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Water pollution from dyes in wastewater is a critical global issue, as these stable organic dyes resist

biodegradation, posing serious threats to aquatic ecosystems. To address this situation, advanced

photocatalysts have been developed. Here, NiFe,O4/g-CsN4 was synthesized for the photocatalytic
degradation of Rhodamine B (RhB) dye in the presence of H,O, and visible light. Physicochemical analysis
results showed NiFe,O4 nanoparticles dispersed in the g-CszN4 matrix, with an upward trend in the
saturation magnetization of CNFx as NiFe,O4 content rose. The surface area of CNF30 was 62.3 m? gt
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outperforming both NiFe,O, (23.2 m? g™ and g-C3N, (48.5 m? g3). NiFe,04/g-C3N4 could be reused up

to four cycles, and efficiently catalyzed the degradation of nearly 98% RhB dye, showing a decreased rate of
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1. Introduction

The expansion of industries and growing population have
intensified environmental and health concerns, especially with
the extensive use of synthetic dyes across various sectors, which
significantly contributes to water pollution.* Many of these dyes
are either slow to biodegrade or are entirely non-biodegradable,
making them challenging to treat using conventional waste-
water methods.”” Additionally, their toxicity can severely
disrupt the metabolism of living organisms, posing risks such
as mutagenicity and carcinogenicity.>* Without timely inter-
vention, these pollutants may cause irreversible harm to
ecosystems, underscoring the need for sustainable and effective
solutions to mitigate these environmental hazards.

Currently, the variety of available wastewater treatment
processes provides a robust basis for selecting the most effective
methods for specific pollutants. Advanced physical techniques
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up to 95% COD. Through scavenger studies, the main role of ‘OH was demonstrated. Therefore, highly
efficient and recyclable NiFe;O4/g-C3sN4 can be a potential photocatalyst for degradation of dyes.

such as sedimentation, ion exchange, and membrane filtration,
for instance, achieve high-efficiency removal of organic and
inorganic solids from water.® Additionally, bioremediation of
textile wastewater using different organisms, e.g., bacteria,
fungi, algae, enzymes, and mixed cultures under aerobic and
anaerobic conditions has proven particularly effective as it
decomposes organic contaminants and converts dissolved
organic matter into biomass.® Furthermore, physicochemical
treatments, including coagulation-flocculation, activated
carbon-based adsorption, photocatalysis, electrochemical
methods, and advanced oxidation processes, have also shown
strong performance in removing pollutants.” Notably, among
these, advanced oxidation processes are extensively regarded as
the most effective for degrading dye molecules in wastewater.®

Over the last two decades, two-dimensional graphitic carbon
nitride (g-C3;N,) has emerged as one of the most prominent
photocatalysts for physicochemical applications due to its
favorable thermochemical stability, cost-effectiveness, ease of
synthesis, narrow band gap energy (2.9 eV), and abundant
charge carriers within its tri-s-triazine and triazine units.>™*
However, the photocatalytic performance of g-C3N, is hindered
by obstacles such as a low surface area, rapid recombination of
photogenerated electron-hole pairs, and limited absorption
efficiency (=450 nm)."” To overcome these issues, researchers
have explored modifications with elements such as sulfur,
phosphorus, potassium, and sodium, which have shown to
enhance the photocatalytic activity of g-C3N,.** Additionally,
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combining with other semiconductors, such as magnetic spinel
ferrite, offers a promising approach due to its ability to broaden
the absorption spectrum, reduce bandgap energy, improve
thermochemical stability, and increase charge separation,
thereby boosting photocatalytic efficiency.® Nickel ferrite
(NiFe,0,), with band gaps of 1.5-1.7 eV and greater absorption
within the visible spectrum, serves as a beneficial component to
enhance photocatalytic applications.** Thus, the presence of
NiFe,0, in binary semiconductors helps form Z-scheme or S-
scheme heterojunctions in minimizing charge recombination
and enhancing photocatalytic activity.

