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In this work, a ternary CoFe,O4/g-C3N4/MWCNT (CGC4) nanocomposite (NC) was successfully produced
through a sol-gel auto-combustion approach, followed by calcination. It was evaluated for its efficacy in the
visible-light-driven photocatalytic decomposition of RhB. XRD, FESEM—EDS, XPS, FTIR spectroscopy, and zeta
potential measurements of the structure, morphology, and surface chemistry showed that a well-integrated
hetero-structured nanocomposite was formed with better crystallinity, interfacial coupling, and surface
activity. The CGC4 photocatalyst showed improved photocatalytic performance, degrading 84.1% of RhB in
180 minutes and exhibiting a much higher pseudo-first-order rate constant of 1.5 x 10~ s~ than pure
CoFe,O4 and binary composites. The optimization studies showed that the catalyst amount, initial dye
concentration, and pH significantly affected the degradation efficiency. The scavenger tests revealed that
superoxide radicals and photogenerated holes were the most reactive species. High-performance liquid
chromatography (HPLC) analysis showed that rhodamine B (RhB) was broken down into less harmful
intermediates without creating toxic by-products. The improved photocatalytic performance is due to the Z-
scheme heterojunction, the conductive multi-walled carbon nanotube (MWCNT) network, and the synergistic
interaction of the components, which enhance charge separation. This study shows that CoFe,O4/g-C3sN4/
MWCNT NCs can serve as effective visible-light-responsive photocatalysts for wastewater treatment.
Electrochemical analysis showed that CGC2 had the highest specific capacitance of 6.407 F g% The CGC2
samples also exhibited the highest energy density and stored charge at a scan rate of 0.08 V sX The
enhanced performance was associated with the synergistic interaction between the conductive network of
MWCNTSs and the electroactive CoFe,O4 nanoparticles. The enhanced performance is also well supported by
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pollution affecting them directly or indirectly. The contami-
nants of great concern and the emerging contaminants arising
from domestic, agricultural, and industrial wastes, which may
also be present at minute concentrations undetectable without
sophisticated analytical techniques, pose health hazards upon
prolonged exposure."” Dyes and pigments are widely used in

1. Introduction

Water is a major resource for all living organisms; however,
despite its importance, there are alarming concerns about water
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diverse industries as colorants and for staining in analytical and
biological laboratories. Rhodamine B (RhB) is one such dye
used in the manufacturing of paints, textiles, and leathers as
a colorant and for staining in laboratories. However, the
discharge of RhB into the environment causes water pollution
due to its high toxicity, carcinogenic potential, neurotoxicity,
and adverse effects on aquatic species.** It is highly stable, with
low degradation, and remains persistent in wastewater.®
Various techniques, such as advanced oxidation processes,
electrocatalysis, adsorption, photocatalysis, and membrane
filtration, are used to remove or degrade RhB.*** Among these

© 2026 The Author(s). Published by the Royal Society of Chemistry
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techniques, photocatalysis is an environmentally friendly
method for the photodegradation of organic pollutants because
it operates on a simple mechanism: irradiating a semi-
conductor with light of energy greater than its bandgap."
Further, the electron-hole pairs are generated, and the elec-
trons are excited from the valence band to the conduction band
of the semiconductor. The reactive holes in the valence band
oxidize H,O and OH™ species, forming hydroxyl radicals,
whereas electrons in the conduction band react with surface
oxygen species to form superoxide radicals (*O, ), which further
degrade the pollutants.””** The direct Z-scheme charge carrier
transmission pathway preserves photogenerated electrons with
strong reduction capabilities in the conduction band (CB) of PC
I and holes with strong oxidation capabilities in the valence
band (VB) of PC II, while the photogenerated electrons in the CB
of PC II and holes in the VB of PC I, possessing inferior redox
power, undergo recombination. Consequently, a Z-scheme
photocatalyst possesses robust redox capabilities for facili-
tating photocatalytic processes, together with spatially distinct
reductive and oxidative active sites. Furthermore, a semi-
conductor photocatalyst with a low bandgap may be chosen to
develop direct Z-scheme photocatalysts, thereby expanding the
light-harvesting spectrum."

