn–O in
an octahedral conguration. The third peak, appearing at
418 cm−1, was attributed to vibrations of Mn3+ species located
in octahedral position of Mn3O4.36 A weak absorption at
1022 cm−1 was assigned to Mn–O–H stretching vibrations. In
FTIR spectra of Mn3O4 materials, O–H bending vibrations oen
overlapped with other vibrational modes involving Mn atoms.
Hence it was conferred that peaks at 1120, 1401, and 1612 cm−1

were attributed to O–H bending vibrations combined with Mn
atoms.37 The band at 2335 cm−1 was ascribed to adsorbed
atmospheric CO2, whereas absorptions at 2855 and 2912 cm−1

were related to C–H stretching of –CH2– groups, likely due to
residual species.1 The broad absorption bands around
3425 cm−1 appeared due to O–H stretching in absorbed water
molecules. These FTIR results conrmed the formation of
Mn3O4. Furthermore, with the increasing amount of PEG, the
line intensity of Mn3O4 decreased as the wavenumber
increased, which implied its enhanced crystalline and semi-
conducting behavior.

FESEM analysis. The surface morphology and particle size
distribution of the synthesized samples were investigated using
FESEM micrographs at low magnication (10 mm scale) and
high magnication (100 nm scale), as presented in [Fig. 3(a–l)].
The low-magnication FESEM images [Fig. 3(a), (d), (g) and (j)]
revealed the overall surface texture and agglomeration behavior,
whereas the high-magnication images [Fig. 3(b), (e), (h) and
(k)] provided detailed insight into particle shape and grain
distribution. In M1 [Fig. 3(a) and (b)], the particles appeared as
29158 | RSC Adv., 2026, 16, 29155–29171
tightly packed clusters with irregular sizes and seemed to be in
peanut shapes. The absence of a mediating agent resulted in
uncontrolled growth and noticeable agglomeration. With the
introduction of PEG in P1M1 [Fig. 3(d) and 4(e)], the particles
became comparatively more uniform and less agglomerated,
although some irregularly shaped grains were still observed. A
further increase in PEG concentration in P2M1 [Fig. 3(g) and
(h)] resulted in a more homogeneous surface morphology with
comparatively well-dened particles. Among all samples, P3M1
[Fig. 3(j) and 4(k)] exhibited the nest microstructure with more
regular and uniform spherical particles, indicating improved
growth control in the presence of the highest PEG concentra-
tion. Particle size histograms derived from ImageJ analysis were
shown in Fig. 3(c), (f), (i) and (l). For statistical reliability,
approximately 70 particles were measured for each sample. The
average particle sizes were 111 ± 28 nm, 109 ± 21 nm, 84 ±

12 nm and 68 ± 7 nm for M1, P1M1, P2M1 and P3M1, respec-
tively.38 Overall, increasing PEG concentration resulted in
a progressive decrease in average particle size from 111 nm to
68 nm, demonstrating more controlled nucleation and growth.

EDX analysis. EDX was utilized to investigate the elemental
composition and stoichiometry of the synthesized specimens.
The EDX spectra, as shown in Fig. 4, displayed prominent peaks
that corresponded to manganese (Mn) and oxygen (O), along
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM image of M1(without PEG template) at a scale bar of (a) 10 mm, (b) 100 nm& (c) histogram of particle size distribution. FESEM image
of P1M1(with PEG template) at a scale bar of (d) 10 mm, (e) 100 nm & (f) histogram of particle size distribution. FESEM image of P2M1 at a scale bar
of (g) 10 mm, (h) 100 nm & (i) histogram of particle size distribution. FESEM image of P3M1 at a scale bar of (j) 10 mm, (k) 100 nm & (l) histogram of
particle size distribution.
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with a minor peak that indicated the presence of carbon (C).
These peaks were associated with the K lines of Mn, O, and C,
which were observed at approximately 5.9 keV, 0.5 keV, and 0.26
keV, respectively. The elemental mapping conrmed that Mn
and O were uniformly distributed throughout the samples.
Quantitative analysis of the EDX data provided the elemental
percentages, which enabled direct determination of the
sample's composition. The elemental composition of the
synthesized samples revealed a Mn : O ratio of 2 : 3 for M1,
whereas P1M1, P2M1, and P3M1 consistently exhibited a ratio
of 3 : 4. EDX analysis conrmedMn3O4 as the main phase in the
synthesized samples.36

XRD analysis. Phase identication and structural analysis of
the synthesized powders were carried out using X-ray diffraction
(XRD), and the corresponding diffraction patterns are presented
in Fig. 5(a). The XRD pattern of the M1 sample, synthesized
without PEG, predominantly corresponded to the cubic Mn2O3

phase (COD pdf #96-810-3498) with space group Ia-3 (206).31

In contrast, the PEG-assisted samples (P1M1, P2M1, and P3M1)
mainly exhibited the tetragonal hausmannite Mn3O4 phase (COD
pdf #96-900-1964) belonging to the I41/amd (141) space group.39

Rietveld renement further revealed the presence of minor
© 2026 The Author(s). Published by the Royal Society of Chemistry
secondary manganese oxide phases, particularly Mn5O8 (COD pdf
#96-151-4101), in some samples, as illustrated in Fig. 5(b). The
quantitative phase composition, along with the corresponding
renement parameters, is summarized in Table 1.

