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Electronic waste (e-waste) poses a pressing environmental challenge, with improper disposal leading to
pollution, resource depletion, and ecosystem damage. In this study, we demonstrate a sustainable
strategy to repurpose e-waste into high-performance supercapacitor materials. A reduced graphene

oxide/manganese dioxide (rGO/MnO,) nanocomposite was synthesized entirely from spent dry cells

through a cost-effective process.

Structural and morphological analyses confirmed a porous

nanostructure with a large accessible surface area, enabling efficient charge storage, rapid ion transport,
and favorable electrochemical reversibility. Electrochemical testing in 1 M KOH revealed excellent
performance, with a specific capacitance of 532 F g~* at 1 A g%, an energy density of 36.22 Wh kg™ at

a power density of 350 W kg%, and 80% capacitance retention after 1500 cycles. Kinetic analysis

indicated a hybrid charge storage mechanism involving both capacitive and diffusion-controlled
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contributions, with capacitive behavior becoming more dominant at higher scan rates. Impedance

measurements further confirmed low charge-transfer resistance and rapid ion diffusion. This sustainable
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1 Introduction

Energy plays a vital role in driving scientific, technological, and
economic advancements. However, rapid population growth
and industrialization have led to a significant rise in global
energy consumption. Growing energy demand, environmental
pollution, climate change, and fossil fuel depletion underscore
the urgent need for efficient, sustainable, and eco-friendly
energy storage and conversion technologies, particularly for
renewable energy systems. In response to these challenges,
a broad range of energy devices has been investigated. Energy
conversion devices such as photovoltaic cells, thermoelectric
devices, and fuel cells are essential for converting solar,
thermal, and chemical energy into electricity, thus facilitating
the use of renewable resources. However, the irregular output of
these energy sources necessitates the implementation of energy
storage technologies to ensure a continuous and reliable energy
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approach for converting e-waste into advanced supercapacitor electrodes demonstrates the potential of
hybrid charge storage mechanisms in delivering fast, reversible, and durable energy storage.

supply.®®* Among existing energy storage technologies, batteries
and supercapacitors have attracted significant attention.
Supercapacitors, in particular, have emerged as an innovative
substitute for conventional batteries because of their low
internal resistance, excellent charge-discharge rates, high
power density, extended cycle stability, and environmental
compatibility.*?

Supercapacitors store energy through two fundamental
charge storage mechanisms: electrochemical double-layer
capacitance (EDLC) and pseudocapacitance. In EDLCs, charge
storage is governed by the electrostatic separation of ions in the
electrolyte and electrons in the electrode at the interface. While
pseudocapacitance stores energy through faradaic (redox)
reactions occurring at the electrode surface.”® These devices
play a crucial role in high-power applications, including digital
devices, emergency doors on airplanes, backup memory
systems, electric and hybrid cars, micro-devices, and mobile
gadgets. Their performance in such demanding applications
largely depends on the characteristics of the electrode mate-
rials, such as chemical structure, charge transfer capability,
accessible surface area, and structural features. The main
electrode materials that are commonly used include graphene-
based materials, transition metal oxides, and various conduc-
tive polymers.>®

Among transition metal oxides, pseudocapacitive materials
have gained considerable interest because of their remarkable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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specific capacitance and energy storage capability. Notable
examples include NiO, Ni(OH),, RuO,, Co030,, MnO,, and
Co(OH),. In particular, manganese dioxide (MnO,) is favored
due to its excellent pseudocapacitive behavior and high theo-
retical capacitance.'®* However, the effectiveness of MnO, is
limited due to its low electrical conductivity, low active site
density, and particle aggregation during cycling. To overcome
these limitations, MnO, is often combined with graphene-
based support materials. Among them, graphene oxide (GO)
and reduced graphene oxide (rGO) are particularly effective due
to their high specific surface areas and excellent electrical
properties.**™* Incorporating MnO, with graphene-based
materials enhances electrochemical conductivity, increases
specific surface area, reduces resistance pathways for ion
transport, and prevents particle agglomeration. As a result,
MnO,-graphene composites have attracted significant atten-
tion as highly promising candidates for enhancing the electro-
chemical performance of supercapacitors.”™” Recent research
on hybrid MnO,-carbon composites has demonstrated
impressive outcomes.' For instance, Wenting Xu et al. devel-
oped an MnO/CNF electrode that exhibited a specific capaci-
tance of 409.7 F ¢ ' at 1 A g~ . Nourali Mohammadi et al.
synthesized a DMC/MnO, nanocomposite, achieving 292 F g~
at 0.5 A g '* while Singhal et al. prepared an MnO,-GO
nanocomposite exhibiting a capacitance of 350 F g~ ' at
0.5 A g~'. These results highlight the immense potential of
MnO,~-carbon hybrid materials in supercapacitor technology.**