Cobalt ferrite (CoFe,0,4) nanoparticles act as a spinel ferro-
magnetic semiconductor with excellent magnetic, electronic,
and optical properties, but their small bandgap of around
1.33 eV results in a fast recombination of electrons and holes
and incomplete spectrum adsorption.'® However, it has been
reported that CoFe,0,, in combination with various semi-
conductor and conductive materials, acts as an excellent pho-
tocatalyst for the decomposition of organic contaminants.
There are some examples of such composites: CoFe,O, deco-
rated g-C3;N, nanosheets showing 93.96% degradation of
Methylene blue (MB) dye under visible light,"” CoFe,0,/Ag-
MWCNT nanocomposite,”® CuO/CoFe,O,/MWCNT ternary
nanocomposite,* CoFe,0,/MWCNT,** cobalt ferrite anchored
g-C3N, nanocomposite,” etc. In recent years, graphitic carbon
nitride (g-C3N,) has emerged as one of the most promising
photocatalysts, owing to its high chemical and thermal stability,
low toxicity, ease of synthesis, and strong adsorption.>** It
exhibits an optical bandgap of ~2.85 eV, making it an excellent
candidate for photocatalytic reactions. However, its high
recombination rate of photogenerated charge carriers and its
limited spectral response range limit its practical application in
photocatalysis.>*?® The combination of g-C;N, with semi-
conductors to form composites demonstrates efficient photo-
catalyst formation. Li et al. reported a black phosphorus/red
phosphorus (BP/RP)-g-C;N,/SiO, heterojunction that showed
a significant enhancement in photocatalytic efficacy, achieving
90% degradation of RhB under simulated solar radiation within
26 min.” Recently, several nanocomposites with g-C;N, have
been reported to have excellent photocatalytic properties for the
degradation of organic pollutants, for example, graphitic
carbon nitride/carbon nanotube/Bi,WOg,*® g-C3N,/MWCNTSs/
Au,” g-C;N,-functionalized MWCNT,* and lanthanum-doped
copper ferrite/graphitic carbon nitride composites.** Several
studies have demonstrated that CoFe,0,4/g-C3N,
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nanocomposites with integrated Z-scheme heterojunctions
serve as efficient photocatalysts. The CoFe,0,/g-C;N, hetero-
junctions, due to their precise alignment in the valence band
(VB) and conduction band (CB), may facilitate slower recombi-
nation under light irradiation.'®*>* Haider et al. fabricated a Z-
scheme Bi,WO¢/KCN heterojunction towards efficient photo-
catalytic degradation of tetracycline hydrochloride. The degra-
dation efficiency of tetracycline hydrochloride could reach 87%
within 20 min under optimal conditions. The enhanced pho-
tocatalytic efficacy of Bi,WO4/KCN is ascribed to its Z-scheme
heterojunction construction, which markedly diminishes the
recombination of photogenerated electron and hole (e /h")
pairs.>* Hence, in the present study, we report the synthesis of
the ternary CoFe,0,/g-C;N,/MWCNT nanocomposite with
enhanced photocatalytic and electrochemical activity. Specifi-
cally, the main aim of this study is to synthesize a ternary
CoFe,0,/g-CsN,/MWCNT nanocomposite via calcination,
analyze the degradation pathway using HPLC, and assess the
impact of g-C;N, and MWCNT on the structural, morphological,
electrochemical, and photocatalytic degradation of RhB.

2. Materials and methods
2.1 Materials

All chemicals were used as obtained without any additional
purification. Cobalt nitrate hexahydrate (Co(NOs), - 6H,0), ferric
nitrate hexahydrate (Fe(NO3);-9H,0), citric acid (C¢HsO--H,0),
ethylene glycol (C,H¢O,), ammonia (NH;-H,0), deionized water
(DIW), MWCNT, melamine, and nitric acid (HNO;) were
sourced from Loba Chemie India, SRL, and Sigma-Aldrich and
used for the synthesis of materials.

2.2 Synthesis of the CoFe,0,/g-C;N4/MWCNT
nanocomposite

CoFe,0, (CGC1) NPs were produced using the sol-gel auto-
combustion approach. Briefly, stoichiometric amounts of
Co(NOj3),-6H,0, Fe(NO3);-9H,0, and citric acid were individu-
ally dissolved in DIW. The metal nitrates were added to the
stirred aqueous solution of citric acid, and the mixture was
heated to 60 °C and stirred for 3 h. Then, ammonia was added
to the solution to adjust the pH to 10. Further, the solution was
heated to 60 °C for 4 h, and 20 mL of ethylene glycol was mixed.
Once the solution turns into a black gel, the temperature is
raised to 100 °C, at which point it undergoes self-propagating
combustion. Finally, the obtained black powder was ground
for 5 h at 700 °C to obtain a fine powder.

The synthesis of g-C3N, was conducted through a direct
pyrolysis of melamine. Initially, melamine was crushed. Then,
the crushed melamine powder was placed in a crucible with
a lid. The crucible was heated to 550 °C £ 5 °C at 10 °C min~ " in
a muffle furnace (4 h). The resulting powder was yellowish and
cleaned with HNO;. Lastly, the obtained powder was dried in
a hot-air oven (60 °C).

The ternary CoFe,0,/g-C;N,/MWCNT nanocomposite was
fabricated employing the calcination approach, as shown in
Table 1. Briefly, for the synthesis of CoFe,O, + MWCNT (CGC2),
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Table1l Weight of each component in the sample for the fabrication
of the nanocomposites

Abbreviation CoFe,0, MWCNTSs g-C3Ny
CGC1 3g 0 0
CGC2 3g 0.15¢ 0
CGC3 3g 0 0.15 ¢
CGC4 3g 0.15¢ 0.15 g

3 g of CoFe,0, and 0.15 g of MWCNT were mixed uniformly
employing a mortar and pestle and annealed at 400 °C for 4 h.
Similarly, for synthesizing CoFe,O, + g-C3;N, (CGC3), 3 g of
CoFe,0, and 0.15 g of g-C;N, were mixed and calcined at 400 °C
for 4 h. The fabrication of CoFe,0, + g-C3N, + MWCNT (CGC4)
involves the mixing of 3 g of CoFe,0,4, 0.15 g of g-C;N,, and
0.15 g of MWCNT in a mortar and pestle, followed by calcina-
tion at 400 °C for 4 h.