Numerous studies on NiFe,0,/g-C;N, have demonstrated
high effectiveness in photodegrading various pollutants in
water, underscoring its strong potential as a key material for
wastewater treatment.’” The NiFe,0,/g-C;N, composite has
photodegradation potential to degrade a broad range of phar-
maceutical substances, such as ofloxacin, cephalexin, and
tetracycline hydrochloride, along with harmful dyes such as
methylene blue, methyl orange, and rhodamine B.*>'*>
Remarkably, NiFe,0,/g-C;N, achieved removal rates 30-50%
higher than those obtained with individual components (g-C3N,
and NiFe,0,). However, moderate degradation rate and long
treatment duration using the NiFe,0,/g-C;N, composite might
be the major drawbacks in these studies. Importantly, NiFe,0,/
2-C;N, stability and recyclability as well as the photocatalytic
mechanism for RhB degradation were not clarified insightfully.
Necessary tests such as chemical oxygen demand to monitor the
amount of oxygen in the treated water were rarely conducted.

Here, several improvements in experimental conditions are
implemented to enhance the RhB photodegradation perfor-
mance using the NiFe,0,/g-C;N, composite, offering a deeper
analysis compared to prior studies. These novel points may
distinguish this research on RhB elimination using NiFe,0,/g-
C;N, composites. These advancements aim to distinguish our
findings on RhB degradation with this composite. Firstly,
unlike previous studies relying on direct solar irradiation,
which varies in photon intensity, the photodegradation process
was achieved by irradiation using a stable photon source of LED
light, ensuring consistent photon energy throughout the
process.>** Secondly, a chemical oxygen demand (COD)
experiment for measuring the total organic matter after the
reaction was conducted. Thirdly, a plausible and detailed
mechanism for RhB photodegradation by the NiFe,0,/g-C3N,
composite was proposed through incorporating recent insights
on semiconductor heterojunction mechanisms. This addressed
the gap left by prior studies,” which did not confirm whether
the mechanism was a type-II heterojunction or an S-scheme.
Our proposed mechanism provides a more comprehensive
understanding, confirming that the S-scheme mechanism best
describes the photodegradation process.

2. Materials and methods
2.1. Synthesis of g-C;N,

First, 10 g of urea was added into a ceramic crucible and capped
carefully. The solid was calcined at 500 °C with a heating rate of
5°C min~ " for 2 h to obtain g-C;N,. Afterward, the g-C;N, solid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was ground finely, washed with 0.1 M HNO; solution, and
distilled water many times. Finally, the sample was dried at
110 °C to obtain pure g-C;N,.

2.2. Synthesis of NiFe,0,

In this study, urea acted as a fuel for the combustion method.
First, 8.0 g urea was dissolved in 20 mL distilled water. 5.82 g
Ni(NO3),-6H,0 and 16.2 g of Fe(NO;);-9H,0 were added into
this solution. The mixture was magnetically stirred on a heating
machine at 70 °C for 4 h. The sample was dried in an oven, and
then transferred into a ceramic crucible. The solid was calcined
at 500 °C for 3 h to obtain the NiFe,O, sample. The chemical
equation for the reaction can be described as follows:

3Ni(NO3); + 6Fe(NO3); + 20(NH,),CO — 3NiFe,04 + 32N,
+ 20CO; + 40H,0

2.3. Synthesis of the NiFe,0,/g-C;N, composite

Fig. 1 shows the synthesis procedure of the NiFe,0,/g-C3N,
composite. In detail, 0.01 g of the synthesized NiFe,O, was
elaborately mixed with 0.09 g of g-C3N,, and transferred into
a ceramic crucible. Then, the mixture was calcined at 450 °C for
2 h. The solid was washed with distilled water, and dried to
obtain the NiFe,0,/g-C;N, material, denoted as CNF10. The
number “10” means that the weight of NiFe,O, accounted for
10% of the total weight of NiFe,O, and g-C3;N,. Similarly,
composite samples with 20% NiFe,O, (CNF20) and 30%
NiFe,0, (CNF30) were prepared by adjusting the proportions
accordingly. The synthesis of these samples was conducted
similar to that of the CNF10 sample.