As conrmed by Rietveld renement, template-free synthesis
(M1) forms cubic Mn2O3. Conversely, PEG stabilizes the phase;
increasing the PEG ratio from 1 : 0.5 (P1M1) to 1 : 2 (P3M1)
systematically eliminates Mn2O3 to yield pure hausmannite
Mn3O4, achieving a peak phase fraction of 92.3% in P3M1.

The lattice parameters obtained from the renement were
found to be in good agreement with standard crystallographic
data. Slight variations in the lattice constants were observed
among the PEG-assisted samples, which may be attributed to
lattice distortion and defect formation during crystal growth.
The crystallite sizes estimated from Rietveld renement
decreased signicantly from 24.89 nm for M1 to approximately
9 nm for the PEG-assisted samples, indicating that PEG effec-
tively restricted crystallite growth during synthesis. In contrast,
the microstrain values increased for the PEG-containing
samples, suggesting enhanced lattice distortion associated
with the reduced crystallite size.
RSC Adv., 2026, 16, 29155–29171 | 29159
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Fig. 4 EDX spectra and elementalmapping ofMn, O, and C inM1, P1M1,
P2M1, and P3M1 samples (inside showing atom % of Mn, O, and C).
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The renement quality indicators, including Rp, Rwp, and
GOF values, conrmed satisfactory agreement between the
observed and calculated diffraction proles, validating the
structural model used for the analysis.

TEM analysis. TEM analysis was carried out to further
support and validate the ndings obtained from FESEM and
Fig. 5 (a) Powder XRD pattern of the prepared samples, (b) Rietveld refine
reflection positions, and the difference curve between the experimental

29160 | RSC Adv., 2026, 16, 29155–29171
XRD characterizations. The TEM micrographs of the synthe-
sized P3M1 nanoparticles are presented in Fig. 6, where the
particles appeared to exhibit spherical morphology with varying
dimensions. A single well-dened particle was distinctly visible
in Fig. 6(a), which was consistent with the morphological
observations made from FESEM analysis. Well-resolved lattice
fringes were identied in [Fig. 6(b) and (g)], conrming the high
degree of crystallinity possessed by the Mn3O4 nanoparticles.
Three cross-sectional regions from these two micrographs were
selected and examined using ImageJ soware. The corre-
sponding FFT patterns shown in [Fig. 6(c), (e) and (h)], along
with the line intensity proles illustrated in [Fig. 6(d), (f) and
(i)], enabled the identication of three distinct crystallographic
planes, namely (211), (013), and (200), with their corresponding
d-spacing values measured as 0.248, 0.276, and 0.286 nm,
respectively. These experimentally determined d-spacing values
were found to be in close agreement with those reported in the
reference pattern COD pdf #96-900-1964, further conrming the
crystalline phase of the prepared nanoparticles.40

Solid state UV

The UV-Vis absorption spectra of the synthesized samples are
presented in Fig. 7. The absorption coefficient (a) was deter-
mined using the equation41 -

a ¼ A

d
(iv)

where, d denotes the specimen thickness. The photon depen-
dency of the absorption coefficient was analyzed using Tauc's
equation42 -
ment plot of prepared samples displaying the simulated pattern, Bragg
and simulated data.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural parameters obtained from Rietveld refinement of the synthesized manganese oxide samples, including phase composition,
lattice parameters, crystallite size, microstrain, and refinement quality indicators

Sample Major phase

Phase composition (%)

a (Å) c (Å)
Crystallite
size (nm) Strain (%) Rp Rwp GOFMn3O4 Mn2O3 Mn5O8

M1 Mn2O3 (cubic) — 87.3 12.7 9.414 — 24.89 0.51 7.31 9.51 2.01
P1M1 Mn3O4 (tetragonal) 80.5 0.9 18.6 5.771 9.449 8.89 1.54 5.34 7.07 1.17
P2M1 Mn3O4 (tetragonal) 78.3 15.6 6.1 5.774 9.432 9.86 1.39 4.36 5.61 0.77
P3M1 Mn3O4 (tetragonal) 92.3 6.8 0.9 5.765 9.453 9.65 1.42 8.38 10.63 2.71
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(ahn)2 = B(h − Eg) (v)