However, these promising results have been achieved using
commercial-grade precursors and complex synthesis methods
that involve multiple processing steps, high energy consump-
tion, and costly reagents. Such limitations highlight the need
for alternative, waste-derived precursors.”>** Addressing this
challenge, the present study introduces a novel, cost-effective,
and environmentally sustainable approach that utilizes spent
dry cells as the precursor material for both manganese-based
compound and graphite for synthesizing rGO/MnO, nano-
composites. Dry cell batteries, commonly used in household
electronics, are discarded in large quantities annually, and their
improper disposal releases hazardous metals and chemicals
into the environment.”® Notably, these batteries contain MnO,-
rich cathode materials and graphite rods, both of which can be
directly converted into functional electrode materials, an
opportunity that has been rarely explored in the current
literature.****

Herein, we propose a sustainable and cost-effective strategy
to fabricate rGO/MnO, nanocomposites by directly reclaiming
MnO, and graphite from spent dry cell batteries. This approach
eliminates the need for costly reagents and energy-intensive
processing, offering a scalable pathway consistent with
circular economy principles. The recovered graphite is chemi-
cally reduced to rGO and integrated with MnO, to form
a porous, conductive hybrid structure, as confirmed by struc-
tural and morphological characterizations. Such architecture is
expected to provide a high surface area, efficient electron
transport, and shortened ion-diffusion pathways, thereby
enhancing both capacitive and diffusion-controlled charge
storage. Electrochemical studies further demonstrate that the

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

View Article Online

RSC Advances

synergistic interplay between rGO and MnO, results in mark-
edly improved specific capacitance, power density, and cycling
stability compared to the individual components. By coupling
materials recycling with advanced supercapacitor design, this
work introduces a novel waste-to-resource route that not only
addresses environmental concerns but also delivers mecha-
nistic insights into the favorable charge kinetics governing
high-performance energy storage.

2 Experimental
2.1 Reagents and chemicals

Potassium permanganate (KMnO,) and sulfuric acid (H,SO,)
were obtained from Scharlau, Spain. Phosphoric acid (H;PO,)
was purchased from Janssen Chemica, Belgium, while oxalic
acid (C,H,0,) was collected from Scharlau, Spain. Hydrochloric
acid (HCI) and sodium hydroxide (NaOH) were obtained from
Sigma-Aldrich, USA. Potassium hydroxide (KOH) and hydrazine
hydrate (N,H,-H,0) were obtained from AppliChem, Germany.
Reagents of high purity were employed in their supplied form,
and ultrapure deionized water (18 MQ cm) served for the
preparation of all solutions.

2.2 Instruments

The prepared samples were characterized using multiple
analytical techniques. Fourier-transform infrared (FT-IR)
spectra were obtained using a Fourier transform spectropho-
tometer (Frontier FT-NIR/MIR, PerkinElmer, USA) in trans-
mittance mode. X-ray diffraction (XRD) patterns were obtained
with an Ultima IV (Rigaku, Japan) using a Cu K, source (1.5406
A). Surface morphology was examined using scanning electron
microscopy (SEM) (EVO18, Carl Zeiss, AG, Germany), and
images were captured at different magnifications with a voltage
of 15 kV. Energy-dispersive X-ray spectroscopy (EDX) with
a TEAM EDS system (EDAX, USA) was employed to analyze the
elemental composition. Transmission electron microscopy
(TEM) (JEOL JEM 2100F, Japan) was employed for morpholog-
ical characterization at an accelerating voltage of 200 kv with
field emission capabilities. Electrochemical studies were per-
formed using a CHI660E instrument (USA), employing a glassy
carbon (GC) working electrode (CHI104, diameter = 3 mm),
a saturated Ag/AgCl/KCl reference electrode (CHI111), and
a spiral platinum wire (BAS Inc., 23 cm) as the counter
electrode.