Urea solution Ni2*+ Fe3*
Stirring: 70°C, 4 h I o+
NiFe,0,
Milling, washing
—
Drying
L
Urea
g8-GN,g
500°C,2h Milling, washing
2 —_— —_—
S Drying
CNF30
(30% NiFe,04/g-CN;) @D
CNF20 450°C,2h

@

(20% NiFe,0,/g-CsNy)

CNF10
(10% NiFe,0,/g-CsN,) é

Fig. 1 The synthesis of g-CsN4 NiFe,O4 and NiFe,O4/g-C3Ny
composite.
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2.4. Photocatalytic experiments

For a typical run, 0.1 g of the catalyst was added into 100 mL
RhB dye solution (20 mg L™"). The adsorption was carried out
under dark conditions for 90 min to reach equilibrium. Note
that after every 30 min, the solution was sampled (2 mL) and
centrifuged to monitor the UV-Vis absorption spectra. After
90 min of adsorption, a volume of 30% H,0, was added into the
solution to obtain an [H,0,] of 0.2 M. The mixture was stirred
under illumination using LED light. Every 30 min, the solution
was sampled with 2 mL to monitor the absorbance. The
maximum absorbance of RhB was determined at approximately
500 nm.

3. Results and discussion

3.1. Characterization

3.1.1. Crystallinity. Fig. 2a illustrates the XRD pattern of g-
C3Ny, NiFe, 0,4, and CNFx (x = 10, 20, 30). For g-C3N,, two typical
peaks at 2-theta of 13.0° and 27.65°were observed, which are
assigned to the (100) and (002) planes. These signals may relate
to the in-plane structural interlayer stacking of the aromatic
system of g-C3N, (JCPDS No. 87-1526).>*** For NiFe,0,, the
intensive peaks at 30.3°, 35.7°, 37.4°, 43.5°, 57.4°, and 63.2° are
indexed to the (220), (311), (222), (400), (511), and (440) crystal
planes, respectively (JCPDS No. 00-003-0875).>° However, in the
pattern of NiFe,O,, less intense peaks are observed, which may
be explained by the presence of iron or nickel oxide phases in
the sample, indicating it is not a completely pure sample.’
Most patterns of CNFx (x = 10, 20, 30) show the inheritance of
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peaks from g-C3N, and NiFe,O,. However, the decrease in
intensity of the two peaks at planes (100) and (002) of CNFx is
attributed to the anchoring of NiFe,O, on sheets of g-C3N,.>*?%*”
This finding demonstrates the successful synthesis of CNFx
composites with pure lattices.

3.1.2. Surface chemistry. Fig. 2b illustrates the surface
chemistry of g-C3N,, NiFe,O,, and CNFx (x = 10, 20, 30)
composites. For g-C3Ny, the peak around 800 cm ™' corresponds
to the breathing mode of the tri-s-triazine unit.”® Vibrations in
the range of 1200-1650 cm ™" are attributed to the stretching of
C-N heterocycles.” A peak at 3175 cm ' is associated with
adsorbed free water molecules or uncondensed N-H stretching
vibrations.* For NiFe,0,4, peaks at 500-600 cm™* correspond to
metal-oxygen vibrations.”** NiFe,O, also shows additional
peaks at 1000-1700 cm ', assigned by the stretching and
bending of C=C or C-N bonds. These impurities likely result
from using urea as a combustion agent in the synthesis process.
The spectra of CNFx (x = 10, 20, 30) composites inherit peaks
from both g-C;N, and NiFe,O,. A noticeable increase in the
intensity of the metal-oxygen vibration peaks is observed when
the NiFe,O, grafted on g-C3N, sheet is increased.

3.1.3. Magnetization. The magnetic hysteresis loops of
NiFe,0, and CNFx (x = 10, 20, 30) indicate several magnetic
properties, including saturation magnetization (M), coercivity
(H.), and remnant magnetization (M,) as observed in Fig. 2c.
Considering the shape of the magnetic hysteresis loops, both
NiFe,0, and CNFx composites are soft ferromagnetic materials.
NiFe,0, exhibited an M, value of 32.86 emu g '. This value
gradually decreased as the NiFe,O, content in CNFx composites
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Fig.2 The XRD patterns (a), FTIR spectra (b), magnetization curves (c) and UV-Vis DRS spectra (d) of g-C3Ny4, NiFe,O4, and CNFx (x = 10, 20, 30).
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Fig.3 SEMimages of g-CsN4 (a and b) and EDX analysis (c). SEM images of NiFe,O,4 (d and e) and EDX analysis (f). SEM images of CNF30 (g and h)

and EDX analysis (i).