where, B is the parameter that depends on the transition
probability and Eg is the optical energy gap. The absorption
coefficient, shown in Fig. 7, were obtained by plotting (ahn)2

versus hn. The intercepts of the straight lines with the photon
energy axis gave the optical band gap, which were found to be
4.00 eV, 3.93 eV, 3.91 eV and 3.87 eV for M1, P1M1, P2M1 and
P3M1, respectively. This reduction in band gap energy could be
attributed to the inuence of PEG as a so template during the
synthesis process. By preventing aggregation and passivating
surface traps, PEG may reduce mid-gap states, sharpen the
conduction/valence bands, and effectively narrow the band gap.
Since the optical band gap of semiconductors typically lies
between >2.0 eV and <4.0 eV, these results conrmed the sem-
iconducting nature of the prepared particles.
Fig. 6 TEM image of the prepared P3M1 at different magnifications: scale
corresponding cross sections (b and g). (d, f and i) Line intensity plots o
colors.

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

The Raman spectrum of the synthesized P3M1 material (Fig. 8)
showed four distinct peaks; a strong band at 657 cm−1 and three
weaker, broader peaks at 307, 357, and 477 cm−1, which cor-
responded to the lattice vibrations of Mn3O4. The bands at
357 cm−1 and 477 cm−1 were attributed to the doubly degen-
erate T2g symmetry mode, consistent with the tetragonal phase
of Mn3O4.43 The A1gmode, linked toMn–O breathing vibrations
of Mn2+ ions in tetrahedral coordination, was found to have the
strongest and sharpest peak at 657 cm−1. These results
conrmed consistency between the synthesized material and
commercially available and chemically generated Mn3O4

powders, as they were in good accord with the spectrum
features of hausmannite.44
bars of (a) 100 nm, (b) 20 nm, and (g) 10 nm. (c, e and h) FFT images of
f corresponding crystal planes from FFT images indicated by different

RSC Adv., 2026, 16, 29155–29171 | 29161
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Fig. 7 Optoelectronic properties of the prepared samples. (Left) UV-Vis absorption spectra. (Right) Absorption coefficient in the formof (ahn)2 vs. hn.
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XPS analysis. XPS was employed to examine the elemental
composition, electronic structure, and oxidation states of the
synthesized P3M1. The survey and high-resolution spectra of
the Mn3O4 nanomaterial are shown in [Fig. 9(a)]. The wide-scan
survey spectrum conrmed the presence of Mn, O and C with
well-dened signals corresponding to Mn 2p, Mn 3s, Mn 3p, O
1s, and C 1s, along with characteristic O KL and Mn LM Auger
features. The high-resolution Mn 2p spectrum [Fig. 9(b)]
exhibited two prominent peaks at binding energies of 654.17
and 642.18 eV, assigned to Mn 2p1/2 and Mn 2p3/2, respectively,
Fig. 8 Raman spectrum of prepared P3M1.

29162 | RSC Adv., 2026, 16, 29155–29171
with a spin–orbit splitting of ∼11.99 eV, consistent with the
mixed-valence character of Mn3O4. The Mn 2p3/2 envelope was
deconvoluted using Gaussian peak tting, yielding two
components at 641.66 and 640.85 eV, attributable to Mn3+ and
Mn2+ species, respectively.45 Quantitative analysis of the tted
peak areas revealed that Mn2+ andMn3+ account for 51.02% and
48.98% of the total surface manganese content, respectively,
corresponding to a near-equimolar Mn2+ : Mn3+ ratio of
approximately 1 : 1. This was further supported by the Mn 3s
spectrum [Fig. 9(c)], which showed a characteristic multiplet
splitting of ∼6.13 eV between the peaks at 89.83 and 83.70 eV
consistent with mixed manganese oxidation states.46 The O 1s
spectrum [Fig. 9(d)] was deconvoluted into two components
located at 532.10 and 530.27 eV. The lower-energy peak was
attributed to lattice oxygen (O2−), whereas the higher-energy
was associated with surface hydroxyl species. These features
corresponded to Mn–O–Mn bonding and Mn–OH surface
groups, respectively, with the hydroxyl contribution originating
from moisture adsorption upon environmental exposure.47 The
C 1s spectrum [Fig. 9(e)] displayed a dominant peak at 284.78 eV
arising from adventitious carbon, accompanied by aminor peak
at 290.90 eV may be attributed to carbonate group. XPS analyses
conrmed the successful formation of Mn3O4 with its charac-
teristic mixed-valence Mn states and surface functionalities
imparted by the PEG templating process.
Wettability test

Wettability measurements were carried out to examine the
interaction between liquid and Mn3O4 powder. A smaller
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 XPS spectra of P3M1 (a) complete survey spectrum. Core level XPS narrow spectra for (b) Mn 2p region; (c) Mn 3s region; (d) O 1s region,
and (e) C 1s region. Gaussian deconvolution (fitted with the covered area).