2.3 Extraction of graphite powder

Spent dry cells collected from residential and commercial areas
were used to extract graphite powder, following our previously
reported method.”**” Briefly, the graphite rods were retrieved by
carefully disassembling the dry cells. Initially, the rods were
cleaned with tissue paper and washed with DI water to elimi-
nate surface contaminants, followed by air-drying at room
temperature and grinding into fine powder with a mortar and
pestle. To ensure complete purification, the resulting powder
was subjected to aqua regia treatment and multiple washes with
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DI water until neutrality was attained. Finally, the purified
graphite was dried overnight at 50 °C.

2.4 Synthesis of GO

GO was synthesized from the obtained graphite powder using
the improved Hummer's method as shown in Scheme 1.7%3!
Briefly, a mixture of H,SO, and H3;PO, in a 9:1 volume ratio
(270 mL H,S0, and 30 mL H3PO,) was taken in a round-bottom
flask. Approximately 2 g of graphite powder was gradually added
to the reaction mixture under stirring, followed by the slow
addition of 12 g KMnO,. The reaction mixture was heated at 50 °©
C for 12 hours, then cooled to room temperature. Subsequently,
H,0, solution (6 mL, 30%) was carefully added under stirring to
decompose the excess KMnO,, with an ice bath used to control
the exothermic reaction. The precipitate was collected by
centrifugation (5000 rpm, 10 min) and subjected to successive
washes with DI water and 30% HCI to eliminate metal impuri-
ties. Additional rinses with DI water and ethanol were carried
out to eliminate residual chloride ions. Finally, the purified GO
was vacuum-dried overnight at 50 °C to obtain the final product.
The recovered GO is characterized by SEM and Raman spec-
troscopy, which is consistent with previous literature (SI
Fig. S1).

2.5 Synthesis of MnSO, from MnO,

MnO, in the form of a black paste was extracted from the
cathode material of spent dry cells. The recovered paste was
thoroughly washed and filtered to remove soluble contami-
nants, such as zinc chloride (ZnCl,) and ammonium chloride
(NH,4Cl). The purified MnO, paste was then gradually intro-
duced, with continuous stirring, into an acidic medium con-
sisting of concentrated sulfuric acid and an aqueous solution of
oxalic acid in deionized water. The reaction was continued until
gas evolution ceased, indicating the complete conversion of
MnO, into manganese sulfate (MnSO,).The mixture was
subsequently filtered to separate any insoluble residues. The
clear filtrate was concentrated by heating at 50 °C, resulting in
the precipitation of MnSO, crystals. The obtained crystals were
separated through filtration, thoroughly rinsed with DI water,
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and subsequently dried overnight at 50 °C. The prepared
MnSO4 is characterized by SEM, XRD and FTIR (SI, Fig. S2
and S3).

2.6 Synthesis of rGO/MnO, nanocomposite

The rGO/MnO, nanocomposite was prepared via a simple
chemical reduction method. A schematic representation of the
preparation process is provided in Scheme 1. Initially, 100 mg of
GO and 50 mg of manganese sulfate (MnSO,) were individually
dispersed in 100 mL of DI water and subjected to sonication
separately for one hour to ensure uniform dispersions. Under
constant stirring, the MnSO, solution was slowly added to the
GO suspension, followed by dropwise addition of 1 M NaOH to
adjust the pH to 11. Subsequently, hydrazine hydrate was slowly
introduced as a reducing agent into the mixture. The final
mixture was refluxed at 120 °C for 3 hours with continuous
stirring at 250 rpm. After the reaction, the resulting composite
was thoroughly washed with DI water to eliminate unreacted
substances and by-products. Finally, the washed composite was
vacuum-dried at 60 °C for 24 hours to yield the final product.