decreased from 30% to 10%, resulting in M; values from 28.09
emu g ' to 6.52 emu g~ as summarized in Table S1 in the ESI}
document. The reduction of M, values is attributed to the
combination with the non-magnetic material g-C;N,, signifi-
cantly lowering the magnetic saturation of the CNFx compos-
ites. However, previous studies often reported higher magnetic
saturation values of NiFe,O,, typically at 40-50 emu g~ '3
This discrepancy may result from NiFe,O, impurities due to the
use of urea as a combustion agent in the synthesis process.

3.1.4. Optical properties. The UV-visible diffuse reflectance
spectrum (DRS) analysis helps in better understanding the
optical properties and light absorption of photocatalysts. Fig. 2d
illustrates the UV-Vis DRS spectra of g-C;N,, NiFe,0,, and CNFx
(x = 10, 20, 30). Firstly, g-C3;N, strongly absorbs in the wave-
length below 450 nm, rendering it inactive in the visible light
region. This result is consistent with other research studies on
synthesizing g-C;N,;, where the illumination absorption is
attributed to the # — =* and n — =* transitions in the tri-s-
triazine or tri-s-heptazine units.>**® Meanwhile, the absorption
band of NiFe,O, was observed in the range of 450-700 nm
(visible light region). Therefore, combining g-C;N, and NiFe,0,
forms a NiFe,0,/g-C;N, composite that can be excited by
photon irradiation in the UV-Vis region.

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

To access the separation efficiency of photo-generated elec-
tron-hole (e -h") pairs of g-C;N, and CNF30 composite, pho-
toluminescence (PL) spectra at a wavelength range of 400-
600 nm were recorded. According to Fig. S1,f g-C;N, has an
emission peak at around 438 nm, compared with the 434 nm of
CNF30. Moreover, the PL intensity of g-C;N, is considerably
decreased in comparison to that of CNF30, indicating the
migration of e ~h" pairs between g-C;N, and NiFe,O,. There-
fore, the e -h* recombination rate of CNF30 decreased, likely
increasing its photocatalytic performance.

3.1.5. Morphology and chemical composition. Fig. 3
reveals the morphology of g-C;N,, NiFe,O,, and CNF30
composite. According to Fig. 3a and b, g-C;N, exhibits an
uneven distribution of sheet sizes, ranging from 50 to 500 nm,
with a flake-like morphology. NiFe,O, nanoparticles, on the
other hand, are slightly concentrated and distributed below
50 nm in size, with a spherical shape as shown in Fig. 3d and e.
Notably, the CNF30 composite shows densely grafted NiFe,O,
nanoparticles on the surface of the g-C;N, sheet, indicating the
successful decoration of g-C;N, with NiFe,O, nanoparticles.
This observation aligns with several previous reports.*”*

The elemental composition and percentage of elements in g-
C;3N,, NiFe,0,, and CNF30 composite are presented through

Nanoscale Adv., 2025, 7, 536-548 | 539
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Fig. 4 HR-TEM (a—c) and EDS mapping (d—i) of CNF30.

EDX analysis in Fig. 3. The obtained data confirm the presence
of main elements in g-C3N,, NiFe,0,, and CNF30. Notably, the
double calcination of g-C3;N, led to a change in the C/N ratio in
the g-C;N, and CNF30 samples. In pure g-C;N,, the atomic ratio
of C/N was 0.67, compared with 0.88 of CNF30. This finding
indicates a decrease in the nitrogen content after two successive
heating at 500 °C and 450 °C due to the deamination process.>®

The internal structure of g-C;N, in Fig. S27 reflects the thin
flat shape of irregular 2D nanosheets as reported previously.*®
For the composite, HRTEM images in Fig. 4a and b show
NiFe,O, particles with an average size of about 50 nm

E d
250 CNF30 (ad
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E 200 - g-C,N, (ad.)
E 150- g-CN, (de.) /
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2z i
E 50 - % -
S T

s 4223 ETIITITZ—0 T T, et
Sy
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Relative Pressure (p/p°)