Fig. 10 Water contact angle measurement of prepared P3M1.
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contact angle (q) indicated higher wettability and a hydrophilic
surface, whereas a larger contact angle (q) corresponded to
lower wettability and a hydrophobic nature. A contact angle of
0° represented complete wetting, while 180° denoted total non-
wetting. Both super-hydrophilic and super-hydrophobic
surfaces were considered important for various practical
applications.48 As shown in Fig. 10, The water contact angle of
the optimized P3M1 sample was measured to be 52.26°, indi-
cating a hydrophilic surface. This relatively low contact angle
could be attributed to the presence of surface hydroxyl groups (–
OH), as conrmed by the broad O–H stretching band at
∼3425 cm−1 in FTIR and the hydroxyl component in the O 1s
XPS spectrum. Comparable result was documented in earlier
report.49 The incorporation of PEG during synthesis not only
acted as a morphology-directing agent but also contributed to
surface functionalization, which enhanced the surface polarity
and wettability of the Mn3O4 nanoparticles.

Improved wettability plays a critical role in the electro-
chemical performance of aqueous rechargeable zinc-ion
batteries. A hydrophilic cathode surface facilitates better pene-
tration and spreading of the aqueous 2 M ZnSO4 electrolyte
within the porous electrode structure. This leads to enhanced
electrode–electrolyte interfacial contact, reduced charge trans-
fer resistance, shorter diffusion pathways for hydrated Zn2+ and
H+ ions, increased utilization of active redox sites. These factors
collectively contribute to the observed reversible CV behavior,
faster Zn2+ (de)intercalation kinetics, and the high specic
discharge capacity of 274.82 mA h g−1 at 0.1 A g−1. The
progressive increase in capacity during the initial ∼40 cycles
can also be partly attributed to the gradual improvement in
© 2026 The Author(s). Published by the Royal Society of Chemistry
electrolyte wetting and activation of previously inaccessible
sites within the nanostructured Mn3O4. Furthermore, the
hydrophilic nature helps mitigate volume expansion stress
during repeated cycling by promoting uniform ion distribution,
which partially accounts for the respectable capacity retention
of 76.12% aer 500 cycles. This observation is consistent with
recent ndings in manganese-based cathodes for ARZIBs. Yang
et al. (2025) constructed a TiO2 interphase on d-MnO2 via
chemical liquid-phase deposition, which simultaneously sup-
pressed manganese dissolution and improved electrode wetta-
bility. The enhanced ion transport at the interface resulted in
excellent rate capability and cycling stability, delivering
RSC Adv., 2026, 16, 29155–29171 | 29163
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Fig. 11 CV curves of P3M1-manufactured coin cell (With template) (a) at 0.1, 0.2, 0.3 and 0.4 mV s−1 scan rates, (b) the fitted lines: log(peak
current density) vs. log(scan rate), (c) SQRT of (scan rate) vs. Ip/SQRT of (scan rate) with a fitted line (d) percentages of capacitive and diffusion
contribution at different scan rates.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 6
:1

5:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a specic capacity of 310 mA h g−1 at 0.2 A g−1 and 87.6%
capacity retention aer 1000 cycles at 10 A g−1.50 Similarly,
Zhang et al. (2020) systematically investigated the effect of
cathode wettability in AZIBs using cellulose nanowhiskers/gra-
phene/MnO2 composites with contact angles ranging from
64.70° to 115.85°. They demonstrated a parabolic relationship
between wettability and performance, with the optimal perfor-
mance (384 mA h g−1 at 1C and ultra-long cycling over 5000
cycles at 20C) achieved at a moderately hydrophobic contact
angle of ∼103°.51
Electrochemical analysis

CV assessment.Within the electrochemical window of +0.8 V
to +2.0 V, CV measurements were performed for the fabricated
P3M1 coin cell at various scan rates (0.1, 0.2, 0.3, and 0.4 mV
s−1). In Fig. 11(a), a clear anodic peak was observed from +1.53
to +1.83 V, complemented by two cathodic peaks at +1.41 to
+1.24 V and +1.19 to +1.05 V. Similar oxidation and reduction
peaks were detected in each CV prole across the different scan
rates. The anodic scan revealed a sharp oxidation peak at
+1.74 V, signifying the phase transformation of Mn3O4 to
Mn5O8 as Zn2+ ions were stored within the interlayer. On the
reverse scan, the two reduction peaks corresponded to the
release of Zn2+ ions and the extraction of H+ ion – the latter
29164 | RSC Adv., 2026, 16, 29155–29171
occurring alongside the reduction of Mn(II) to Mn(III) – thereby
conrming a simultaneous H+ and Zn2+ co-deintercalation
mechanism.