2.7 Fabrication of the rGO/MnO, modified GC electrode

The GC electrode was initially polished to a mirror-like surface
using a 0.05 pm alumina slurry on a micro cloth polishing pad.
After polishing, the electrode was ultrasonically cleaned in
deionized water for 5 minutes to remove residual abrasive
particles. For electrode modification, a 1 mg mL ™" dispersion of
synthesized rGO/MnO, was prepared in deionized water using
ultrasonication to achieve uniform dispersion. Subsequently,
a small aliquot (10 pL) of this suspension was applied onto the
polished GC surface by drop-casting and dried at room
temperature, forming a uniform coating of active material. The
prepared rGO/MnO,-modified GC electrode was then employed
for electrochemical studies.

2.8 Electrochemical experiment

The supercapacitive performance was evaluated by cyclic vol-
tammetry, galvanostatic charging-discharging (GCD), and
electrochemical impedance spectroscopy (EIS) measurements
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_— L

e
-

l Heating
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Scheme 1 Schematic illustration of the sustainable synthesis of rGO/MnO, nanocomposites from spent dry cells.
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using a CHI 660E electrochemical workstation in a three-
electrode configuration. The setup consisted of a platinum
electrode as the counter, an Ag/AgCI/KCl electrode as the
reference, and the rGO/MnO, electrode as the working elec-
trode. 1.0 M KOH aqueous solution was used as the electrolyte
for conducting all measurements. Eqn (1)-(3) were used to
evaluate the electrochemical performance of the electrodes.****

It
CsP - MAV (1)
_ Cy x AV?
E= 2x%x3.6 )
po E x 3600 3)

t

where, Cj;, is the specific capacitance (F g™'), I is the constant
discharge current (A), M is the active mass of material (g), ¢ is the
discharging time (s), and AV is the operating potential window
(V), E is the energy density (Wh kg™ ') and P is the power density
(W kg™).

3 Results and discussion
3.1 Characterization

FTIR was employed to confirm the presence of functional
groups in the synthesized materials. Fig. 1(a) compares the FTIR
spectra of rGO and rGO/MnQO,. The spectrum of rGO exhibits
several distinctive bands. The band at 3439 cm ™', correspond-
ing to O-H stretching, exhibits lower intensity and becomes
sharper compared to GO, indicating a significant decrease in
hydroxyl groups.?>**%* The bands at 2929 cm ™ * and 2856 cm™*
represent the asymmetric and symmetric stretching vibrations
of CH, groups, respectively.*® Notably, the absence of the
feature at 1734 cm ', typically assigned to C=O stretching,
further confirms the successful reduction of GO.*”*® The band at
1631 cm ™, corresponding to C=C vibrations, is observed in
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both spectra, confirming the presence of graphene sheets.
Additionally, the bands at 1454 cm™" and 1080 cm™ ',

sponding to the stretching vibrations of C-OH and C-O groups,
respectively, are characteristic of reduced graphene oxide.>”***°
In the FT-IR spectrum of rGO/MnO,, the bands at 601 and
493 cm ! are attributed to the O-Mn-O and Mn-O stretching
modes, respectively, indicating the successful integration of
MnO, within the rGO matrix.** The coexistence of absorption
bands corresponding to both rGO and MnO, strongly indicates
the formation of a composite material. The integration of MnO,
onto the rGO surface is further confirmed by XRD analysis in
addition to morphological and elemental investigations.