2.3 Photocatalytic activity

The photocatalytic studies were performed in visible light using
a 350 W xenon lamp. A standard method was used to produce
a solution containing 10 ppm of the pollutant and 25 mg of the
catalyst, yielding a final volume of 100 mL. A volume of 3-4 mL
from the solution was subsequently obtained and designated as
the initial concentration. The generated solutions are agitated
in the dark for 30 min to attain the adsorption-desorption
equilibrium. The mixture was later subjected to visible light.
During irradiation, a volume of 4-5 mL of the suspension was
collected at regular time intervals. Thereafter, the absorbance of
the resulting supernatant was measured using a UV-Vis spec-
trophotometer after filtration.

3. Results and discussion

3.1 Synthesis of the composite and its characterization

3.1.1. Textural characterization (XRD and FESEM). Fig. 1(a
and b) illustrate the XRD patterns of CGC1 (CoFe,0,4), CGC2
(CoFe,0, + MWCNT), CGC3 (CoFe,0, + gC3N,), GC4 (CoFe,O, +
MWCNT + gC3N,), GCN and MWCNT. The XRD patterns of
CGC1, CGC2, CGC3, and CGC4 match well with the JCPDS card
no. 22-1086, which is associated with the diffraction pattern of
pristine CoFe,0, with a mixed spinel structure and Fd3m space
group. A shift in the diffraction peaks in Fig. 1(a) is observed for
all the composite samples in comparison to the original sample.
The nanocomposites still retain the same spinel structure as
CoFe,0,4. This change occurs because the CoFe,O, nano-
particles and the carbon nitride matrix interact very strongly,
leading to some lattice distortion in the CoFe,0, nanoparticles.
The diffraction peaks are in positions, which mean the distance
between the layers of atoms is different. This occurs because the
atoms are not perfectly aligned, which causes strain and defects
in the CGC composites during fabrication. The Williamson-
Hall analysis in Fig. 1(c and d) also shows lattice strain in the
CGC composites, as expected. The CGC composites undergo
structural changes during their fabrication, affecting the lattice
of CoFe,0,4 nanoparticles.

29436 | RSC Adv, 2026, 16, 29434-29449
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The average crystallite size, lattice parameters, and strain
were calculated using Scherrer's formula, Nelson-Riley plots,
and Williamson-Hall plots, as given in Table 2.%*

The FESEM images in Fig. 2 show the morphology of pure
cobalt ferrite nanoparticles (CGC1) as densely agglomerated
grains. For CGC2, a flake-like morphology is observed, whereas for
CGC3, a sheet-like morphology is observed. Ferrite particles can be
observed on the surfaces of these structures. In CGC2, layered
aggregates are bridged by smoother surfaces that are consistent
with the MWCNT bundles in CGC1 nanoparticles, providing an
interconnected network that enhances charge transfer.*®

CGC3 exhibits a sheet-like morphology with relatively flat
surfaces, characteristic of stacked g-C;N, layers on ferrite NPs.
The sheet-like morphology enhances interfacial contact
between g-C;N, and cobalt ferrite NPs, thereby facilitating
heterojunction formation and charge separation.’”

CGC4 exhibits a clustered, flake-like morphology, with
roughly spherical CoFe,O, NPs on the surface of g-C;N,, inter-
connected by a conductive MWCNT carbon network at the
semiconductor interfaces. The EDS spectra presented in Fig. S1
confirm the incorporation of carbon and nitrogen into cobalt
ferrite from CGC1 to CGC4. CGC4 contains the highest carbon
and nitrogen content, confirming the formation of a ternary
CoFe,0,-MWCNT-g-C;N, nanocomposite.

3.1.2. Chemical composition and nature of active sites
(zeta potential, XPS, IR spectroscopy, and UV-Vis spectroscopy).
Crystallite size and the lattice parameters increased with the
incorporation of GCN and MWCNT in CoFe,0,. Also, there is
a significant decrease in strain, which may be due to CoFe,O,
NPs, which exhibit substantial lattice strain arising from their
high surface-to-volume ratio and crystal lattice defects.
However, the introduction of g-C;N, and MWCNT relieved the
crystallographic stress. Fig. S2 shows the zeta potential of all the
synthesized samples, revealing good colloidal stability of the
nanoparticles in aqueous media.

XPS was utilized for the identification of surface chemical
states and electronic interactions between CGC1 (CoFe,0,),
CGC2 (CoFe,0, + MWCNT), CGC3 (CoFe,O, + 2-C3N,), and
CGC4 (CoFe,0, + MWCNT + g-C3N,) composites, as illustrated
in Fig. 3. The Co 2p spectra of all samples exhibit characteristic
Co 2p3;, and Co 2pyj, spin-orbit doublets, accompanied by
shake-up satellite signals, thereby confirming the existence of
mixed Co®*/Co>" states typical of spinel CoFe,0,. In CGC1, the
Co 2p3, peaks at 780.75 and 782.56 eV, and the Co 2p,,, signals
at 796.47 and 798.29 eV confirm the formation of inverse spinel
cobalt ferrite. When MWCNTs and/or g-C;N, are added, these
peaks gradually move to the left. CGC2, CGC3, and CGC4 show
Co 2p3), peaks near 779.34, 779.33, and 779.11 eV, and Co 2p4,
peaks near 794.59, 794.77, and 794.13 eV, respectively. This
shows strong electronic coupling and charge redistribution
between ferrite and the carbonaceous matrices.