The peak heights increased with faster scan rates, and the
anodic peaks shied towards the right while cathode peaks
shied to the le, demonstrating the possible slight adsorption
of Zn2+ ions onto the cathode surface responsible for Zn2+ ion
storage.52 The probable electrochemical reactions were
expressed as follows:32

Anode reaction: Zn 4 Zn2+ + 2e−

Cathode reaction: 2Mn3O4 + 2e− 4 Mn5O8 + Mn2+

H2O 4 H+ + OH−

An assessment of the CV behavior was carried out using
Dunn's approach53 -

Log i = Log a + bLog v (vi)

where a and b are constants. The slope value (b) was obtained
between 0.5 and 1.0. A slope of 0.5 indicated diffusion-
controlled behavior, while 1.0 denoted capacitive behavior.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 CV curves of M1-manufactured coin cell (Without template) (a) at 0.1, 0.2, 0.3 and 0.4 mV s−1 scan rates, (b) the fitted lines: log(peak
current density) vs. log(scan rate), (c) SQRT of (scan rate) vs. Ip/SQRT of (scan rate) with a fitted line (d) percentages of capacitive and diffusion
contribution at different scan rates.
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The anodic peak (Peak 1) exhibited a slope of 0.6 [Fig. 11(b)],
implying that the dominant charge storage mechanism was
diffusion-controlled pseudo capacitance associated with
battery-type behavior.54 The presence of Mn3O4 nanoparticles
enhanced Zn2+ storage by reducing diffusion limitations. The
capacitive contribution ratio was calculated based on the anodic
response using the following relation:55

ip(v) = k1v + k2v
1/2

Or;
ip

n1=2
¼ k1n

1=2 þ k2 (vii)

where, k1 and k2 are the slope and intercept of n1/2 vs.
ip
n1=2

plot
[Fig. 11(c)]. The pseudo-charge storage contribution was repre-
sented by k1n, while the insertion type capacity was represented
by k2n

1/2.56 At 0.4 mV s−1, the capacitive contribution was
calculated to be around 46%. With increasing scan rates of 0.1,
0.2, 0.3, and 0.4 mV s−1, the capacitive contributions were 30%,
37%, 42%, and 46%, respectively. The capacitive contribution
progressively rose with scan rate, as seen in [Fig. 11(d)], reach-
ing a maximum of 46% at 0.4 mV s−1. Higher scan rates may
yield higher capacitive coverage. Compared to the similar values
reported in previous studies, these results were lower. Crystal-
linity could be used to explain this. Although the crystallite size
© 2026 The Author(s). Published by the Royal Society of Chemistry
was small, it offered relatively few active sites for
deintercalation-driven energy storage.31 Therefore, at high
current densities, the overall storage process was predomi-
nantly capacitance-controlled.

For the M1 cathode-based cell, a distinct anodic peak was
observed in the potential range of +1.54 to +1.86 V, along with
two cathodic peaks located between +1.36 to +1.19 V and +1.19
to +1.03 V [Fig. 12(a)]. Well-dened and consistent redox peaks
were maintained at different scan rates. The calculated b-value
for the anodic peak was 0.52 [Fig. 12(b)], suggesting that the
charge storage process was predominantly diffusion-controlled.
Furthermore, the capacitive contribution derived from the
anodic response reached only ∼17% at 0.4 mV s−1 [Fig. 12(d)],
which was signicantly lower than that of the P3M1-based
cathode.

BCD analysis

Fig. 13(a) illustrates BCD prole of the fabricated coin cell
employing P3M1 as the cathode material, evaluated across
a range of applied current densities. The results demonstrated
that as the current density was progressively increased from 0.1
to 0.5 A g−1, the specic discharge capacity exhibited a consis-
tent declining trend, yielding values of 86.05, 83.21, 80.43,
77.72, and 73.44 mAh g−1, respectively. The rate capability
performance of the fabricated cell was subsequently evaluated
RSC Adv., 2026, 16, 29155–29171 | 29165

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra01648k


Fig. 13 BCD profile of the assembled P3M1 coin cell: (a) specific capacity at different current density, (b) rate capability at different current
density, (c) specific capacity of initial 50 cycles at 0.1 A g−1 current density, (d) specific capacity at 0.1 A g−1 current density, (e) cycling behavior,
specific capacity and specific discharge capacity retention at 0.1 A g−1 over 500 cycles.
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at the same current densities, as depicted in Fig. 13(b). Upon
returning the current density to its original value of 0.1 A g−1,
the specic discharge capacity was recovered to 84.97 mAh g−1,
which closely approached the initial capacity of 86.05 mAh g−1.
This corresponded to a capacity retention of approximately
98.74%. Fig. 13(c) depicted the charge–discharge curves recor-
ded over the rst 50 cycles.