Fig. 1(b) presents the XRD patterns of the synthesized rGO
and rGO/MnO, nanocomposite. The XRD pattern of rGO
displays two characteristic features: a broad peak at 20 = 24.69°,
associated with the (002) plane, indicative of the disordered
graphene layer arrangement, and a second peak at 26 = 43.16°,
assigned to the (100) plane of the hexagonal carbon lattice.*>
The removal of oxygen-containing functional groups is evi-
denced by the decrease in the d-spacing of rGO to 0.361158 nm,
compared to the larger spacing of 0.97942 nm reported for
graphene oxide (Hidayah et al.),***>* confirming the reduction
by hydrazine. The XRD profile of the rGO/MnO, nanocomposite
exhibits several distinct diffraction peaks at 26 values of 18.07°,
29.01°, 31.11°, 32.71°, 36.25°, 38.60°, 44.44°, 51.48°, 54.08°,
56.33°, 58.63°, 60.32°, 64.77°, 69.91°, 74.31°, and 78.15°, cor-
responding to the (200), (101), (110), (020), (103), (211), (004),
(220), (204), (105), (312), (303), (321), (224), (040), and (332)
planes of MnO,, respectively.***¢ The interplanar spacings for
the (101), (020), (211), (220), and (321) planes are 0.30, 0.27,
0.23, 0.17, and 0.14 nm, respectively, consistent with standard
MnO, diffraction data. These diffraction features, combined
with FTIR results, validate the successful formation of the rGO/
MnO, nanocomposite.

The morphologies of rGO and the rGO/MnO, composite are
presented in Fig. 2. The SEM image of rGO (Fig. 2a) reveals

corre-
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Fig. 1 (a) FTIR spectra of rGO and rGO/MnO,, (b) XRD pattern of rGO and rGO/MnO, nanocomposite.
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a thin, sheet-like structure with noticeable crumples and wrin-
kles on the surface, indicative of a disordered material struc-
ture. These surface features increase the available surface area,
enhancing ion interaction with the electrolyte.*>*”** The SEM
images of rGO/MnO, in Fig. 2(b and c) illustrate the uniform
dispersion of MnO, nanoparticles across the rGO sheets. This
nanoparticle decoration significantly improves the porosity and
accessible surface area of the composite,* facilitating better
electrolyte penetration and more efficient charge transfer.®®
Fig. 2(d) exhibits the EDX spectrum of the rGO/MnO,
composite, highlighting its elemental composition. The weight
percentage analysis reveals a significant presence of carbon (C)
at 62.11%, oxygen (O) at 23.91%, and manganese (Mn) at
13.99%. These results suggest that MnO, is effectively inte-
grated into the rGO framework, while the graphene sheets
substantially contribute to the overall high carbon content.
TEM analysis of the rtGO/MnO, composite provides detailed
insights into its surface morphology, interlayer spacing, d-
spacing, particle size, and dispersion, offering a detailed
understanding of its nanostructural characteristics. Fig. 3(a—c)
presents TEM images of the rGO/MnO, composite at various
magnifications. These images show a uniform distribution of
spherical MnO, nanoparticles on the rGO sheets with minimal
agglomeration. The well-dispersed nanoparticles form an inte-
grated heterostructure with the graphene matrix that promotes
efficient ion and electron transport during charge-discharge
cycles.** Furthermore, the particle size distribution (Fig. 3(d))
exhibits that the average size of the MnO, nanoparticles is
approximately 16.01 nm. The HR-TEM microstructure of rGO/
MnO, (Fig. 3e) reveals a lattice spacing of 0.27 nm, indexed to

Fig. 2
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the (020) plane of MnO,, which supports the XRD results. The
coexistence of rGO sheets and MnO, nanoparticles is addi-
tionally evidenced by the selected area electron diffraction
pattern in Fig. 3(f), which displays amorphous polycrystalline
rings with distinct bright spots. The observed diffraction rings
correspond to the (020), (220), (321), and (224) planes of MnO,,
as identified in the XRD analysis, confirming the ordered
arrangement of MnO, nanoparticles within the rGO matrix.>*