The Fe 2p spectra confirm the presence of both Fe*" and Fe**
species. For CGC1, the Fe 2p3/, and Fe 2p,,, doublets are centered
at 710.49/724.88 eV (Fe*") and 711.98/726.40 eV (Fe*"). For the
composites, the binding energies shift slightly toward lower
values, indicating that electrons can move more readily and that
the redox capability increases due to interactions at the interface.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 XRD patterns of (a) pure and MWCNT, g-C3N4-modified CoFe,O4 NPs and (b) GCN and MWCNT. (c) Nelson—Riley plots and (d) W-H plots

of pure and MWCNT, g-C3N4-modified CoFe,O,4 NPs.

The O 1s spectra can be broken down into lattice oxygen (Co-O/
Fe-O) and surface/defect oxygen components. CGC1 exhibits
peaks at 531.36 and 533.38 eV, while CGC2 and CGC3 exhibit
lattice oxygen at ~529-528 eV and defect oxygen at ~532-531 eV.
CGC4 has three O 1s components at 528.36, 531.11, and 533.56 €V,
indicating that it contains the most oxygen-vacancy-related and
surface-active oxygen species. The systematic shifts in binding
energy and the higher levels of defect oxygen in the ternary
composite show that CoFe,0,, MWCNT, and g-C3N, are strongly
coupled. This is expected to improve charge transfer and catalytic
and electrochemical performance.

The FTIR spectra of CGC1-CGC4 clearly show the formation
of spinel CoFe,O, and that MWCNT and g-C3N, were

successfully added to the composite systems, as seen in Fig. 4.
CGC1 (pure CoFe,0,) exhibits a robust absorption band in the
low-wavenumber range of 560-590 cm ™. This band is typical of
metal-oxygen (Fe-O/Co-O) stretching vibrations at the tetra-
hedral sites of the spinel ferrite lattice, which shows the
formation of CoFe,0,. In CGC2 (CoFe,O, + MWCNT), the
metal-oxygen vibration is still present, but new bands appear in
the higher wavenumber range, especially between 1580 and
1630 cm ™. These new bands are due to the C=C stretching
vibration of sp>-hybridized carbons in the graphitic structure of
MWCNTs.

The weak bands in the 1000-1200 cm ™" range are owing to
the C-O stretching of surface oxygenated functional groups.

Table 2 Structural parameters of the pristine sample and nanocomposites

Parameters CGC1 CGC2 CGC3 CGC4
Crystallite size (nm) 17.85 + 3.48 26.75 + 3.38 24.57 + 2.55 19.53 + 3.32
Lattice parameter ‘a’ (A) 8.273 + 0.006 8.292 + 0.004 8.334 + 0.003 8.314 + 0.009
Strain (6) 0.189 + 0.04 0.0203 + 0.05 0.016 £ 0.04 0.136 £+ 0.03
Zeta potential (mV) —15.2 —12.8 —14 —13.3

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FESEM images of CGC1, CGC2, CGC3 and CGC4.

These changes show that the MWCNTs and the ferrite matrix
were successfully combined. In addition to the ferrite metal-
oxygen band, CGC3 (CoFe,O, + g-C3N,) exhibits an extensive
range of absorption peaks between 1200 and 1650 cm ™. These
signals are caused by C-N and C=N stretching vibrations of the
conjugated heptazine/triazine units of g-C;N,. There is also
a characteristic band near 805-815 cm ™' that corresponds to
the breathing mode of the tri-s-triazine rings, which shows the
presence of graphitic carbon nitride. In the ternary composite
CGC4, all these characteristic bands are observed simulta-
neously. The slight broadening and small shifts of the bands,
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especially in the metal-oxygen and carbon-related areas,
suggest that CoFe,O,, MWCNTS, and g-C;N, interact strongly
with each other. These interactions indicate the formation of
a well-integrated hybrid network, thereby improving charge
transfer.

UV-visible spectroscopy was applied to analyze the optical
properties of the fabricated nanomaterials. The Tauc plots for
the synthesized samples, derived from UV-visible absorbance
spectra, are presented in Fig. 5(a-c). The band gap energies were
2.51 eV for GCN, 1.62 eV for CGC1, and 2.66 eV for CGC4,
respectively.
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Fig. 3 XPS spectra of pure and MWCNT, g-C3N4-modified CoFe;Og,.
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Fig. 4 FTIR spectra of pure and MWCNT, g-C3N4-modified CoFe,O4.

The diminished E, values result from intensified electronic
interactions between the semiconductor and MWCNTSs, which
facilitate charge separation. The amalgamation of materials
with diverse energy levels alters the conduction and valence
bands, hence reducing the band gap." The decrease in band
gap markedly improves photocatalytic efficacy by augmenting
the light-harvesting efficiency.”

3.1.3. Electrochemical analysis

3.1.3.1. Cyclic voltammetry. To determine the -electro-
chemical characteristics of all the samples, a CH Instruments
three-electrode workstation was used, with Ag/AgCl as the
reference electrode, a platinum wire as the counter electrode,
and a glass carbon electrode as the working electrode. Cyclic
voltammetry analysis is carried out for all the samples over the
potential window of —1.5 V to 1.5 V at scan rates ranging from
0.8 Vs 'to0.15V s ', with a step size of 0.01 V s, The study is
carried out using ferri/ferrocyanide [Fe(CN)s>~"*7] as a standard
electrolyte. Fig. 6(a-d) shows the CV plots for all samples at
diverse scan rates. It is observed that all the samples exhibit
a pair of redox peaks, suggesting pseudocapacitive behavior.*®

well-defined,
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At the same time, the composites, such as CGC2, CGC3, and

CGC4, are hybrid materials that exhibit both pseudocapacitive
and EDLC behavior. It is observed that, across all samples, the
peak current increases with scan rate, indicating good rate
capability.*

Even at the increased scan rate, the curve shape remains
indicating the outstanding electrochemical
potential of the modified electrode. Further, the redox peaks are
symmetric, and a very small shift is also observed, indicating
the quasi-reversibility of redox reactions at the electrode
surface.*” The redox peaks observed in all the samples originate
from the reversible electron transfer of the ferri/ferrocyanide
redox probe, [Fe(CN)g>~*7].