0.0 1.0

embedded in g-C;N, nanosheets in CNF30, agreeable with
previous studies.”?' Decoration of NiFe,O, by g-C;N, at the
edge is also observed in Fig. S3.1 Two distinct lattice fringes at
0.17 nm (440) and 0.25 nm (311) in Fig. 4c are attributable to
lattices of NiFe,0,, suggesting the presence of NiFe,O, in the
CNF30 heterojunction.** Moreover, EDS mapping of CNF30 in
Fig. 4d-i shows good distribution of C, O, N, Fe and Ni in
CNF30, which was consistent with the EDX analysis results.
3.1.6. Surface area and porosity. From the N, adsorption-
desorption isotherm curves in Fig. 5a, it is evident that g-C;N,,
NiFe,0,4, and CNF30 samples exhibit type III with H3-type

0.5

e
»
1

o
w
!

/
,f/\\//

——CNF30
—g-CN,
——NiFe,0,

Pore Volume (cm®/g)
o o
N N

=
=)
!

Pore Width (nm)

Fig. 5 N, adsorption—desorption isotherm curves (a) and BJH adsorption dV/d log(w) pore volume (b) of g-C3N4, NiFe,O4, and CNF30.
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Fig. 6 XPS analysis of CNF30: (a) full survey, (b) Cls, (c), N1s, (d) Ols, (e) Fe 2p, and (f) Ni 2p.

hysteresis loops, indicating the reversible isotherms and the
presence of wedge-shaped pores. The pore size distribution in
Fig. 5b and the values in Table S1 show that the pore sizes of g-
C;N,, NiFe,0,, and CNF30 are 30.7, 22.3, and 31.8 nm,
respectively. Additionally, the BET surface area of CNF30 was
found at 62.3 m* g, higher than that of g-C;N, at 48.5 m*> g "
and NiFe,0, at 23.2 m> g ". In other words, the surface area of
CNF30 was approximately equal to the sum of the surface areas
of g-C3N, and NiFe,0,. This indicates the decoration of g-C;N,
sheets with NiFe,0, nanoparticles without significant defects to
the overall porous structure. The slightly lower surface area of
CNF30 compared to the sum surface areas of the components
can be attributed to the deposition of NiFe,O, nanoparticles
into the pores of g-C3;N,, leading to some pore blockage and
a slight reduction in surface area. Additionally, the second
calcination of g-C3N, and NiFe,O, at 450 °C also partially
affected the porous features.

3.1.7. Elemental valence states. The elemental valence
states of CNF30 were analyzed using the XPS spectrum (Fig. 6).
According to Fig. 6a, CNF30 is constituted of five main
elements: C, N, O, Fe, and Ni, which are commensurate with the
observation in EDX and TEM mapping analyses. Fig. 6b shows
deconvoluted C1s peaks at 284.8 eV and 288.3 eV, correspond-
ing to C-C and N-C=N bonds. Meanwhile, Fig. 6¢ shows three
deconvoluted N1s peaks at 398.7 eV, 400.0 eV, and 403.4 eV,
corresponding to C-N=C, N-(C);, and C-NH groups. These
bonds belong to g-C;N,, as reported previously.*** For Ols,
Fig. 6d suggests the presence of oxygen-metal bonds in NiFe,0O,
particles at 529.5 eV. Another peak at 532.0 eV can be hydroxyl
groups, which resulted from water adsorbed in CNF30.>* For Fe

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

2p, the spectrum in Fig. 6e highlights two regions including Fe
2ps/, at 710.2 eV and 714.2 eV, and Fe 2p,), at 723.3 eV and
727.8 eV. Moreover, the deconvolution indicates two Fe>* states
in the octahedral and tetrahedral sites.*® Similarly, the decon-
volution of Ni 2p;/, at 853.1 eV and 855.6 eV, and Ni 2p,,, at
871.0 eV and 873.5 eV can be observed in Fig. 6f.

