
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
12

:0
1:

36
 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Recycling waste
aDepartment of Applied Chemistry and Chem

Rajshahi-6205, Bangladesh. E-mail: shamee
bChemistry Discipline, Khulna University, K
cDepartment of Chemistry, Khulna Uni

Bangladesh. E-mail: yousuf@chem.kuet.ac.b

Cite this: RSC Adv., 2026, 16, 16519

Received 6th January 2026
Accepted 19th March 2026

DOI: 10.1039/d6ra00127k

rsc.li/rsc-advances

© 2026 The Author(s). Published by
dry cells into sustainable
supercapacitor electrodes via cobalt-doped zinc
ferrite/rGO nanocomposite

Md Sabbir Ahmed, a Nusrat Tazeen Tonu, b Md. Tamzid Hossain Molla, a

Mohammad Abu Yousuf *c and Md. Shameem Ahsan *a

This research introduces a sustainable strategy for supercapacitor fabrication by utilizing waste-dry cell

battery-derived materials to simultaneously meet energy-storage demands and mitigate environmental

concerns. Cobalt-doped zinc ferrite (Co0.5Zn0.5Fe2O4) (CZF) of spinel structure was synthesized using

a hydrothermal method, and subsequently, 2D reduced graphene oxide (rGO) was derived from waste

dry-cell batteries. The integration of the CZF/rGO nanocomposite was achieved via a straightforward

sonication process, which was confirmed by a series of spectroscopic analyses, viz., FTIR, SEM, EDX,

XRD, XPS, TEM and BET analyses. The SEM observations together with BET surface area analysis revealed

that the nanocomposite possesses a porous structure, which can effectively promote electrolyte ion

transport while providing a large surface area for enhanced charge storage. The electrochemical

behavior was investigated in a 2 M KOH electrolyte using a three-electrode system, where a glassy

carbon electrode (GCE) served as the working electrode, through CV, GCD, and EIS. The CZF/rGO

nanocomposite electrode exhibits a specific capacitance of 91 F g−1 (0.13 F cm−2) at 10 A g−1, while

maintaining a relatively low internal resistance of 1.9 U. Moreover, the assembled asymmetric device

exhibits an energy density of 3.99 Wh kg−1 at a power density of 450 W kg−1. The device also shows

good cycling stability, retaining 84.1% of the initial capacitance after 1000 cycles. These improvements

arise from the combined contribution of CZF and rGO, providing abundant active sites, improved charge

transport, and a high accessible surface area. Overall, the findings demonstrate that materials derived

from waste can serve as promising and sustainable candidates for energy storage, with potential for

practical supercapacitor devices demanding stable, fast-charging, and environmentally friendly electrodes.
1. Introduction

The world's bourgeoning energy demands and the nite fossil
fuel reserves highlight the critical need for long-term, environ-
mentally friendly energy alternatives. The use of fossil fuels has
an adverse impact on environmental concerns, including air
pollution and global warming, due to the excessive use of
limited natural resources and the release of large amounts of
greenhouse gases.1,2 In the modern industrial period,
enhancing economic stability and social advancement is
directly linked to the reduction of fossil fuel usage. The Inter-
national Energy Agency (IEA) predicts that worldwide energy
demand will increase by 2050.3–5 In order to resolve the global
energy problems and use renewable resources effectively,
scientists must prioritize the development and implementation
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of environmentally friendly, highly efficient energy storage
systems.6 Many studies have focused on batteries7,8 and
supercapacitors9–11 as potential energy storage systems. For
instance, supercapacitors have a number of benets over
regular batteries, such as high-power density, better lifespan,
fast charging, and fewer maintenance needs.12–16 They are an
attractive substitute for high-power applications in consumer
electronics, electric cars, memory backup systems, and grid-
scale energy due to their lightweight design, durability, and
eco-friendliness.17–19

Supercapacitor performance is primarily inuenced by the
intrinsic features of the electrodes, including their conductivity
and surface area, as well as by the nature and ionic conductivity
of the electrolyte.20,21 The two principal charge storage processes
of supercapacitors depend entirely on the composition of their
electrode materials.22,23 Electrode materials are divided into
electrical double-layer capacitance (EDLC)24,25 and pseudo
capacitance26,27 based on their charge storage mechanisms.
Graphene,28 graphene oxides,29,30 carbon nanobers, carbon
nanotubes,31 and activated carbon32 are frequently used as
electrode materials in electric double-layer capacitors
RSC Adv., 2026, 16, 16519–16539 | 16519
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(EDLCs).33,34 Carbon-based electrodes35,36 provide benets like
extended longevity, substantial specic surface area, and
chemical stability; however, their capacitance is comparatively
low.37 Conversely, transition metal oxides (TMOs) such as
NiO,38,39 ZnO,40 MnO2,41 and Co3O4

42 serve as the fundamental
electrode materials in pseudo-capacitors.43,44 Despite exhibiting
high capacitance, transition metal oxides demonstrate poor
cycle stability.45 By integrating these two material kinds, we may
achieve enhanced rate capability, increased capacitance, and
improved stability.46

Among numerous spinel TMOs of the AB2O4 structure
(where A and B denote metal ions occupying tetrahedral and
octahedral positions, respectively), spinel zinc ferrite (ZnFe2O4)
is of great interest. Because of its unique characteristics, natural
abundance, cheap cost, and eco-friendliness, it has been the
subject of substantial investigation.47–49 Various methods exist
for modifying ZnFe2O4, including the use of material compos-
ites and structural alterations through doping with different
transition metals (TMs) in the MxZn1−xFe2O4 (where M = Co,
Cu, Ni, Mn) structure.50 While these dopants affect the ferrite
surface ion distribution, they also affect the spinel crystals' A
and B sites.51 According to the literature, Co is one of the most
effective transition metals (TMs) and has seen extensive appli-
cation as a dopant, leading to improvements in a wide range of
material properties.52–54 Nevertheless, one drawback of cobalt-
doped zinc ferrite (CoxZn1−xFe2O4) (CZF) is that it gets
agglomerated together during synthesis due to the magnetic
interaction, which decreases the effective surface area and
hence restricts the charge storage process. Thus, to address
these issues, it is possible to incorporate a material with
excellent electrical conductivity, such as graphene. This is
because it can supply enough electroactive species at the elec-
trode–electrolyte interface.55

Graphene is an exceptional example of a two-dimensional
carbon nanomaterial because of its high electrical conduc-
tivity, mechanical strength, and chemical stability.56,57 It can be
easily synthesized through the oxidation of graphite to form
graphite oxide, which is subsequently exfoliated into graphene
oxide.58 Since graphene possesses outstanding conductivity, it
can be utilized as a benecial additive to metal oxides, hence
facilitating the transportation of electrons in a fast and efficient
way.55 Graphene can balance the high interface energy of the
additional nanomaterials, making them less likely to agglom-
erate and allowing for greater utilization of these materials.59–61

Combining pseudocapacitive spinel ferrites with graphene has
resulted in the development of a wide variation of electrode
materials, and it has also led to the advancement of high-
efficiency energy storage devices.50,62