For all samples, the electrode materials do not undergo
chemical redox reactions but do influence the rate of electron
transfer and the electroactive surface area. Further, the CGC2
sample exhibits the largest area under the curve, suggesting the
highest charge-storage capability. This is due to the synergistic
impact of MWCNTs and CoFe,O, NPs, in which MWCNTs
provide a conductive percolation network and improve inter-
facial electron transfer.** This improved charge storage capa-
bility is attributed to the highly stabilized interface and the
synergistic effect, in which MWCNTs increase electron
conductivity by providing a path to modify the volume.** CGC3
shows the second-best electrochemical properties due to the
presence of CoFe,O, NPs on graphitic carbon nitride. The
electron cloud of g-C;N, interacts with CoFe,0O, ions, thereby
accelerating electron-transfer kinetics. CoFe, 04 NPs offer a high
number of active sites, whereas g-C;N, serves as a supporting
agent, providing a high surface area and electronic conduc-
tivity.*? This provides more active adsorption sites.*>** However,
in CGC4, the presence of multiple interfaces increases the
interfacial resistance and partially disrupts the CNT conductive
network. Furthermore, the restacking of g-C;N, nanosheets
block the pores in CNTs, reducing electrolyte accessibility. This
results in dilution of the electroactive ferrite fraction, thereby
decreasing the number of available reaction sites. Therefore,
the collective role of MWCNTs and g-C3N, nanosheets results in

6
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Fig. 5 Tauc plots of (a) GCN, (b) CGC1, and (c) CGC4.
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Fig. 6 CV curves of the prepared samples.

inferior electrochemical characteristics. Fig. 7 shows the Ran-
dles-Sevcik plots for the synthesized samples. The linear plot of
peak current vs. scan rate suggests a diffusion-controlled
process.*® Furthermore, the higher slope observed for CGC2
and CGC3 indicates a larger electroactive surface area and
enhanced ion diffusion compared to other samples. The CGC2
sample shows the highest diffusivity among all samples,
consistent with the CV results.

3.1.3.2. Specific capacitance and other parameters. Fig. 8(a—-d)
shows the variation of specific capacitance (Cs), energy density
(E), specific capacity (Qs), and stored charge (g) for all the
samples with respect to the scan rate. All parameters show
a decreasing trend with increasing scan rate, attributed to their
pseudocapacitive behavior and kinetic limitations at higher
scan rates. The decrease in all parameters with increasing scan
rate indicates that ions do not have enough time to access the
inner layer of the active material at higher scan rates.” It is
observed in Fig. 8(a) that the CGC2 sample shows a superior

29440 | RSC Adv, 2026, 16, 29434-29449

1.5

specific capacitance value when compared with other samples.
This is attributed to a highly conductive network of MWCNTs,
which facilitates rapid electron transport and reduces charge-
transfer resistance. The tubular, porous structure of MWCNTs
enhances electrolytic diffusion and exposes more electroactive
sites, while simultaneously contributing to the electric double-
layer capacitance.*® Furthermore, CGC3 exhibits an interme-
diate specific capacitance, followed by CGC2. This is because of
improved particle dispersion and surface wettability resulting
from the presence of g-C3;N,. However, the lower electrical
conductivity of g-C3N, compared to CNTs limits the perfor-
mance of CGC3. It is also observed that the CGC4 sample
unexpectedly shows the lowest specific capacitance. This can be
attributed to the increased interfacial resistance and disruption
of conductive pathways resulting from the combined effects of
MWCNTs and g-C3N,.*” A similar trend is observed across all
parameters, such as E, Qs, and g, with CGC2 showing the
highest values and CGC4 the lowest, as shown in Fig. §(b-d).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Randles—Sevcik plots of the prepared samples.

The highest values for CGC2 are again due to improved
electroactive surface area and ion accessibility, whereas the
lowest values for CGC4 are due to increased interfacial resis-
tance and mass dilution.