3.2 Electrochemical performances

The cyclic voltammograms (CVs) for rGO, MnO,, and rGO/MnO,
modified electrodes were obtained in 1.0 M KOH electrolyte at
50 mV s~ over a potential range of —0.5 to 0.2 V, as shown in
Fig. 4(a). The CV shape of the rGO/MnO, nanocomposite
exhibits a quasi-rectangular shape with distinct redox peaks,
demonstrating the coexistence of EDL capacitive behavior and
pseudocapacitance.>*® The observed redox peaks arise from the
intercalation-deintercalation of electrolyte ions within the
MnO, structure, confirming its pseudocapacitive nature, while
the capacitance of rGO was attributed to EDL formation. The
pseudocapacitive reactions can be described as eqn (4) and (5)

(MnOZ)surface + K+ te = (MnOOK)surface (4)
MnO, + K* + e~ = MnOOK (5)
The interconnected network of the rGO/MnO, nano-

composite facilitates rapid charge transfer by providing
multiple ion-diffusion pathways, while the conductive rGO

Element Weight (%)

i T e c 62.11
. I 0 23.91
1 Mt AL Mn 13.99

SEM image of (a) rGO, (b and c) rGO/MnO,, and (d) EDX spectrum of rGO/MnO,.
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Fig.3 TEM images of rGO/MnO; at (a) 200 nm, (b) 100 nm, (c) 50 nm, (d) particle size distribution, (€) HRTEM image with interplanar spacing, and

(f) SAED pattern.

framework enhances electron transport. Simultaneously, MnO,
nanoparticles offer abundant redox-active sites. As a result,
rGO/MnO,, exhibits a substantially larger CV integrated area
compared to individual rGO or MnO,, demonstrating superior
capacitive performance.**** The GCD curves of rGO, MnO,, and
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rGO/MnO, at 1 A g " are presented in Fig. 4(b). The non-linear
GCD curve of rGO/MnO, reflects the dual charge-storage
process, wherein rGO contributes through double-layer capac-
itance and MnO, through pseudocapacitive reactions. This
observation is in good agreement with the CV results. The rGO/
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Fig. 4 Electrochemical performance of rGO, MnO,, and rGO/MnO; in 1.0 M KOH. (a) CVs at a scan rate of 50 mV s~ and (b) GCD curves at

a current density of 1A g%,
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Table 1 Comparison of the present work with earlier reported supercapacitor performances®

Electrochemical performance (method: GCD)
Material Cop (Fg™) E(Whkg™) P(Wkg™) Retention (cycle) (%) Ref.
DMC/MnO, 292 34 100 79 (2000) 20
Ni/MnO,/PC 267.34 28 360 83.6 (5000) 64
NG-MnO, 220 84.4 396.3 98.3 (1000) 65
rGO-CNTs-MnO, 332.5 41.6 513.7 89.2 (10 OOO) 66
rGO/MnO, 398 — — 94 (5000) 67
MnO,/rGO 435 — — 97.5 (500) 68
MnO,/Graphene 500 14 250 85.3 (5000) 69
NiO-Mn,0,@rGO 420 45 810 91 (500) 70
rGO/MnO, 532 36.2 350 80 (1500) This work

“ PC: porous carbon; NG: nitrogen-doped graphene; CNTs: carbon nanotubes.

MnO, electrode achieves a high specific capacitance of 532 F g~
at 1 A g~ (using eqn (1)), substantially outperforming that of
individual rtGO and MnO, electrodes. This enhanced perfor-
mance arises from the synergistic effect between the conductive
rGO framework and the redox-active MnO, nanoparticles.>>*®
Notably, this performance is achieved by directly utilizing spent
dry cells as the sole source of both graphene oxide and
manganese. Compared with conventional systems based on
expensive or chemically intensive precursors, this recycling-
based strategy offers a sustainable and cost-effective route for
fabricating high-performance electrode materials. As summa-
rized in Table 1, the specific capacitance obtained here is
comparable to, and in several cases exceeds, previously reported
values, highlighting the novelty and competitiveness of this
approach.