However, owing to its limited availability, pure graphite
remains an expensive material.63 The production of reduced
graphene oxide (rGO) fromwaste materials provides a solution to
this problem. The widespread availability and reasonable price of
dry-cell batteries make them ideal for use in a wide range of
typical household items, which include but are not limited to:
electronic toys, clocks, radios, tape recorders, cameras, and
remote controls.64 But since these cells are primary batteries, they
cannot be reused or recharged once depleted; thus, it is necessary
16520 | RSC Adv., 2026, 16, 16519–16539
to dispose of the used cells. Due to the rising demand for these
cells, recycling old batteries is becoming more challenging and
economically not viable.65–67 In addition, there is a lack of natural
graphite supplies, despite the high and expected demand for
pure graphite in many industrial uses.68,69 With all the problems
that come with making synthetic graphite, recycling it from used
batteries is the most eco-friendly option.70–72

Recent studies have explored spinel ferrite nanomaterials
and graphene-based composites as promising electrode mate-
rials for supercapacitor applications due to their excellent
electrochemical activity and electrical conductivity. For
instance, Sezgin Yasa (2026)73 synthesized Co0.5Zn0.5Fe2O4

nanoparticles using combined co-precipitation and hydro-
thermal methods and demonstrated their potential as electrode
materials for supercapacitor applications. Similarly, Putjuso
et al. (2023)74 investigated CoxZn1−xFe2O4 (x = 0.0–0.4) nano-
particles as supercapacitor electrodes and reported pseudo-
capacitive behavior associated with faradaic redox reactions. In
addition, the conversion of waste materials into graphene-
based carbon has gained increasing attention for sustainable
energy storage. For example, Dzikunu et al. (2024)45 produced
graphene oxide from industrial waste spent pot lining, while
Bhatt et al. (2025)17 synthesized reduced graphene oxide from
waste tyres and integrated it with MoS2 to enhance electro-
chemical performance. Furthermore, ferrite/carbon hybrid
structures have been widely investigated to improve super-
capacitor properties. For instance, Jain et al. (2025)75 reported
NiFe2O4/rGO nanocomposites synthesized via a sol–gel auto-
combustion method, and Sabahat et al. (2025)76 prepared
Co0.5Zn0.5Fe2O4/MWCNT composites synthesized via sol–gel
and one-pot wet-impregnation method, demonstrating that
conductive carbon frameworks signicantly enhance the
capacitance compared with bare ferrite materials.

In consideration of the previously mentioned points, this
study aims to develop a sustainable electrode material for
supercapacitor applications by utilizing waste dry-cell batteries
as a carbon source for the production of rGO. Specically, CZF
nanoparticles were synthesized and combined with rGO
through a simple sonication process to form a CZF/rGO nano-
composite. To the best of our knowledge, the development of
CZF/rGO nanocomposites using waste dry-cell battery-derived
carbon has rarely been reported for supercapacitor applica-
tions. The objective of this work is to investigate how the
incorporation of conductive rGO sheets enhances the electro-
chemical performance of CZF by improving electrical conduc-
tivity, providing additional active sites, and facilitating efficient
ion transport. This approach demonstrates a sustainable
strategy for converting hazardous battery waste into value-
added energy storage materials, offering an environmentally
friendly and cost-effective route for the development of next-
generation supercapacitor electrodes.

2. Experimental
2.1. Materials

All chemicals used were of analytical quality, and no further
purication was performed. Sodium hydroxide pellets (NaOH;
© 2026 The Author(s). Published by the Royal Society of Chemistry
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CAS: 1310-73-2; $98%), hydrochloric acid (HCl; CAS: 7647-01-0;
37%) and sulfuric acid (H2SO4; CAS: 7664-93-9; 98%) were
bought from Sigma-Aldrich. We obtained cobalt chloride
hexahydrate (CoCl2$6H2O; CAS: 7791-13-1; 98%), anhydrous
zinc chloride (ZnCl2; CAS: 7646-85-7; 99.99%), ferric chloride
hexahydrate (FeCl3$6H2O; CAS: 10025-77-1; 97%), and phos-
phoric acid (H3PO4; CAS: 7664-38-2; 85%) from Merck (Ger-
many). Potassium permanganate (KMnO4; CAS: 7722-64-7;
99%), hydrogen peroxide (H2O2; CAS: 7722-84-1; 30%) and
hydrazine hydrate (N2H4.H2O; CAS: 7803-57-8; 99%) were
purchased from Loba Chemie (India). Rectied spirit was
purchased from Carew & Co (Bangladesh) Ltd. All of the
research carried out in the study used water that had been
double-distilled.
2.2. Synthesis of cobalt-doped zinc ferrite (CZF)

Cobalt-doped zinc ferrite (CoxZn1−xFe2O4; x = 0.5) nanoparticle
was synthesized by a modied hydrothermal co-precipitation
method according to the previously reported method.77 Cobalt
chloride hexahydrate (CoCl2$6H2O), zinc chloride (ZnCl2), and
ferric chloride (FeCl3) were dissolved separately in 25 mL of
distilled water each andmixed in a stoichiometric molar ratio of
1 : 2 (M2+ : Fe3+) to form a clear solution. The pH of the mixture
was adjusted to 12.5 by gradually adding 2 M NaOH drop-by-
drop while stirring continuously at 500 rpm for an hour. This
process resulted in the formation of a homogeneous dark
brown slurry. Then it was transferred into 200 mL Teon-coated
autoclaves and subjected to a hydrothermal reaction by heating
at 100 °C for 6 h. Aer cooling naturally to room temperature,
the product was centrifuged to separate the solid phase and
washed multiple times with distilled water and ethanol to
remove any impurities. The puried product was dried at 80 °C
for 6 hours to obtain solid CZF nanoparticles. Finally, the dried
material was ground into a ne powder using a mortar,
ensuring uniformity and ease of further applications.
2.3. Graphite collection

Graphite powder is obtained by removing graphite rods from
used batteries. At rst, the used AA-size Bangladeshi Sunlight
battery cell was opened up in order to remove the graphite rods.
The used batteries were collected from various locations,
including markets, homes and stores. The batteries were care-
fully separated without damaging the graphite rods within the
Fig. 1 Schematic structures of graphite, graphene oxide, and reduced g

© 2026 The Author(s). Published by the Royal Society of Chemistry
cell. The graphite rods were washed with 1 M HCl and subse-
quently rinsed multiple times with distilled water to eliminate
MnO2 and other contaminants. The graphite rods were dried in
an oven at 70 °C for 12 h. The freshly formed graphite rods are
then air-dried and nely crushed in a mortar and pestle to
obtain ne graphite powder.
2.4. Synthesis of reduced graphene oxide (rGO)