View Article Online
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3.1.3.3. Electrochemical impedance spectroscopy and Bode
plot. The Nyquist and Bode plots together provide a clear picture
of ion transport and charge transmission characteristics of
various samples. Fig. 9(a) displays the Nyquist plot for all the
samples. It is observed that CGC1, CGC2, CGC3, and CGC4
demonstrate a combination of depressed semicircles at high
frequencies and an inclined line at low frequencies. This indi-
cates that both diffusion and interfacial charge transfer
contribute to the overall impedance. The charge-transfer resis-
tance, as measured by the semicircle diameter, is highest for
CGC3 and lowest for CGC2, suggesting faster electron transfer
in CGC2. The fast electron transfer kinetics are attributed to the
highly conductive percolation network of MWCNTs in the CGC2
sample.”® The CNTs provide a continuous pathway, reducing
interfacial resistance. Although the CGC3 electrode exhibits the
highest interfacial resistance, it still delivers higher capacitance
than pristine ferrite owing to the improved electroactive surface
area, enhanced wettability, and better dispersion of CoFe,0,
NPs on g-C;N, sheets. In contrast, the ternary composite shows
less resistance than CGC3 but the lowest capacitance, indi-
cating that excessive structural complexity reduces electroactive
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(a) Specific capacitance, (b) energy density, (c) specific capacity, and (d) stored charge plots of CGC1, CGC2, CGC3, and CGC4.
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site utilization and introduces additional interfacial barriers. In
the low-frequency region, the straight line corresponds to the
Warburg impedance, which describes ion diffusion within the
electrode pores.*

In this region, CGC4 shows the steepest slope, indicating
rapid ion diffusion through the combined porous network of
CNTs and layered g-C;N,.*° Further, Fig. 9(b) shows the
frequency-dependent dissimilarity in the Bode phase angle
across all samples. Generally, a phase angle approaching —90°
indicates good capacitive performance and an ideal charge-
discharge process.”* The Bode phase further supports the EIS
analysis, in which CGC2 displays the highest phase angle. This
indicates an ideal capacitive behavior owing to rapid electro-
chemical response and efficient charge storage. However, CGC3

29442 | RSC Adv, 2026, 16, 29434-29449
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(a) Electrochemical impedance spectra, (b) Bode phases, and (c) Bode magnitude plots of the prepared samples.

shows the lowest phase angle, indicating a predominance of
resistive behavior. A similar behavior is observed in the Bode
magnitude plot, as displayed in Fig. 9(c). The impedance
magnitude decreases with increasing frequency. This is
a normal transition of ferrites from a resistive to the capacitive
type.*> However, it is again observed that CGC2 shows lower
impedance than the other samples, suggesting improved elec-
tronic and ionic conductivity. However, despite efficient ion
transport, the C, value for this sample is the lowest, suggesting
that ion diffusion alone does not govern charge storage.”
Reduced electroactive sites, reduced electroactive mass fraction,
and increased interfacial resistance overall limit the electro-
chemical performance of the electrode.

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

3.2.1. Photocatalytic decomposition of RhB. The photo-
catalytic performance of cobalt ferrite, incorporating MWCNTSs
and a g-C3;N, matrix, was assessed for the decomposition of an
RhB solution. The photocatalytic effectiveness of the CGC1,
CGC2, CGC3, and CGC4 catalysts was assessed by monitoring

the decomposition of RhB under visible light. To attain this
objective, an RhB pollutant solution at 10 ppm was prepared. A
blank solution was produced to assess its absorbance. After-
ward, 25 mg of the nanomaterials was added to the solution and
incubated in the dark for 30 min to achieve equilibrium.
Fig. 10(a) shows that after 30 min under dark conditions, the
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(a) t1/2, (b) tgg, and (c) rate constant plots of CGC1, CGC2, CGC3, and CGC4.
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Table 3 Photocatalytic evaluation of the synthesized catalysts

Degradation K tin too

Sample (%) (s (min)  (min) R?

CGC1 65.17 8.8 x 10°° 142.9 474.7 0.928

CGC2 79.61 1.32 x 87.8 291.8 0.922
107*

CGC3 69.52 9.33 X 123.7 411.1 0.930
107°

CGC4 84.1 1.53 x 75.5 251.1 0.900
10°*

system reached an adsorption-desorption equilibrium;

however, the RhB conversion is approximately 33.8% under
dark conditions for the CGC4 catalyst. Afterward, the samples
were exposed to visible light, and the solution was removed
every 10 min to measure its absorbance at C,. Nevertheless, the
removal efficiency of the CGC4 catalyst rises noticeably to 51.2%
when exposed to visible light for 30 min. Adsorption plays
a negligible part in the removal of RhB. A consistent pattern is
observed in all the synthesized catalysts. The deterioration of
RhB followed a progressive pattern, with CGC4 (84.1%) exhib-
iting the highest degradation rate, followed by CGC2 (79.6%),
CGC3 (69.5%), and CGC1 (65.1%), after 180 min of visible light
exposure. The enhanced capacity for degradation upon light
exposure may be associated with the generation of a hetero-
junction among the three components. This heterojunction
prevents elimination due to agglomeration and efficiently
suppresses the recombination of photoinduced electrons and
holes.> The influence of carbon nanotubes (MWCNTSs) on
photocatalytic activity was observed in CGC2 and CGC4 nano-
composite catalysts, especially noticeable in cobalt ferrite. A
marked alteration in reaction rate was evident when cobalt
ferrite NPs were deposited on the MWCNTs surface. The results
indicate that incorporating MWCNTSs substantially improves
catalytic performance, likely due to synergistic interactions
between MWCNTSs and ferrite nanoparticles.> Table 4 presents
a comparison of the efficacy of various photocatalysts for the
degradation of RhB dye at different RhB concentrations and
catalyst dosages.

The pseudo-first-order (PFO) kinetics equation was used to
determine the rate constant, thereby improving our under-
standing of the efficacy of the synthesized photocatalysts. The
equation is presented as follows:

View Article Online
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ln% = —kt (1)

The variable k denotes the photodegradation rate, while C,
and C; denote the initial pollutant concentration and the
concentration at time ¢, respectively.