Moreover, the electrochemical performance of the rGO/
MnO, composite electrode was further investigated at different
scan rates and current densities to evaluate its rate capability.
Cyclic voltammetry measurements were conducted at scan rates
ranging from 25 to 200 mV s ' (Fig. 5a). The enhancement of
current at higher scan rates demonstrates that the rGO/MnO,
electrode retains its high electrochemical reversibility. The shift
of the oxidation peak toward positive potentials and the
reduction peak toward negative potentials at higher scan rates
is largely attributed to the internal resistance of the electrode.**
The relationship between specific capacitance and scan rate for
the rGO/MnO, nanocomposite is presented in Fig. 5(b). The
electrode exhibits a specific capacitance of 283.53 F g~ ' at
25mV s " and decreases to 171.97 F g~ ' at 200 mV s~ . The drop
in capacitance at higher scan rates is caused by limited ion
mobility into the deeper pores of the electrode, along with an
increase in its internal resistance. At higher scan rates, the
electrochemical reactions become predominantly surface-
limited, leading to a reduction in total charge storage.’””** The
GCD curves of the rGO/MnO, electrode were measured at
current densities ranging from 0.5 to 10 A g~ (Fig. 5c). The
curves exhibit progressively shorter charge-discharge times as
the current density increases, suggesting the presence of kinetic
limitations at higher current densities. Correspondingly, the
specific capacitance decreases from 721 Fg ' at 0.5A g ' to 280

41880 | RSC Adv, 2025, 15, 41874-41885

F g ' at 10 A g~' (Fig. 5d).The decrease is primarily due to
incomplete redox reactions and the lower availability of
electroactive surface area at higher current densities.®® Notably,
the specific capacitance values obtained from CV differ from
those derived from GCD measurements, owing to the funda-
mental differences in their measurement techniques. CV inte-
grates both electric double-layer and pseudocapacitive
contributions during potential sweeps, often resulting in higher
capacitance values at low scan rates. In contrast, GCD reflects
practical charge-discharge behavior under constant current,
which is more influenced by internal resistance and diffusion
limitations.**

Electrochemical impedance spectroscopy was employed to
examine the charge transfer processes and electrode-electrolyte
interactions in the prepared materials. Fig. 6(a) presents the
Nyquist plots of the rGO and the rGO/MnO, electrodes in 1.0 M
KOH in the frequency ranging from 0.1 Hz to 100 kHz. The
Nyquist plot can be divided into two regions: a semicircular
feature at high frequency corresponding to charge transfer
resistance, and a linear region at low frequency associated with
ion diffusion.”” Fig. 6(b) exhibits the fitted equivalent circuit
diagram for better understanding of the electrode behavior,
which consists of the solution resistance (R;), Warburg imped-
ance (W), charge-transfer resistance (R.), capacitance
(C).#+*>7t7> EIS analysis revealed that the rGO/MnO, nano-
composite exhibited a Rs of 9.738 Q and a remarkably low R, of
1.512 Q, indicating excellent electrical conductivity and efficient
charge transport at the electrode-electrolyte interface. Addi-
tionally, two distinct capacitance components, C; (0.006601 F)
and C, (0.0005494 F), suggest multiple charge storage mecha-
nisms contributing to the enhanced capacitive behavior of the
nanocomposite. The energy and power densities of the
synthesized rGO/MnO, nanocomposite evaluated
using eqn (2) and (3). The nanocomposite delivered a maximum
power density of 175 W kg™ " at an energy density of 49.06 Wh
kg ' at 0.5 Ag ' (Fig. 6(c)), demonstrating its promising
electrochemical performance. Furthermore, stability is a key
factor for supercapacitors in practical applications. The rGO/
MnO, electrode retained approximately 80% of its initial
specific capacitance after 1500 charge-discharge cycles at

were
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100 mV s~ ', demonstrating sustained energy storage over
extended operation. These results, shown in Fig. 6(d), highlight
the electrode's stable performance and its potential for long-
term supercapacitor applications.