First, graphene oxide (GO) was synthesized from the reclaimed
graphite powder by using the improved Hummers' method.78 A
mixture consisting of 243 mL of 98% sulfuric acid (H2SO4) and
27 mL of phosphoric acid (H3PO4) in a 9 : 1 volume ratio was
prepared in a 500 mL round-bottom ask. Subsequently, 2 g of
graphite powder and 12 g of potassium permanganate (KMnO4)
were gradually added while maintaining continuous stirring.
The reaction mixture was further heated to 50 °C for 2 h,
yielding a dark green color. Aer cooling to room temperature,
the entire mixture was placed in an ice bath for 8 h. Aer that,
400 mL of distilled water and 6 mL of 30% hydrogen peroxide
(H2O2) were carefully added at approximately 4 °C to stop the
reaction and neutralize any residual KMnO4. The resultant
precipitate was separated by centrifugation and thoroughly
rinsed with distilled water, 30% HCl, and ethanol to eliminate
any remaining impurities. Then it was dried in an oven at 90 °C
for 24 h to yield graphene oxide powder. Aer that, an aqueous
suspension containing 700 mL of GO at a concentration of 1 mg
mL−1 was treated with hydrazine hydrate (N2H4$H2O) in a ratio
of 1 mL of N2H4$H2O for every 100mg of GO in order to produce
rGO. Aer completion of the reduction process, the product was
ltered and then washed with distilled water multiple times
until the ltrate achieved a neutral state. The nal black
precipitate of rGO was dried to a consistent weight at 110 °C.
The structures of graphite, graphene oxide, and reduced gra-
phene oxide are shown in Fig. 1.
2.5. Synthesis of CZF/rGO nanocomposite

A simple sonication method was employed to fabricate the CZF/
rGO nanocomposite. CZF was initially dispersed in a 2 M HCl
aqueous solution while being subjected to mechanical agitation
for a duration of 30 minutes. This step ensured proper mixing
and activation of the material, facilitating subsequent
processes. Following this, rGO and CZF were introduced into
a beaker in a weight-to-weight ratio of 1 : 1. The mixture was
raphene oxide.

RSC Adv., 2026, 16, 16519–16539 | 16521
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Fig. 2 Schematic illustration of the synthesis procedures: (a) hydrothermal synthesis of Co0.5Zn0.5Fe2O4 (CZF) nanoparticles, (b) preparation of
reduced graphene oxide (rGO) fromwaste dry-cell battery materials, and (c) fabrication of the CZF/rGO nanocomposite via a sonication-assisted
integration process.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
12

:0
1:

36
 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
thoroughly swirled for 30 minutes and subsequently sonicated
at 40 kHz for 1 h. Aer sonication, the resulting precipitate was
homogenized, yielding a well-dispersed solution. The collected
composite was washed with rectied spirit and distilled water,
16522 | RSC Adv., 2026, 16, 16519–16539
then dried in an oven at 80 °C until a uniform bulk state was
achieved. The synthesis pathways for CZF, rGO, and the CZF/
rGO nanocomposite are illustrated in Fig. 2.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.6. Material characterization

Fourier transform infrared (FTIR) spectroscopy was performed
using an IR Tracer-100 spectrometer (Shimadzu Corporation,
Japan) to identify the functional groups present in the synthe-
sized material. For FTIR measurements, pellets were prepared
by mixing the samples with KBr powder and pressing the
mixture into transparent discs using a hydraulic press. Addi-
tionally, the structural features, surface morphology, and
elemental distribution were examined using a eld emission
scanning electron microscope (FESEM, JSM-7610F, Japan).
Powder X-ray diffraction (XRD) patterns were recorded with
a Bruker D2 PHASER diffractometer employing Cu-Ka radiation
over a 2q range of 10–80° to investigate the crystallographic
structure of the prepared samples. The elemental binding
energies of the synthesized CZF/rGO nanocomposite were
analyzed using an X-ray Photoelectron Spectrometer (Model: K-
Alpha, Thermo Scientic; Czech Republic) equipped with
a monochromatic Al Ka (1486.68 eV) X-ray source, an 180°
double-focusing hemispherical analyzer with a 128-channel 2D
detector, and processed using the Avantage soware. For the
XPS measurements, an aqueous dispersion of CZF/rGO nano-
composite was drop-cast onto a glass substrate and allowed to
dry under ambient conditions. TEM characterization was per-
formed using a JEOL transmission electron microscope (JEM-
2100 PLUS, Japan). A small amount of the sample was
dispersed in ethanol, ultrasonicated for 30 min, and allowed to
settle. A drop of the suspension was placed onto a copper grid,
dried under vacuum overnight, and then examined by TEM.
BET analysis was performed using a BET sorptometer (Model:
BET-201-A, PMI, USA). The samples were pretreated by degass-
ing at 90 °C for 3 h, followed by further degassing under a 20 mm
vacuum at 130 °C overnight with high-purity nitrogen purging.
The surface area and porosity of the material were subsequently
evaluated using nitrogen adsorption–desorption
measurements.
Fig. 3 FTIR spectra of CZF, rGO, and CZF/rGO nanocomposite.
2.7. Electrochemical studies

The electrochemical behavior of CZF, rGO and CZF/rGO nano-
composite was assessed using a conventional 3-electrode
system. Cyclic voltammetry (CV), galvanostatic charge–
discharge (GCD), and electrochemical impedance spectroscopy
(EIS) measurements were carried out on an SP-300 potentiostat/
galvanostat (Bio-Logic, France). The setup used a platinum (Pt)
wire as the counter electrode, an AgjAgCl (saturated with KCl) as
the reference electrode, and a 2 M KOH solution as the elec-
trolyte. The working electrodes were prepared by combining
precise amounts of the synthesized active nanomaterials, acet-
ylene black, and polyvinylidene uoride (PVDF) in an 8 : 1 : 1
mass ratio. To form a uniform slurry, the mixture was rst
dispersed in a small volume of N-methyl pyrrolidone (NMP).
This slurry was then pasted onto a glassy carbon electrode of
diameter 3 mm. Aer that, the electrodes were dried overnight
at 60 °C in an oven to ensure complete removal of NMP. Addi-
tionally, a precise mass of 0.1–0.2 mg was loaded into each
electrode for subsequent testing. To evaluate the practical
applicability of the synthesized electrode material, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
electrochemical performance was investigated using a two-
electrode conguration. An asymmetric supercapacitor (ASC)
device was assembled in a coin cell conguration, where the
CZF/rGO nanocomposite acted as the positive electrode and
activated carbon (AC) served as the negative electrode, both
deposited on stainless steel foil current collectors. The elec-
trodes were separated by a Whatman lter paper separator
soaked in 2 M KOH electrolyte.