The kinetics of RhB degradation, illustrated in Fig. 10(b),
adhere to a pseudo-first-order reaction. The CGC4 catalyst
exhibited an increased rate constant of 1.5 x 10, significantly
surpassing the rate constants of CGC1, CGC2, and CGC3, which
were 8.8 x 107°, 1.3 x 107* and 9.3 x 10 °, respectively
(Fig. 11(c)). The enhanced charge-carrier separation in CGC4
may account for the higher rate constant. The estimated factors
are presented in Table 3. Using the rate constant, eqn (2) and (3)
were utilized to determine the values for ¢, and ¢, respec-
tively, as follows:

In(2)

l]/z = s (2)
top = ln(kIO) ) (3)

where to, represents the duration required for 90% of the
contaminant to degrade, while ¢,,, indicates the time necessary
for 50% of the contaminant to decompose (Fig. 11(a and b)).
Additionally, the influence of diverse photocatalytic conditions
on photocatalytic activity was thoroughly examined. The CGC4
catalyst with the highest rate constant is selected for additional
optimization of reaction variables based on the observed
results.

3.2.2. HPLC analysis. The intermediates generated during
the photodegradation of RhB were analyzed using HPLC, with
findings depicted in Fig. 12(a-d). Given the potential spectral
overlap between the parent dye and its decomposition products,
HPLC acts as an additional approach to UV-Vis spectropho-
tometry for elucidating reaction kinetics and intermediates
generated during the photocatalytic reaction. Fig. 12(a) depicts
the overlay HPLC chromatograms of the RhB decomposition
reactions recorded before the illumination treatment, and those
after the complete decomposition after 180 min are shown in
Fig. 12(b-e). The absorbance peak of pure RhB was detected at
a retention period of 6.822 minutes on HPLC.

The intensities of the new peaks at designated retention
times in the spectra decreased with an irradiation duration of

Table 4 Comparison of RhB dye degradation using different nanomaterials

Dye concentration Dosage concentration Removal efficacy Time

Catalysts (ppm) (mg) (%) (min) Ref.
Ce-doped ZnO 25 50 85.1 125 64

Ag-ZnO 5 20 66 120 65
DyBa,Fe;0; o55/DyFeO; — 50 72 120 66
Bi,S;/Bi,M0Og 4.8 100 77.2 120 67

Bi,S;/CuS 10 100 55 300 68

N-Doped BiO/OVs-BiVO, 10 50 69 240 69
rGO/BiVO, 5 100 59 480 70

CGC4 20 50 89.9 120 Present work
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Fig. 12

180 min, signifying the degradation efficacy of RhB for all
intermediates, which encompass N,N-diethyl-N'-ethylrhod-
amine, N,N-diethylrhodamine, N-ethyl-N'-ethylrhodamine, N-
ethylrhodamine, and rhodamine.*® Additionally, several new
peaks appeared during the reaction, which continued for
180 min. These peaks were expected to represent highly polar
components, likely small-molecule intermediates.>” It was also
observed that the intensity of the RhB peak decreased and then
decreased further after 180 min of the photocatalytic decom-
position process. The decrease in the intensity of intermediate
compounds further confirms that no harmful final products
were formed.*® Overall, the HPLC results strongly suggest that
RhB can be effectively degraded and mineralized via
photocatalysis.

3.2.3. Impact of reaction parameters. The optimization of
several operational parameters essential for the degradation
phenomena involved analyzing the impacts of catalyst dosage,
drug concentration, and pH on direct current decomposition
(under visible light exposure) using the CGC4 catalyst. Fig. 10(d)
shows the impact of catalyst dosage on the performance of
photodegradation. The elimination efficiency of CGC4
increases with catalyst dose (25-75 mg) and reaches a maximum
at 50 mg. The lower removal efficiency at higher catalyst doses

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

HPLC analysis of RhB (a) without the catalyst and in the presence of (b) CGC1, (c) CGC2, (d) CGC3, and (e) CGC4 catalysts.

can be attributed to particle aggregation, which decreases the
number of active sites.” Moreover, an increased catalyst dosage
increases the turbidity of the solution, which can hinder light
penetration and thereby reduce the degradation rate.

The impact of dye concentration is examined for the catalyst,
CGC4, at a fixed dose of 50 mg. The elimination effectiveness as
a function of dye concentration is presented in Fig. 10(c). The
dye concentration is adjusted to 10-30 mg L™ '. The optimum
elimination effectiveness is achieved at a dye concentration of
20 mg L. Nevertheless, as the RhB concentration increased,
the degradation rate decreased due to the reduced availability of
catalytic sites for RhB molecules.®® The rate of decomposition
increases with the number of accessible active sites on the
supported catalyst, leading to a higher concentration of RhB
molecules on the catalyst surface. Consequently, a concentra-
tion of 20 mg L' RhB was identified as the optimal level for
conducting a photocatalytic degradation experiment.