Charging-discharging was done at applied current density
0.1 A g−1 for 500 cycles. The initial specic discharge capacity
was 76.47 mAh g−1, which increased to 274.82 mAh g−1 as the
cycling proceeded up to 40th cycles, then decreased gradually
for the rest of the cycling, and reached 58.21 mAh g−1 at 500th
cycle [Fig. 13(d) and (e)]. The crystal structure of Mn3O4 is
a combination of mixed valence- Mn2+ in tetrahedral sites and
Mn3+ in octahedral sites. The coexistence of Mn2+ and Mn3+

allows multiple redox couples. But the structure of Mn3O4 is not
exible like MnO2, thus restricted for Zn2+ ion diffusion at the
initial charging-discharging stages. When the battery
discharges, Zn2+ ions from the electrolyte (ZnSO4) migrated to
the cathode. Instead of just intercalation, they trigger
conversion-like reactions.57,58

Mn3O4 + xZn2+ + 2xe− / MnO2/MnOOH + Mn(aq)
2+ (viii)

Some Mn3+ is reduced to Mn2+, dissolves into the electrolyte,
while part of solid transforms into MnO2/MnOOH nanosheets,
which is a more open structure than initial Mn3O4, responsible
for higher capacity. While intercalation, Zn2+ ion along with H+

ion enter to the cathode from the electrolyte starting water
dissociation. The water molecules solvate the Zn2+ ion. A part of
the hydration shell of the solvated ion retains in the cathode,
helping stabilize its structure aer intercalation. Some part of
29166 | RSC Adv., 2026, 16, 29155–29171
the cathode experiences internal cracking, resulting in the
exposing of new sites. This formation and stabilization of
MnO2/MnOOH in the cathode surface/interior lead to the acti-
vation of the cathode and lead its gradual capacity rising. In this
case, up to 40 cycles, capacity increased, and then gradually
decreased for rest of the 500th cycles. From 1st to 40th cycles,
the restructuring and stabilization of cathode led to the co-
insertion of Zn2+ and H+ ions, uctuation between Mn3+/Mn4+

and extra H+ ion insertion for charge balance, resulting layered/
amorphous like cathode (MnO2/MnOOH) for more diffusion
channels, improving the conductivity as well as the capacity for
mixed valency states.59 Aer 40th cycle, the cathode got stable,
no cracking of the cathode interior happened then, continuous
dissolving of Mn2+ ion was lost. The hydrated Zn2+ radius
developed strong strain to the cathode crystal lattice. Thus
repeated (de)intercalation cracked the structure externally,
leading collapse of stabilized cathode. Sometimes by-products
are formed, which deposited at the electrode surface, blocking
the pores, hindered the Zn2+ ion transport, leading increased
resistance. Thus, aer 40 cycles, due to side reaction with
electrolyte, deposition of by-product on the cathode surface,
accumulation of intermediate product between Zn2+ ion and
cathode, the active mass of the cathode decreased, resulting
capacity fading to 500th cycling.33 It was also noticed that the
discharge capacity was slightly higher than the charging
capacity. The coulombic efficiency was more than 100%, it was
higher at the beginning of the cycling and at the cycling pro-
ceeded its value decreased and catch near to 100% (Table 2).
The coulombic efficiency exceeding 100% suggested the
occurrence of additional discharge–side reactions, which might
have included partial Mn-related redox contributions. This
behavior indicated that the Zn-ion insertion mechanism was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Charging capacity, discharging capacity, and coulombic
efficiency values at different cycle numbers

Cycle no.
Charging
capacity

Discharging
capacity

Coulombic
efficiency

1 67.77 76.47394 112.83139
20 97.49 119.18713 122.24734
40 227.36 274.82528 120.87407
60 202.37 245.50811 121.31107
80 185.74 219.85775 118.36401
100 159.94 184.83362 115.56412
120 129.85 155.07914 119.4287
140 129.85 140.28341 108.0343
160 100.53 128.26965 127.58235
180 100.71 119.66947 118.82294
200 82.19 99.97701 121.62908
220 80.70 92.42089 114.5214
240 80.70 75.89144 94.03928
260 80.70 73.04957 90.51784
280 64.46 67.40698 104.56057
300 63.37 64.03091 101.02972
320 59.73 61.30051 102.62816
340 58.43 58.94126 100.86943
360 56.88 57.55666 101.18092
380 55.09 56.88027 103.23998
400 57.25 60.29231 105.29897
420 54.81 58.65657 107.00749
440 54.86 57.45062 104.71574
460 55.68 58.42664 104.93186
480 53.03 56.20071 105.97266
500 56.61 58.21741 102.83312