The specic capacitance (Cs) can be determined from the
GCD curves using the following equation:55,79

Cs ¼ I � Dt

S � DV
(1)

where Cs represents the specic capacitance. Its unit is F g−1

when S denotes the mass of the active material in the electrode
(g), and F cm−2 when S corresponds to the electrode area (cm2)
(total geometric surface area of the GCE is 0.07 cm2), Dt is the
discharge time (s), andDV is the potential window (V). The other
electrochemical properties of CZF/rGO nanocomposite,
including power density and energy density, were evaluated
using the following equations:80

Ed ¼ CðDVÞ2
7:2

(2)

Pd ¼ Ed � 3600

Dt
(3)

where Ed (Wh kg−1) is the energy density, Pd (W kg−1) is the
power density, Cs is the specic capacitance, DV is the potential
window (V), and Dt is the discharge time.
3. Results and discussion
3.1. FTIR analysis

Fig. 3 shows the FTIR analysis for CZF, rGO, and CZF/rGO
nanocomposite recorded in the 4000–400 cm−1 range. In the
spinel structure, CZF exhibits two distinct absorption bands.
RSC Adv., 2026, 16, 16519–16539 | 16523
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Fig. 4 SEM images of (a) CZF, (c) rGO, and (e) CZF/rGO nanocomposite, along with corresponding EDX spectra of (b) CZF, (d) rGO, and (f) CZF/
rGO nanocomposite.
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The rst band, observed between 600–555 cm−1, is associated
with the vibrations of metal–oxygen (M–O) bonds in tetrahedral
sites. The second band, observed in the wavenumber range of
450–380 cm−1, corresponds to the vibrations of M–O bonds in
16524 | RSC Adv., 2026, 16, 16519–16539
octahedral sites.81 The FTIR spectra of the synthesized CZF
show M–O vibration peaks at 590 cm−1 and 432 cm−1, for
tetrahedral and octahedral sites, respectively. The weak
absorption bands appearing around 1362 cm−1 and 1632 cm−1
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a–f) SEM image and corresponding elemental mapping of CZF/rGO nanocomposite, showing the uniform distribution of Co, Zn, Fe, C,
and O within the composite.
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correspond to the symmetric and asymmetric stretching vibra-
tions of COO− ions. In addition, the peak observed at 1039 cm−1

is attributed to the C–O stretching vibration. A broad absorption
band observed around 3417 cm−1 conrms a substantial
amount of hydroxyl groups present in the sample, indicating
the presence of adsorbed water on the surface of the CZF.82

The FTIR analysis of rGO reveals a signicant decrease in the
signals associated with oxygen-based functional groups,
demonstrating that the graphite recovered from waste dry cells
was effectively reduced to rGO. The FTIR spectra of rGO show
a broad peak at 3412 cm−1, attributed to O–H stretching
vibrations. The bands located at 2924 cm−1 and 2856 cm−1

originate from the symmetric and asymmetric stretching of C–H
groups. A weakened feature at 1396 cm−1 corresponds to O–H
bending vibration. Similarly, the reduced peak at 1122 cm−1 is
linked to the alcohol-type C–O stretching, while the band at
1026 cm−1 represents C–O stretching within C–O–C
Fig. 6 (a) X-ray diffraction (XRD) patterns of CZF, rGO and the CZF/rGO
displaying the simulated pattern, Bragg reflection positions, and the diffe

© 2026 The Author(s). Published by the Royal Society of Chemistry
linkages.83,84 For the CZF/rGO nanocomposite, the FTIR spec-
trum displays the signature absorption bands from both CZF
and rGO. The coexistence of these features veries the
successful formation of the composite structure.
3.2. SEM and EDX analyses

SEM and EDX were employed to characterize the morphology,
structure, and elemental composition of the synthesized
samples. The SEM images and EDX results for CZF, rGO and
CZF/rGO nanocomposite are shown in Fig. 4. In Fig. 4a, the SEM
image of CZF displays uniformly distributed granular particles
with agglomerations. The agglomerated particles exhibit coa-
lescence on their surfaces, which may be due to interfacial
surface tension.85 The existence of high agglomeration suggests
that the surface of the crystallites is pore-free. The EDX spec-
trum (Fig. 4b) of CZF conrms that the sample contains cobalt
nanocomposite, and (b) Rietveld refinement plot of CZF nanoparticles
rence curve between the experimental and simulated data.

RSC Adv., 2026, 16, 16519–16539 | 16525
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Table 1 Rietveld-refined structural parameters, including the metal–
oxygen bond lengths and bond angles, of the CZF nanoparticles

Parameters Values

Crystal system Cubic
Space group Fd�3m
Lattice parameter 8.365 Å
Volume of unit cell 585.326 Å3

GOF 1.82
Metal–oxygen bond length
(Å)

Zn–O (A-site) = 1.884 Å
Fe–O (B-site) = 2.050 Å

Metal–oxygen bond angle O–Zn–O (A-site) = 109.5°
O–Fe–O (B-site) = 90°

Fig. 7 (a) Schematic polyhedral model illustrating the 3D structure of
the cubic spinel (fcc) CZF nanoparticles (space group: Fd�3m). Cobalt,
zinc, iron, and oxygen atoms are represented in blue, silver, brown, and
cyan, respectively. The bond lengths and angles for the (b) A-site and
(c) B-site were determined using VESTA software.
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(Co), zinc (Zn), iron (Fe), and oxygen (O) as its constituent
elements. The SEM of the synthesized rGO (Fig. 4c) conrm the
successful exfoliation of waste graphite, showing randomly
aggregated ultrathin sheets with well-dened edges, wrinkled
surfaces, and folded regions. The EDX analysis (Fig. 4d) of rGO
revealed characteristic peaks corresponding to carbon and
oxygen, conrming its elemental composition. The SEM image
of CZF/rGO nanocomposite, depicted in Fig. 4e, reveals a porous
surface with clusters of varying sizes scattered across the rGO
sheets. The presence of CZF nanoparticles is indicated by these
clusters, suggesting the successful dispersion of nanoparticles
in the rGO matrix. The porous surface morphology may result
from the interaction and aggregation of nanoparticles on the
rGO sheets, leading to a more varied and textured composite
structure. In addition, EDX analysis veried the presence of Co,
Zn, Fe, C, and O in both the CZF and rGO (Fig. 4f). Fig. 5a–f
presents the SEM elemental mapping of CZF/rGO nano-
composite, conrming a uniform and well-dispersed distribu-
tion of Co, Zn, Fe, C, and O throughout the synthesized
nanocomposite.
3.3. XRD analysis

X-ray diffraction (XRD) serves as an essential technique in solid-
state chemistry, offering important information about the
structural characteristics of crystalline materials. The XRD
patterns for the synthesized CZF, rGO, and CZF/rGO nano-
composite are presented in Fig. 6a. The diffraction patterns of
CZF exhibits nine distinct peaks at 2q values of 18.34°, 30.15°,
35.62°, 37.80°, 43.16°, 53.99°, 57.16°, 62.82°, and 74.54° corre-
spond to the (111), (220), (311), (222), (400), (422), (511), (440)
and (353) crystal planes of CZF (JCPDS card no. 96-350-0128).
The rGO exhibits a broad diffraction peak at 2q = 24.90°, cor-
responding to a d-spacing of 0.357 nm and indexed to the (002)
plane. This broad peak suggests that the rGO sheets have
partially restacked, forming a short-range ordered graphite-like
structure along the stacking direction. Similarly, the CZF/rGO
nanocomposite exhibited all the characteristic XRD peaks,
conrming the successful formation of the nanocomposite.