3.1.8. Photoelectrochemical properties. In this study,
electrochemical impedance spectroscopy (EIS) spectra of
NiFe,0, and CNF30 were examined to explore their photo-
generated charge transfer performance with glassy carbon as
the working electrode and 3 M KCI as the electrolyte solution.
Fig. S47 reveals that the photochemical impedance of CNF30
was smaller than that of NiFe,O,. Moreover, based on the
diameter of semicircles in Nyquist plots, charge transfer resis-
tance (R.) values of NiFe,O, and CNF30 were measured at
126.42 and 97.88 ohm, respectively. It should be understood
that smaller charge transfer resistance facilitates charge trans-
fer.** This result indicates that CNF30 likely enhanced carrier
separation and electron transfer compared with NiFe,0,.

The cyclic voltammetric curves of NiFe,O, and CNF30 at
a scan rate of 50 mV s~ ' are shown in Fig. S5.f Both photo-
catalysts exhibited typical redox voltammogram loops. More-
over, specific capacitance (Cp) can be calculated as follows, (eqn

(1)

G =

! J 1y (1)

mX(szVl)Xk "

where m is the weight of the active material (g), V is the
potential, I is the current (A), and & is the scan rate of cyclic

voltammetry (V s '). The integral part j‘zz I(V)dV can be
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Fig. 7 Photocatalytic degradation of RhB by g-CsN4, NiFe,O4, and CNFx (x = 10, 20, 30, 50) (a), and photodegradation kinetics fitted by the

pseudo-first-order model (b).

calculated as the area of the cyclic voltammetric curve. Based on
Fig. 85,1 the specific capacitance (C},) values were measured at
61.48 and 83.70 F g~ ' for NiFe,0, and CNF30, respectively.
Decoration of NiFe,O, with g-C;N, might increase the number
of electrochemical active sites and lower band gap, accelerating
ionic diffusion and improving specific capacitance.*® As a result,
CNF30 proved to be a potential photocatalyst for capturing and
retaining the charge under visible-light irradiation.

3.2. Photocatalytic degradation

3.2.1. Effect of NiFe,O, loading ratio. Fig. 7a shows the
photocatalytic degradation of RhB by g-C;N,, NiFe,O4, and
CNFx (x = 10, 20, 30, 50). Prior to photodegradation, batch
experimental setups were placed in the dark for 90 min to
achieve adsorption-desorption equilibrium. The results show
that g-C3N, has the highest elimination efficiency at 30.2%,
compared to NiFe,O, nanoparticles at 7.9% and CNFx (x = 10,
20, 30, 50) at 15.6-18.7%. This phenomenon is understandable
since adsorption was primarily influenced by surface area, pore
types, and interactions. The CNFx composites achieved better
RhB adsorption efficiency compared to NiFe,O, nanoparticles
due to its higher surface area as shown in Table S1.7 Moreover,
g-C3N, exhibited the highest adsorption efficiency, possibly due
to effective mw-m stacking interactions between the aromatic
backbone of the dye molecule and the highly delocalized -

a
100 %
100
g 754
c 95
S
[}
3 50 90
§’ ——0.5(g/L)
S 254 ——1.0(glL) 85
é’ ——1.5 (g/L)
2.0 (g/L!
o ——2.0(glL) %
0 30 60 90
Time (min)

conjugated system of g-C3;N,.*” In the CNFx composites, the
structure of the g-C;N, sheet undergoes partial alteration due to
double calcination. This alteration affects the aromatic struc-
ture of the g-C3N, sheet, as mentioned in EDX analysis, where
differences in the C/N ratio were observed between the pure g-
C3N, sheet and the g-C;N, within the composite.

The photolysis of RhB (without the catalyst) exhibited
a minimal decline of nearly 5% in 90 min. The degradation
efficiency of RhB by CNF30 showed the highest value at 97.9%,
while CNF10 and CNF20 achieved photodegradation efficien-
cies of 95.2% and 96.8%, respectively. Increasing NiFe,O,
content (50%) did not lead to increased degradation efficiency
of CNF50 since the value was found at 91.9%. The superiority of
all CNFx (x = 10, 20, 30, 50) compared to g-C;N, (60.6%) and
NiFe,0, (42.2%) was attributed to the formation of hetero-
junctions within the CNFx composites, which led to efficient
charge transfer.”® The absorption of photon energy allowed the
CNFx heterojunctions to generate a large and stable number of
electrons through the excitation process. These electrons
moved to the conduction band more easily, reducing electron-
hole recombination. Several studies also reported that the
NiFe,0,/g-C3N, composites offered better photodegradation
efficiency against antibiotics and dyes compared to single
photocatalysts.**?*