Electrostatic interactions between the dye molecules and the
catalyst surface substantially affect the photocatalytic perfor-
mance of the catalyst. Changes in pH modify the surface charge
of the catalyst by altering the redox potentials of the valence and
conduction bands, thereby affecting interfacial charge trans-
fer.** Adjusting the reaction pH is crucial for the decomposition

RSC Adv, 2026, 16, 29434-29449 | 29445
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Fig. 13 Proposed mechanistic pathway of the Z-Scheme charge-transfer for RhB decomposition.

of contaminants, as it affects the surface charge of the catalyst.
Consequently, it is imperative to analyze the behavior of
pollutants at the active pH. Fig. 10(e) depicts the decomposition
patterns of RhB at initial pH levels of 3, 6, and 12. The degra-
dation efficiency increases with the initial pH of the RhB dye
solution, rising from 87.5% at pH 3 to 89.9% at pH 6, then
decreasing to 71.9% at pH 12. The decrease at higher pH levels
may be associated with OH™ ions competing with RhB dye
molecules for adsorption sites, thereby reducing RhB dye
adsorption. Furthermore, excessive OH  ions may engage with
radicals ("OH), hence reducing the number of reactive species.*
RhB removal was most efficient in robust acidic environments,
followed by weak acidic environments. Our results corroborate
prior evidence that acidic conditions favor RhB degradation.®

3.2.4. Degradation mechanism. To identify the active
species in the decomposition reaction, RhB was degraded in the
presence of scavengers, such as isopropyl alcohol (IPA), 1,4
benzoquinone  (BQ), nitrate, and ethylene-
diaminetetraacetic acid disodium salt (EDTA), which scavenge
"OH, '0,7, e, and h", respectively. Fig. 10(f) represents the
impact of scavengers on the photo decomposition rate constant.
The investigation indicates that the inclusion of BQ led to the
lowest removal efficiency. Furthermore, the inclusion of IPA
and EDTA led to a significant reduction in the removal effi-
ciency. Silver nitrate does not significantly influence the rate
constant, thereby eliminating the possibility of e as the active
species. The inclusion of BQ, IPA, and EDTA indicates that "OH,
‘0,7, and h', radicals are the primary active species involved in
the photodegradation process. These results can be readily
elucidated using the information on band structures. As illus-
trated in Fig. 13, we propose a Z-scheme charge-transfer

silver
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mechanism for decomposition, supported by scavenging tests
and band-structure analysis via UV-visible absorbance spec-
troscopy. The band edge positions of the valence band (Eyg) and
conduction band (Ecg) potentials of g-C;N, and CoFe,O, were
determined using the following equations:

Ecg=x - E - E,, (4)
Evg = Eg — Ecp, (5)

where E, is the band gap, x is Mulliken's absolute electroneg-
ativity, and E° is the energy of free electrons on the hydrogen
scale (4.5 eV). For g-C3N,, the valence band (VB) and conduction
band (CB) edge potentials were +1.49 eV and —1.03 eV, respec-
tively, while for CoFe,O,, they were +2.12 eV and +0.50 eV,
respectively. Visible light exposure facilitates the production of
electrons (e”) and holes (h") in the conduction band (CB) and
valence band (VB) of the catalysts.”* g-C3N, possesses a loose,
porous structure, thereby enhancing the availability of active
sites for photocatalytic reactions. The photogenerated electrons
are transmitted to MWCNTs, which serve as electron acceptors
and transport conduits within the photocatalytic system.” The
photogenerated electrons in the CB of cobalt ferrite preferen-
tially migrate through the MWCNT network and recombine
with holes in the VB of g-C;N, because MWCNT has intimate
interfacial contact and excellent electrical conductivity. The
conduction band electrons at g-C;N,, with a more negative
energy (—1.03 eV) than the standard reduction potential
(—0.33 eV vs. NHE, 0,/°0, ), facilitated the conversion of
atmospheric oxygen into superoxide radicals. CoFe,O, has
a larger VB edge potential (2.12 eV) than OH /OH" (1.99 eV) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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H,O/0OH" (1.23 eV), allowing h* to oxidize OH~ and H,O to
produce OH'. Scavenging studies and band-structure analysis
reveal that superoxide and hydroxyl radicals are the primary
active species involved in the degradation of RhB.

4. Conclusion

This study successfully fabricated a ternary CoFe,0,/g-C3N,/
MWCNT NC and systematically evaluated its efficacy in the
visible-light-induced photocatalytic decomposition of RhB. The
ternary CGC4 composite exhibited the highest photocatalytic
performance (84.01%) and reaction rate constant
(0.00917 min ') among the prepared catalysts. This was due to
pseudo-first-order kinetics. The increased activity is due to
a synergistic Z-scheme heterojunction mechanism that effec-
tively suppresses electron-hole recombination, more efficiently
utilizes light, and facilitates faster charge transfer at the inter-
face. Parametric optimization showed that the amount of
catalyst, dye concentration, and solution pH significantly affect
degradation efficiency. Acidic conditions facilitate better
removal of RhB. Radical-trapping experiments demonstrated
that superoxide radicals and photogenerated holes are the
primary agents in the degradation process. At the same time,
HPLC analysis validated the gradual breakdown and minerali-
zation of RhB, without the formation of persistent toxic inter-
mediates. The electrochemical analysis revealed that the CGC2
electrode demonstrates superior performance, with a maximum
C, value of 6.407 F g, an energy density of 8.008 W h kg™, and
a specific capacity of 9.611 mAh h™" at a scan rate of 0.08 Vs~
However, the capacitance decreases with increasing scan rate,
indicating diffusion-controlled processes. The superior perfor-
mance of the CGC2 sample results from the synergistic effect of
the conductive network of MWCNTs and the electroactive
CoFe, O, NPs.
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