The XRD data of the CZF nanoparticles were further analyzed
using Rietveld renement in FullProf soware to obtain
detailed structural information. The observed diffraction peaks
closely matched those of the pure CZF phase, conrming its
16526 | RSC Adv., 2026, 16, 16519–16539
single-phase nature, showing a goodness-of-t (GOF) of 1.82.
The material was found to crystallize in the cubic spinel struc-
ture corresponding to the Fd�3m space group. In the case of CZF,
the Zn2+/Fe3+ ions occupy the tetrahedral (A) sites, while the
Co2+/Fe3+ ions are located at the octahedral (B) sites, resulting in
the spinel structure with the experimental formula (ZnA

2+FeA
3+)

[CoB
2+FeB

3+]O4
−.86 The tted XRD pattern (Fig. 6b) was used to

determine the space group and crystal planes of the nano-
particles, which showed excellent agreement with previously
reported results.87,88 The diffraction peaks were modelled using
the pseudo-Voigt function. The Rietveld renement results
conrmed a strong correlation between the experimental and
simulated patterns, with negligible deviation between them.

Furthermore, key structural parameters obtained from the
renement are summarized in Table 1. Using the rened data
and VESTA soware,89 a schematic of the CZF unit cell was
generated, depicting the metal–oxygen bonds, bond lengths,
and bond angles, as shown in Fig. 7.
3.4. XPS analysis

Fig. 8 presents the XPS spectra of the synthesized CZF/rGO
nanocomposite. Fig. 8a presents the survey XPS spectra of
CZF/rGO nanocomposite over the binding energy range of 0–
1350 eV. The spectra conrm that all the constituent elements
are present in the nanocomposite, including cobalt, zinc, iron,
carbon and oxygen. The Co 2p spectrum shows two main peaks
(Fig. 8b), with the Co 2p1/2 at 796.21 eV and the Co 2p3/2 at
780.58 eV, which are consistent with the expected spin–orbit
splitting of Co 2p states. Further deconvolution of the Co 2p3/2
peak results in two components at 780.30 eV and 782.11 eV,
indicating that Co2+ ions occupy both the tetrahedral (A) and
octahedral (B) sites within the spinel structure. These peak
positions are consistent with previously reported values.90 The
satellite features observed at higher binding energies next to the
Co 2p3/2 and Co 2p1/2 peaks arise from the electronic band
structure associated with Co2+ ions within the oxide lattice.91,92

Two distinct peaks assigned to Zn 2p1/2 and Zn 2p3/2 are
observed at 1044.58 eV and 1021.28 eV, respectively, as shown
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) XPS survey spectrum, and high-resolution spectra of (b) Co 2p, (c) Zn 2p, (d) Fe 2p, (e) C 1s, and (f) O 1s for the CZF/rGO
nanocomposite.
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in Fig. 8c. The observed spin–orbit splitting of approximately
23.3 eV further conrms the presence of zinc in the +2 oxida-
tion state (Zn2+), in good agreement with reported literature
© 2026 The Author(s). Published by the Royal Society of Chemistry
values.93 This result further suggests that Zn2+ ions occupy
both the tetrahedral (A) and octahedral (B) sites in the
structure.94
RSC Adv., 2026, 16, 16519–16539 | 16527
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Fig. 9 (a) Low-magnification TEM image and (b) HRTEM image showing lattice fringes of the CZF/rGO nanocomposite.

Fig. 10 (a) Nitrogen (N2) adsorption–desorption isotherms and (b) pore size distribution curves of CZF, rGO, and CZF/rGO nanocomposite.
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As shown in Fig. 8d, the Fe 2p1/2 and Fe 2p3/2 peaks are
located at binding energies of 725.18 eV and 711.18 eV,
respectively. Further, the Fe 2p3/2 peak is deconvoluted into two
components at 710.98 eV and 713.08 eV, which are attributed to
Fe3+ ions occupying the tetrahedral (A) and octahedral (B) sites
of CZF. Again, the satellite peaks and the energy separation
between the Fe 2p1/2 and Fe 2p3/2 peaks conrm that the iron
cations are present in the Fe3+ oxidation state.

The C 1s spectrum (Fig. 8e) exhibits peaks at 288.98, 286.88,
and 284.48 eV. These peaks arise from carbon in O–C]O
groups, C–O functionalities (including epoxy and hydroxyl), and
C–C bonds, respectively, indicating that rGO is well incorpo-
rated throughout the nanocomposite.

Similarly, the high-resolution O 1s XPS spectrum shown in
Fig. 8f exhibits a peak at 530.18 eV, corresponding to the lattice
oxygen (Olatt) in the metal–oxygen (M–O) bonding in the CZF/
rGO nanocomposite, which is consistent with previously re-
ported studies.95 Additionally, the peak at 531.48 eV is
16528 | RSC Adv., 2026, 16, 16519–16539
attributed to O–C–O functionalities, indicating the presence of
carboxyl or carbonyl species interacting with the rGO. Mean-
while, the peak at 532.58 eV corresponds to Fe–C–O bonding,
suggesting the formation of an interfacial chemical linkage
between the iron in the metal oxide and the rGO matrix.96
3.5. TEM analysis

Transmission electron microscopy (TEM) was employed to
further conrm the structural and morphological features
observed in FESEM and XRD analyses. Fig. 9 displays the TEM
images of the synthesized CZF/rGO nanocomposite. As shown
in Fig. 9a, the nanocomposite exhibits nearly spherical nano-
particles with varying particle sizes. The CZF nanoparticles
appear as dark contrast spots uniformly distributed within the
lighter rGO sheets (brighter regions), which is consistent with
the FESEM observations. The formation of the nanocomposite
was further conrmed by the high-resolution TEM (HRTEM)
image (Fig. 9b). Distinct lattice fringes are observed in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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image, indicating the good crystallinity of the nanocomposite.
The observed lattice fringe with a d-spacing of 0.336 nm corre-
sponds to the (002) plane of rGO, while the spacings of 0.475 nm
and 0.148 nm are indexed to the (111) and (440) planes of CZF.
These results are consistent with the XRD data.

3.6. BET analysis

Fig. 10a shows the N2 adsorption–desorption isotherms of CZF,
rGO, and the CZF/rGO nanocomposite measured at 77 K. The
isotherms exhibit a type IV prole with an H3 hysteresis loop,
according to the IUPAC classication, indicating the presence
of mesopores throughout the materials. The Brunauer–
Emmett–Teller (BET) surface areas of CZF, rGO, and the CZF/
rGO nanocomposite were calculated to be 106.60, 25.46, and
147.18 m2 g−1, respectively. The pore size distribution curves,
obtained using the Barrett–Joyner–Halenda (BJH) method, are
also shown in Fig. 10b. From these plots, the mean pore sizes of
CZF, rGO, and the CZF/rGO nanocomposite were determined to
be 3.06, 7.20, and 2.60 nm, respectively, while the correspond-
ing pore volumes were 0.16, 0.091, and 0.19 cm3 g−1. These
results indicate that the CZF/rGO nanocomposite possesses the
highest pore volume. Overall, the increased surface area and
pore volume of the CZF/rGO nanocomposite facilitate improved
electrolyte ion diffusion and transport within the electrode,
thereby enhancing its specic capacitance.