To clearly evaluate the kinetic degradation of RhB by g-C3Ny,
NiFe,0,, and CNFx (x = 10, 20, 30, 50), the pseudo-first-order

b

0.5g/L 1.0g/L 1.5g/L 2.0g/L

Fig. 8 Effect of CNF30 dosage on RhB photocatalytic degradation (a), the RhB degradation percentage after 90 min at various dosages (b).
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model was applied. Fig. 7b shows that all models for describing
photodegradation are reliable, with R* values ranging from 0.93
to 0.96. Table S271 also reveals that CNF30 exhibits the highest
reaction rate constant (k;) at 0.045 min~". Due to its remarkable
photodegradation efficiency and rate, CNF30 was chosen as the
optimal catalyst for the photodegradation of RhB.

3.2.2. Effect of dosage. Fig. 8 illustrates the effect of the
amount of CNF30 catalyst on RhB photodegradation. An
increase in the quantity of CNF30 led to higher degradation
efficiency. When the amount of CNF30 increased from 0.5 g L™"
to 1.5 g L', the photodegradation efficiency rose from 88.4% to
98.1%. This significant enhancement could be attributed to the
increased formation of reactive oxygen species due to the higher
availability of active sites on CNF30, which directly participated
in the catalytic degradation of RhB.** As CNF30 was added from
1.5 g L' to 2.0 g L', however, a slight decrease in photo-
degradation efficiency from 98.1% to 96.0% was observed. A
similar result was observed for the photodegradation of methyl
orange by the g-C3;N,/ZnO/Ag;PO, composite and g-C;N,/CdO
nanocomposite for degrading RhB.*** This phenomenon can
be explained using three prevailing reasons. Firstly, excessive
CNF30 increased the turbidity of RhB solution, obstructing
incident radiation and thus reducing dye degradation.®***
Secondly, an excessive amount of CNF30 might cause agglom-
eration, leading to a decrease in the surface area and active sites
of CNF30.>* Thirdly, the excess CNF30 in the solution led to the
formation of Fe*' ion scavengers, which trap OH' radicals,
reducing the availability of these radicals for the photo-
degradation process.>**¢

3.2.3. Effect of [H,0,]. Hydrogen peroxide (H,0,) generates
hydroxyl radicals for the photocatalytic reaction and prevents
electron-hole recombination of the photocatalyst. As a result,
the investigation of [H,0,] is important to obtain optimum
degradation yield and reduce chemical cost. Here, the role of
H,0, in the RhB photodegradation is shown in Fig. S6.f
Accordingly, the photocatalytic performance of g-C3N,, NiFe,0,
and CNF30 without H,0, addition is very low, at below 30%.
This result suggests that H,O, played a vital role in creating OH
radicals necessary for the RhB degradation reaction.

Fig. 9 illustrates that increasing H,O, concentration from
0.1 M to 0.2 M increases photodegradation efficiency from

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

85.5% to 97.1%. This trend was attributed to the higher density
of H,0, in RhB solution, which acted as an effective scavenger
by trapping electrons from the conduction band of CNF30 to
create more hydroxyl radicals.”” When H,O, concentration
exceeds the optimal level (0.2 M), however, the RhB photo-
degradation yield significantly declines to 82.3%. In addition to
scavenging electrons, excessive H,O, amount also generates
hydroxyl ("OH) and hydroperoxyl ("fOOH) radicals.*****® The
reaction between these two radicals to form H,O and O, may
reduce the availability of radicals necessary for the photo-
degradation process.