The electrochemical reversibility of the rGO/MnO, electrode
was evaluated by plotting the peak current density (i,) against
the square root of the scan rate (v*/?) as shown in Fig. 7(a). The
linear relationship between current density and v confirms
that the electrode exhibits good reversibility. To further eluci-
date the reaction kinetics and differentiate the charge storage
mechanisms, the dependence of the i, on the v was analyzed
using the power-law relationship (eqn (6) and (7))”

iy =a’ (6)
logi, =blogv + loga (7

where a and b are arbitrary constants related to the electrode
material and the charge storage mechanism. Here, the b-value,
obtained from the slope of the linear regression of log i, vs. log v
(Fig. 7b), indicates the dominant charge storage behavior. A b-

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

value of 0.5 signifies a diffusion-controlled process such as
faradaic intercalation, whereas a value of 1 denotes surface-
controlled capacitive behavior, including both EDLC and
pseudocapacitance.” The calculated b-value for the anodic
process was 0.73, indicating a mixed contribution of both
diffusion-controlled and capacitive processes. This hybrid
behavior reflects the synergistic charge storage characteristics
of the rtGO/MnO, nanocomposite.””*

Moreover, the relative contributions of capacitive and
diffusion-controlled processes were measured using the eqn (8)
and (9):"

l(V) S klv + szllz [8)
(V2 = k' + ky (9)

In eqn (8), the capacitive and diffusive contributions are deno-
ted by kv and k2 respectively. The constants k; and k, are
found using eqn (9), which is a rearranged version of eqn (8).
The slope (k;) and intercept (k) were determined by linearly
fitting the plot i(V)/v"/? vs. v"/? at a constant potential (V), as seen
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in Fig. 8(a). The variation in capacitive and diffusive contribu- shown in Fig. 8(b), the capacitive contribution increases from
tions at different scan rates was visualized through a bar graph  30.60% at 25 mV s~ ' to 55.50% at 200 mV s '. This trend
(Fig. 8b) based on these calculated values of k; and k,.**7*7*”* As  highlights that at higher scan rates, capacitive processes
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dominate because the limited time restricts ion diffusion and
pseudocapacitive intercalation within the electrode structure.
Conversely, the diffusion-controlled contribution diminishes
with increasing scan rate, consistent with the shorter timescale
for electrolyte ion transport.**”* Fig. 8(c) further illustrates the
deconvolution of capacitive and diffusion-controlled contribu-
tions at a representative scan rate of 25 mV s~ *. The shaded blue
region corresponds to the capacitive component, while the
remaining red area denotes the diffusion-controlled contribu-
tion. Quantitative analysis indicates that capacitive processes
account for 30.60% of the total current at this scan rate,
consistent with the lowest value reported in the contribution
profile (Fig. 8b). The predominance of the diffusion-controlled
region under these conditions highlights the significant role
of ion intercalation and redox reactions within the MnO, lattice,
which remain accessible due to the relatively long timescale for
ion transport at lower scan rates. Importantly, the visual sepa-
ration in Fig. 8(c) underscores that capacitive contributions are
distributed across the potential window rather than localized to
a specific redox region, reflecting the hybrid charge storage

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

behavior of rGO/MnO,. This analysis confirms that while
diffusion-controlled processes dominate at lower scan rates,
capacitive processes progressively contribute more strongly
with increasing scan rate, in line with the bar chart trends
shown in Fig. 8(b).

4 Conclusions

This work demonstrates a sustainable and effective strategy for
fabricating high-performance rGO/MnO, composite electrodes
using graphene oxide and manganese-based compounds
recovered from spent dry cells. The porous and interconnected
architecture, confirmed by SEM and TEM, provides abundant
active sites and facilitates rapid ion diffusion and charge
transfer. As a result, the electrode delivered a high specific
capacitance of 532 F g~ " at 1 A g~ ', along with an energy density
of 36.22 Wh kg™ " and a power density of 350 W kg~ ". Electro-
chemical impedance spectroscopy further confirmed low
internal resistance and favorable ion transport, while cycling
tests revealed excellent durability, with 80% capacitance
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retention after 1500 CV cycles. By repurposing e-waste into
functional electrode materials, this study addresses both envi-
ronmental sustainability and energy storage challenges. These
findings highlight the potential of waste-derived nano-
composites as scalable, eco-friendly alternatives for next-
generation supercapacitors. Future efforts will focus on
process optimization and device-level integration to advance
their practical deployment in green energy technologies.
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