4. Electrochemical performance
4.1. Three-electrode study

Fig. 11a shows the cyclic voltammetry (CV) results of CZF, rGO
and the CZF/rGO nanocomposite, recorded at a scan rate of
50 mV s−1 within the potential window of –0.4 to +0.4 V. The
rGO electrode shows a quasi-rectangular CV prole with a small
oxidation feature, attributed to residual acidic surface species
(e.g., carboxyl, lactone, and phenol) that react with OH− ions in
the alkaline electrolyte, resulting in reversible surface redox
Fig. 11 (a) CV profiles of CZF, rGO, and CZF/rGO nanocomposite at a sc
different scan rates (5–50 mV s−1).

© 2026 The Author(s). Published by the Royal Society of Chemistry
reactions.97 Further, the CV curves clearly demonstrate that the
CZF/rGO nanocomposite electrode exhibits a higher capaci-
tance than the individual CZF and rGO electrodes, as evidenced
by the signicantly larger enclosed area. The enhanced perfor-
mance can be attributed to the synergistic interaction between
CZF and rGO, which improves charge storage capability and
results in an expanded CV integral area. This increase in the CV
area suggests the availability of more electroactive sites for
redox reactions and facilitates greater electron and ionmobility.
To further evaluate the electrochemical behavior of the
synthesized CZF/rGO nanocomposite, CV tests were performed
at scan rates from 5 to 50 mV s−1, as shown in Fig. 11b. It was
observed that the enclosed area gradually increased with scan
rate. This indicates that the CV current increases proportionally
with the scan rate, demonstrating an ideal capacitive behavior,
which is consistent with previously reported electrochemical
behavior of ferrite-based composite materials.98 However, the
lack of distinct oxidation and reduction peaks indicates that the
system does not follow a typical faradaic behavior, while the
deviation from a perfectly rectangular loop suggests non-ideal
capacitive behavior. A proposed mechanism for the hybrid
charge-storage behavior of the CZF/rGO electrode involves both
electric double-layer capacitance from the rGO sheets and
pseudocapacitive reactions associated with CZF nanoparticles.99

Furthermore, the presence of –OH groups on rGO sheets can
facilitate proton-assisted surface reactions at the CZF inter-
face,100 which can be expressed as:

Co0.5Zn0.5Fe2O4 (interface) + H+ # Co0.5Zn0.5Fe2O4–H

(interface)

As a result, the CZF/rGO composite electrode demonstrates
improved electrochemical performance, where the conductive
rGO network facilitates electron transport while CZF nano-
particles contribute to surface redox activity.74,76 This indicates
that the nanocomposite shows a hybrid charge-storage
an rate of 50 mV s−1, and (b) CV profiles of CZF/rGO nanocomposite at

RSC Adv., 2026, 16, 16519–16539 | 16529
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Fig. 12 Trasatti's method analysis: (a) reciprocal of gravimetric capacitance (C−1) vs. square root of the scan rate (v1/2), (b) gravimetric capacitance
(C) vs. inverse of the square root of the scan rate (v−1/2), Dunn'smethod: (c) log(peak current density) vs. log(scan rate) with fitted line, (d) plot of ip/
v1/2 versus v1/2 for CZF/rGO nanocomposite, (e) capacitive and diffusive contribution percentages at different scan rates, (f) comparison of
experimental, diffusive, and capacitive CV curves of CZF/rGO nanocomposite at 50 mV s−1.

16530 | RSC Adv., 2026, 16, 16519–16539 © 2026 The Author(s). Published by the Royal Society of Chemistry
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mechanism, where both capacitive (non-faradaic) processes
and diffusion-controlled faradaic contributions collectively
contribute to the overall electrochemical behavior.

To further evaluate the contributions of various capacitance
types in the CZF/rGO nanocomposite, both Trasatti's analysis101

and Dunn's method102 were employed. The total capacitance
(CT) consists of electrochemical double-layer capacitance (CEDL)
and pseudo capacitance (CIP), such that CT = CEDL + CIP.103,104

Assuming a semi-innite ion diffusion model, the inverse of the
voltametric capacitance (C−1) can be expressed in terms of the
square root of the scan rate (v1/2), as shown in the equation.105

C�1 ¼ kv
1
2 þ CT

�1 (4)

When v / 0, CT is equal to C (Fig. 12a). Similarly, the
electrochemical double-layer capacitance CEDL follows a linear
dependence on the reciprocal of the square root of the scan rate
(v−1/2), which can be expressed as:105

C ¼ k
0
v�

1
2 þ CEDL (5)

A linear t is applied to the plot, and the maximum CEDL

value is obtained by extending the tted line to the y-axis
(Fig. 12b). In the CZF/rGO nanocomposite, CEDL and CIP account
for 32.5% and 67.5% of the total capacitance (CT), respectively,
indicating that the dominant contribution originates from the
inner surface rather than the outer surface. Dunn's method was
further examined to study the charge-storage behavior of the CV
curves, as expressed in the equation.102

log i = b log v + log a (6)

Here, i represents the peak current density, v is the scan rate,
and a and b are constants. The b value usually ranges from 0.5 to
1.0, with values near 0.5 indicating diffusion-controlled
behavior and values closer to 1.0 reecting capacitive-
dominated behavior. From the CV analysis, a log(v) vs. log(i)
plot was constructed (Fig. 12c), yielding a slope of b = 0.55,
which conrms that the charge-storage process is primarily
diffusion-controlled. Furthermore, the capacitance contribu-
tions at various scan rates were evaluated using the following
equation.106

ipðVÞ ¼ k1vþ k2v
1
2 (7)

Eqn (7) was slightly modied to the following form.

ip

v
1
2

¼ k1v
1
2 þ k2 (8)

Here, k1 and k2 represent the slope and intercept, respectively,
as illustrated in Fig. 12d. k1n represents the capacitive (surface-
controlled) contribution, while k2n

1/2 reects the diffusion-
controlled insertion process.107,108 As shown in Fig. 12e, the
diffusion-controlled contribution to the total charge storage of
CZF/rGO nanocomposite gradually decreased with scan rate,
dropping from 90%, 87%, 82%, 79%, and 76% at 5, 10, 20, 30,
© 2026 The Author(s). Published by the Royal Society of Chemistry
and 40 mV s−1, respectively, to a minimum of 74% at 50 mV s−1.
This trend indicates that the charge-storage process becomes
increasingly capacitive-dominated at higher scan rates, reect-
ing the enhanced pseudocapacitive behavior of the nanoparticle
morphology.109 Furthermore, Fig. 12f compares the diffusive,
capacitive, and experimental CV proles of the CZF/rGO nano-
composite at 50 mV s−1.

Overall, the charge-storage behavior of the CZF/rGO nano-
composite can be described as a hybrid mechanism that
includes both capacitive and diffusion-controlled processes.
The CV proles show quasi-rectangular shapes without
pronounced redox peaks, suggesting capacitive characteristics.
However, further kinetic analysis using Trasatti's method and
Dunn's approach reveals that diffusion-controlled reactions
make a signicant contribution to the overall charge-storage
behavior.