Fig. 14 Comparative battery charge–discharge curves of M1 and
P3M1 cathodes.
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not purely governed by Zn-ion storage, but rather involved
a combined contribution from Zn-ion intercalation and Mn-
redox-associated pseudocapacitive processes. As observed in
Fig. 13(d), the specic capacity initially increased during the
early cycling stages and subsequently decreased gradually from
the 40th to the 500th cycle. The initial increase in capacity was
attributed to the electrochemical activation of the electrode
material. This phenomenon was likely associated with the
coexistence of mixed Mn oxidation states (Mn2+/Mn3+) within
the cathode, which enabled multiple redox couples and
contributed to enhanced electrochemical activity during the
initial cycles. During charging, Zn2+ intercalates into the
cathode. At the same time, some of the Mn from the cathode
dissolves into the electrolyte as Mn2+ due to disproportionation
of Mn3+.60

2Mn3+ / Mn2+ + Mn4+ (ix)

While discharging, only a part of inserted Zn2+ is extracted,
thus lowering of capacity occurs. But Mn2+ from the electrolytes
can chemically or electrochemically redeposit as MnO2/MnOOH
or Mn2O3/MnOOH on the cathode surface. This side reaction
adds extra capacity on discharge due to the participation of
more electron than expected per unit of cathode. Thus, though
the discharge is not fully reversed but the capacity is higher for
extra e− involvement. Another reason could be the electrolyte
side reaction, when H+ is intercalated to the cathode with Zn2+

from the electrolyte, due to the solvation ability of Zn2+ with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
water content present within the cell. Upon discharging the
release of H+ contributes additional discharge capacity.61

Besides, the phase transformation up to 40th cycles, allowed
more Zn2+/H+ insertion/excretion sites than were accessible at
the beginning, resulting higher coulombic efficiency and
specic discharge capacity retention. Aer 300, 400 and 500
cycles, the specic discharge capacity retention were found to
be 83.72%, 78.84% and 76.12%, respectively. Although Mn-
oxide-based cathodes in ARZIBs generally exhibit voltage
plateaus over a relatively broad potential range (∼+0.8 to +2.0 V),
the electrochemical measurements in this study were inten-
tionally restricted to a narrower operating window of +1.0 to
+1.8 V. Within this selected voltage range, the BCD proles
predominantly exhibited sloping characteristics rather than
well-dened voltage plateaus. It was observed that extending the
potential window beyond this range resulted in poorer capacity
retention. Therefore, the electrochemical investigations were
conducted within the optimized voltage range while varying the
applied current densities under a xed voltage window
[Fig. 13(a) and (b)]. The restricted operating range was deliber-
ately chosen to minimize irreversible side reactions and
suppress possible parasitic secondary reactions, thereby
improving the electrochemical stability of the system.

Fig. 14 compares the BCD proles of the M1 and P3M1
cathode-based coin cells. The M1 cathode delivered a specic
discharge capacity of 181.44 mAh g−1, whereas the P3M1
cathode achieved a signicantly higher value of 274.82 mAh g−1

at 0.1 A g−1 -representing a capacity improvement of approxi-
mately 51.5%. This substantial gain was attributed to the role of
the PEG template in directing structurally ordered morphology
during synthesis, which facilitated more accessible active sites
for ion intercalation/deintercalation.

EIS analysis. [Fig. 15(a)] illustrates the Nyquist plots of the
fabricated P3M1 coin cell before and aer BCD of 500 cycles.
The experiment was conducted at +1.8 V over a frequency range
spanning from 300 kHz to 100 mHz. To analyze the Nyquist
response, the equivalent circuit model R1 + Q2/R2 + Q3/R3 + W4

was applied. In this model, R1 corresponded to the solution
resistance (Rs), R2 represented the resistance at the electrode–
electrolyte interface due to the SEI layer (Rf), R3 denoted the
charge transfer resistance (Rct), Q2 and Q3 were constant phase
elements (CPEs) associated with porous structures, and W4 was
RSC Adv., 2026, 16, 29155–29171 | 29167
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Fig. 15 EIS of fabricated P3M1 battery using prepared material: (a)
Nyquist plot, inside unveiling fitting circuit, Bode plots of frequency-
dependent (b) impedances, and (c) phase angles.
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the Warburg impedance (Ws).62 For the fresh P3M1 cell, the
extracted values were Rs = 4.178 U, Rf = 11.56 U, Rct = 32.05 U,
and Ws = 2.324 U s−1/2. Aer 500 BCD cycles, the values
increased to Rs = 4.44 U, Rf = 27.94 U, Rct = 33.71 U, and Ws =

2.573 U s−1/2. These outcomes indicated that resistances were
lower in the fresh cell but rose aer BCD cycling. The
equivalent-circuit model provided a satisfactory t at higher
frequencies but deviated at lower frequencies, which was
Fig. 16 EDX spectra of cathodes before and after BCD (inside showing

29168 | RSC Adv., 2026, 16, 29155–29171
attributed to the development of secondary capacitive effects
within the cell. The coin cell had been fabricated manually;
cathode material was pasted onto the current collector foil and
ordinary lter paper was used as the separator. It was possible
that high-pressure crimping caused some cathode material to
inltrate the separator. Moreover, during prolonged BCD
cycling, portions of the cathode likely detached, migrated
through the lter paper, and accumulated on or formed a layer
over the anode surface. These phenomena presumably
contributed to reduced discharge capacity retention and re-
ected non-uniform mass transport within the cell.32

[Fig. 15(b)]. depicted the Bode plots of impedance versus
frequency. Impedance remained low at high frequencies but
increased as frequency decreased, conrming the capacitive
energy-storage behavior of Mn3O4 nanoparticles [Fig. 15(c)].
displayed the phase-angle plots; the maximum phase angle
increased slightly aer BCD of 500 cycles indicating pseudo-
capacitive Zn2+ ion storage at low frequencies.

Post mortem analysis

To investigate the reaction mechanism occurring inside the
coin cell, post-mortem characterization of the cathode material
was carried out. Aer completing the BCD test, the coin cell was
carefully dismantled using a sharp needle and hammer. The
cathode material was collected, rinsed with DI water, and
subsequently analyzed by EDX. The EDX spectra of the fresh
cathode (before BCD) and the used cathode (aer BCD) are
presented in Fig. 16. Both cathodes exhibited Mn and O signals
corresponding to Mn3O4, along with a small amount of F orig-
inating from the PVDF binder. Compared to the fresh cathode,
the used cathode showed the presence of Zn, indicating Zn2+

ion insertion into the Mn3O4 structure during cycling. In
elemental mapping).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 List of specific discharge capacities with respect to applied
current densities of Mn3O4 based cathodes in ARZIBs

Cathode
materials

Applied current
density (A g−1)

Specic discharge
capacity (mAh g−1) References

Mn3O4 0.1 221 58
Mn3O4 2 87 63
Mn3O4 0.1 239.2 21
MOF-derived Mn3O4 3 124.3 52
Mn3O4@C 0.5 209.6 64
Mn3O4/
GO composite

0.1 215.6 65

Core-shell Mn3O4/
carbon (Mn3O4@C)
ber

0.3 215.8 66

Mn3O4 @N
dopped carbon
coated carbon cloth

0.2 265.8 67

Mn3O4 @N
dopped carbon
matrix composite
nanorods

0.1 280 68

Mn3O4 0.1 280.9 69
Copper-ion-doped
Mn3O4

0.1 360 70

Zinc-doped Mn3O4 0.5 116 71
Cerium-modied
Mn3O4

0.5 156.36 72

Mn3O4 1 120 73
Mn3O4/MnCO3 3 91.3 74
Co-doped Mn3O4 0.2 237 75
Mn3O4 5 123 76
Mn3O4 0.1 120 77
Mn3O4 0.1 219.33 31
Mn3O4 0.1 240.75 32
Mn3O4 0.1 274.82 This work
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addition, the Mn and O contents in the used cathode decreased
by 0.12% and 2.91%, respectively, relative to the fresh cathode,
which may be attributed to side reactions and the partial
dissolution of Mn3O4 during the repeated charge–discharge
process. This observation may be associated with the decline in
capacity retention aer prolonged BCD cycling. The formation
of intermediate compounds due to Zn2+ (de)intercalation could
make the electrochemical reaction partially irreversible, leading
to the formation of ZnxMn2O3 species within the cathode and
contributing to the reduced cycling stability aer 500 cycles.
The specic discharge capacities with respect to applied current
densities of different Mn3O4 based materials are listed in Table
3. Considering the straightforward synthesis route and the low
cost associated with cathode fabrication, the present work
demonstrates a simple and economically viable approach for
developing competitive cathode materials for ARZIBs.
Conclusion

Mn3O4 nanoparticle of tuned morphology was synthesized
through a facile one-step calcination of manganese(II) acetate
tetrahydrate employing polyethylene glycol 3350 (PEG) as a so
template. The prepared Mn3O4 showed semiconducting
© 2026 The Author(s). Published by the Royal Society of Chemistry
properties and was employed as the cathode in CR-2032 coin-
cell ARZIBs. The CV analysis demonstrated that the cell
exhibited a reversible process driven by diffusion-controlled ion
insertion and extraction between the anode and cathode. At
a current density of 0.1 A g−1, the assembled battery delivered
an initial discharge capacity of 274.82 mAh g−1 at 40th cycle and
maintained 76.12% of its capacity aer 500 charge–discharge
cycles.
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