The GCD curves of the electrode materials are depicted in
Fig. 13a, measured over the potential window of −0.4 to +0.4 V
at a current density of 10 A g−1. Compared to the individual
components, the CZF/rGO composite exhibits a noticeably
longer discharge duration, as evident from the curves. The
longer discharge time reects improved charge storage due to
the nanocomposite's larger surface area and the synergistic
effect of CZF and rGO that facilitates more efficient ion inter-
calation and charge transport. The specic capacitances of CZF,
rGO, and CZF/rGO nanocomposite, calculated using eqn (1) at
10 A g−1, were found to be 33, 7, and 91 F g−1, respectively.

Fig. 13b displays the GCD curves of the nanocomposite
electrode. The charge–discharge curves measured at different
current densities exhibit nearly identical shapes, with only
a slight IR drop, which indicates low internal resistance, excel-
lent reversibility, and rate capability.110 The nearly linear and
symmetric triangular curves further conrm the capacitive
nature of the material. The minor variation observed at the
initial stage of discharge arises from both the pseudocapacitive
contribution of CZF nanoparticles and the electric double-layer
capacitance. Excluding the slight IR drop, the GCD curves of the
CZF/rGO nanocomposite reveal specic capacitances of
approximately 91, 78, 74, 71, and 68 F g−1 at current densities of
10, 12.22, 14.44, 16.67, and 20 A g−1, respectively, as shown in
Fig. 13c. The CZF/rGO nanocomposite electrode showed its
highest capacitance and the longest discharge duration at
10 A g−1. Additionally, the areal capacitance of the electrode was
determined using eqn (1). The CZF/rGO nanocomposite
exhibits an areal capacitance of 0.13 F cm−2 when tested at
a current density of 10 A g−1, indicating a reasonable charge
storage capability per unit area despite the low mass loading
used in the three-electrode conguration.

The nanocomposite electrode showed a gradual decline in
specic capacitance as the current density increased. This trend
is attributed to the efficient inltration of electrolyte ions into
the electrode at lower current densities, where nearly all
accessible pores are utilized, leading to enhanced capaci-
tance.111,112 However, when the current density increases, the
limited diffusion time restricts ion interaction with the elec-
trode surface, thereby reducing the capacitance. However, the
enhanced capacitive behavior of the composite electrode arises
RSC Adv., 2026, 16, 16519–16539 | 16531
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Fig. 13 (a) GCD curves of CZF, rGO, and the CZF/rGO nanocomposite, (b) GCD curves of the CZF/rGO nanocomposite at different current
densities, (c) specific capacitance vs. current density of CZF/rGO nanocomposite, and (d) percentage of cycling retention and coulombic
efficiency of the CZF/rGO nanocomposite after 1000 cycles.
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from the incorporation of rGO, which increases both the
specic surface area and the electrode–electrolyte interface.
This improvement facilitates more efficient electrolyte diffu-
sion, greater charge storage, and faster ion accumulation.
Moreover, reduced agglomeration of nanomaterials exposes
additional active sites, accelerating charge–discharge kinetics.
The intercalation of CZF nanoparticles within rGO layers
further prevents graphene restacking, contributing to the
overall increase in capacitance.

The electrochemical stability of CZF/rGO nanocomposite
was examined through long-term cycling to evaluate its poten-
tial as a practical supercapacitor electrode. As shown in
Fig. 13d, the CZF/rGO nanocomposite retained 80.1% of its
initial capacitance and 90.71% coulombic efficiency aer 1000
charge–discharge cycles at 10 A g−1 within the potential window
of −0.4 to +0.4 V, demonstrating impressive cycling durability.
The slightly lower coulombic efficiency can be attributed to
polarization effects, electrolyte decomposition, and possible
side reactions occurring near the upper potential limit during
16532 | RSC Adv., 2026, 16, 16519–16539
the charge–discharge process.113 The rst and last ve succes-
sive GCD curves (inset of Fig. 13d), recorded at a current density
of 10 A g−1, display almost linear and triangular proles,
reecting good capacitive characteristics and reversibility. The
observed stability arises from the strong interaction at the
interface between CZF nanoparticles and rGO sheets, which
improves structural integrity, minimizes active material degra-
dation, and enables sustained ion transport during prolonged
cycling.

The intrinsic impedance, internal resistance, and charge
transport behavior of the fabricated electrode materials were
further examined through EIS over a frequency range of 100 kHz
to 0.1 Hz at a potential of +0.4 V, with the corresponding
Nyquist plots presented in Fig. 14a. The Nyquist response
exhibited a nearly linear pattern in the low-frequency region,
signifying diffusion-controlled kinetics.114,115 The Nyquist plot
was tted using the equivalent circuit model R1 + Q2/(R2 + W2) +
Q3/R3, as illustrated in the inset of Fig. 14a. In this equivalent
circuit, R1 represents the solution resistance (Rs), which
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Nyquist plots of CZF, rGO, and the CZF/rGO nanocomposite; inset displays the equivalent circuit along with an enlarged view of the
high-frequency region of the Nyquist plot, (b) Bode plot; inset presents the EIS spectra of the CZF/rGO nanocomposite before and after 1000
cycles, and (c) frequency-dependent variation of the real (C0) and imaginary (C00) capacitance of the CZF/rGO nanocomposite.
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accounts for the resistance of the electrolyte together with the
inherent resistance of the electrode. R2 represents the charge-
transfer resistance (Rct), associated with the kinetics of inter-
facial redox reactions; a lower Rct indicates more efficient ion
transport within the supercapacitor.116 W4 denotes the Warburg
impedance (W0), which reects the diffusion of ions into the
porous electrode structure in the intermediate-frequency region
and arises from the frequency-dependent nature of this
process.117 R3 represents the leakage resistance, connected in
parallel with the CPE, which is typically very high and therefore
oen negligible in the tting.118 Finally, Q2 and Q3 are constant
phase elements (CPEs) that describe the double-layer capaci-
tance, originating from charge separation at the electrode–
electrolyte interface. The Rs values of CZF, rGO, and CZF/rGO
nanocomposite were determined to be 8.85, 6.95, and 6.79 U,
© 2026 The Author(s). Published by the Royal Society of Chemistry
respectively, with minor variations attributed to the joint effects
of material morphology and electrolyte ionic conductivity. The
corresponding Rct values were 15.08, 16.22, and 1.9 U, indi-
cating that the CZF/rGO nanocomposite exhibits the lowest
charge-transfer resistance compared to individual CZF and rGO,
thereby conrming its superior electrical conductivity.

Fig. 14b illustrates the Bode plots of the CZF/rGO nano-
composite. The impedance behavior of a supercapacitor can be
compared to that of an ideal resistor and an ideal capacitor. In
such plots, an ideal resistor shows a phase angle of 0°, indi-
cating a fully resistive behavior, whereas an ideal capacitor
exhibits a phase angle approaching 90°, corresponding to
a purely capacitive nature.119,120 In Fig. 14b, the CZF/rGO
nanocomposite exhibits a phase angle of 61.1°, which is very
close to that of an ideal capacitor (90°). Aer 1000 cycles, this
RSC Adv., 2026, 16, 16519–16539 | 16533
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value slightly decreased to 58.9°, indicating only a minor
reduction in capacitive behavior with prolonged cycling.

To examine how electrode capacitance changes with
frequency, the complex capacitance model was applied to the
CZF/rGO nanocomposite,121 where the total capacitance is
expressed as:

C(u) = C0(u) − jC00(u) (9)

Here, C0(u) and C00(u) represent the real and imaginary portions
of the capacitance, respectively, and can be dened as:122

C
0 ðuÞ ¼ �Z00 ðuÞ

ujZðuÞj2 (10)

C
00 ðuÞ ¼ Z

0 ðuÞ
ujZðuÞj2 (11)

where u is the angular frequency, Z0(u) and Z00(u) correspond to
the real and imaginary components of the impedance, and
rZ(u)r is the impedance modulus. This model is particularly
effective for qualitatively analyzing how capacitance varies with
frequency.

Fig. 14c presents the frequency-dependent changes of C0(u)
and C00(u) for CZF/rGO nanocomposite. The frequency-
dependent behavior of the real capacitance, C0(u), reects how
electrolyte ions access the electrode pores at different frequen-
cies. At low frequencies, ions can access deeper pores, causing
C0(u) to increase. At higher frequencies, ion penetration is
restricted mainly to the pore surfaces, leading to a decrease in
C0(u), which eventually becomes nearly independent of
frequency at very high frequencies. The imaginary capacitance,
C00(u), represents the energy dissipation occurring during the
charging process.123 Furthermore, the variation of C00 with
frequency exhibits a maxima at the characteristic frequency (f0
= 0.56 Hz), corresponding to a relaxation time of s0 = 1/f0. This
relaxation time indicates the rate capability of the super-
capacitor, representing the minimum time required to deliver
stored energy with more than 50% efficiency, and redirects the
transition between resistive and capacitive behavior.124 The
short relaxation time constant of 1.77 s shows the excellent
charge–discharge rate performance of the electrode material.

Moreover, the electrochemical behavior of the CZF/rGO
nanocomposite is evaluated against previously reported
studies, as summarized in Table 2.
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4.2. Two-electrode study

To assess the practical potential of the synthesized electrode
material, an asymmetric supercapacitor (ASC) device was
assembled using CZF/rGO as the positive electrode and acti-
vated carbon (AC) as the negative electrode (Fig. 15a). The device
performance was systematically analyzed using CV, GCD, EIS,
Ragone plots, and cycling stability measurements. Fig. 15b
presents the CV proles of the CZF/rGO//AC device measured at
various scan rates ranging from 5 to 50 mV s−1 within a poten-
tial window of 0.0–1.0 V. The progressive increase in the
enclosed area with scan rate suggests improved charge storage
16534 | RSC Adv., 2026, 16, 16519–16539 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) Schematic illustration of the assembled asymmetric supercapacitor device (CZF/rGO//AC). (b) CV curves of the CZF/rGO//AC device
recorded at scan rates ranging from 5 to 50mV s−1. (c) GCD profiles at current densities from 10 to 20 A g−1. (d) Nyquist plot of the CZF/rGO//AC
device obtained from EIS measurements (inset: equivalent circuit model). (e) Ragone plot of the CZF/rGO//AC device, and (f) cycling stability and
coulombic efficiency of the CZF/rGO//AC device measured at a current density of 10 A g−1.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 16519–16539 | 16535
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capability and good rate performance. The GCD curves of the
CZF/rGO//AC device measured at various current densities are
shown in Fig. 15c. The observed charge–discharge curves are
almost linear and triangular, indicating that the device exhibits
typical capacitive characteristics. The specic capacitance
values of the device, derived from the discharge proles, were
found to be 28.71, 26.96, 12.58, 5.34, and 2.28 F g−1 at current
densities of 10, 12.22, 14.44, 16.67, and 20 A g−1, respectively.
Fig. 15d presents the EIS results of the device. The equivalent
circuit tting reveals a solution resistance R1 (Rs) of 3.78 U and
a charge-transfer resistance R2 (Rct) of 13.04 U, indicating effi-
cient electrolyte conductivity and favorable interfacial charge
transfer. The Ragone plot, which illustrates the correlation
between energy density and power density, was constructed for
the CZF/rGO//AC device using GCD at various current densities,
as shown in Fig. 15e. A maximum energy density of 3.99 Wh
kg−1 was obtained at a power density of 450 W kg−1, as calcu-
lated using eqn (2) and (3). As the power density increased, the
corresponding energy density gradually declined, reaching 3.74
Wh kg−1 at 500 W kg−1, 1.75 Wh kg−1 at 1000 W kg−1, 0.74 Wh
kg−1 at 1500 W kg−1, and 0.32 Wh kg−1 at 2000 W kg−1. The
obtained energy density reects the promising electrochemical
behavior of the electrode and suggests its suitability for prac-
tical energy storage applications. The long-term electrochemical
stability of the assembled device was examined through 1000
continuous charge–discharge cycles at a current density of
10 A g−1, as illustrated in Fig. 15f. The device exhibited excellent
stability, retaining 84.9% of its initial capacitance aer 1000
cycles. In addition, the coulombic efficiency remained approx-
imately 85.4% throughout the cycling test. These results suggest
that the CZF/rGO nanocomposite, with its efficient electron
transport, has signicant potential for application in asym-
metric devices for commercial electrochemical energy storage.

5. Conclusion

In summary, this study successfully produced rGO from waste
graphite dry cell batteries, tackling a major environmental
pollution issue. This strategy highlights the feasibility of
transforming waste materials into high-value components for
energy storage while promoting sustainable practices in mate-
rials science. The structural and chemical analyses using XRD,
FTIR, SEM, EDX, XPS, TEM, and BET conrmed the successful
synthesis of the CZF/rGO nanocomposite, with CZF uniformly
dispersed on the rGO sheets. Electrochemical investigations in
a three-electrode system, including CV, GCD, and EIS in 2 M
KOH, demonstrated that the CZF/rGO electrode exhibits both
pseudocapacitive and double-layer behavior, surpassing the
performance of the individual CZF and rGO components. The
nanocomposite achieved a high specic capacitance of 91 F g−1

(0.13 F cm−2) at 10 A g−1, while EIS results (1.9 U) indicated
lower internal and charge-transfer resistances compared to the
single components. Furthermore, the assembled asymmetric
supercapacitor delivers an energy density of 3.99 Wh kg−1 at
a power density of 450 W kg−1 and demonstrates satisfactory
cycling stability, retaining 84.1% of its initial capacitance aer
1000 cycles. Overall, the sustainable CZF/rGO electrode
16536 | RSC Adv., 2026, 16, 16519–16539
combines reasonable capacitance, stable cycling, and high-rate
capability, highlighting its potential for real-world super-
capacitor applications derived from recycled materials, partic-
ularly where sustainable and low-cost electrodes are desired.
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