3.2.4. Effect of [RhB]. The effect of RhB concentration
([RhB]) on the photodegradation yield is illustrated in Fig. 10.
When [RhB] varies between 20 and 25 mg L', there is no
significant alteration in RhB photodegradation of CNF30. As
[RhB] increases from 25 mg L' to 50 mg L', however, the
degradation efficiency significantly decreases from 96.6% to
44.5%. Wang et al.”® also demonstrated that the RhB photo-
degradation efficiency of an activated biochar/potassium-doped
2-C3N, composite declined from nearly 99% to 78% when [RhB]
increased from 50 mg L™ to 200 mg L™". This trend can be
attributed to the unavailability of active sites on the surface of
CNF30, as well as complex interactions between unreacted RhB
molecules and radical species.**

% 96.6%
100
75

44.5%
50

25

20 mg/L 25 mg/L 50 mg/L

Fig. 10 The effect of RhB initial concentration on the photo-
degradation efficiency of CNF30 (H,O,: 0.2 M, dose: 1.5 g L™%).
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Fig. 11 Trapping experiment of three radical scavengers in RhB photodegradation by CNF30 (a), kinetic photodegradation of the three radical

scavengers (b).

3.2.5. Scavenging experiments. To investigate the involve-
ment of radical species in RhB photodegradation, a scavenging
experiment was run. Fig. 11a shows the trapping test conducted
using three different scavengers: isopropyl alcohol (IPA), ethyl-
enediaminetetraacetic acid disodium (EDTA), and benzoqui-
none (BQ). These scavengers were introduced into the reaction
mixture to trap hydroxyl radicals ("OH), holes (h*), and super-
oxide radicals ('O, ) during the photodegradation of RhB. In
the presence of IPA, EDTA, and BQ, the photocatalytic degra-
dation of RhB by CNF30 was 46.8%, 51.9%, and 31.3%,
respectively, which were so far lower than that of the blank
sample at 84.5%. Fig. 11b also indicates that the RhB degra-
dation rate constants (0.006-0.012 min~ ') in the presence of
scavengers were lower than that (0.031 min~") of the blank.
Thus, these results suggest that radical species significantly
affected the RhB photodegradation kinetics. The order of
inhibition of the photodegradation efficiency was BQ (‘O,") >
IPA ("OH) > EDTA (h").

3.2.6. Plausible photocatalytic mechanisms. To suggest
a suitable mechanism for the photocatalytic process of CNF30,
the energy potentials of the conduction band (CB) and valence
band (VB) of the semiconductors can be calculated according to
the following equations, eqn (2) and (3).*

EVB =X — Ec + OSEg (2)
ECB = EVB - Eg (3)

where Ecg and Eyp are the CB and VB potentials of the semi-
conductor, x is the Mulliken electronegativity of the catalyst, E.
stands for the energy of free electrons (~4.5 eV) on the hydrogen
scale and E, represents the band-gap energy of the photo-
catalyst. The values of x for NiFe,O, and g-C;N, are 5.85 eV>**
and 4.73 eV,* respectively.

For NiFe,O4 NPs, the calculated VB and CB edge positions
are 2.19 and 0.51 V vs. NHE, respectively. For g-C;N, micro-
sheets, the calculated VB and CB edge positions are 1.71 and
—1.25 V vs. NHE, respectively. The trapping experiment results
show that ("OH), ("O,7) and (h") species participate in the RhB
degradation. Evaluating the photocatalytic degradation of

544 | Nanoscale Adv.,, 2025, 7, 536-548

CNF30 based on the type-II heterojunction mechanism reveals
several drawbacks, suggesting that it is not suitable to explain
the degradation of RhB or is not the main mechanism. After
photon irradiation from an LED light, electron/hole pairs form.
In a type-II heterojunction, electrons move from the CB of g-
C;3N, to the CB of NiFe,0, since the CB of g-C3N, (—1.25 eV) is
more negative than that of NiFe,0, (0.51 V). Simultaneously,
holes transfer from the VB of NiFe,0, (2.19 V) to the VB of g-
C3Nj, (1.71 V) due to the higher positive VB of g-C;N,. However,
at the CB of NiFe,O, (0.51 V), the standard reduction potential
(0,/05"7) (Eg = —0.33 Vvs. NHE) is more negative than the CB of
NiFe,0,4; therefore, superoxide radicals cannot be created.®
Furthermore, the standard oxidation potential (OH /HO") (E, =
+1.99 V vs. NHE) is also more positive than the VB of g-C;N,
(1.71 V); therefore, hydroxyl radicals cannot be created.®® Due to
these obstacles in the formation of hydroxyl and superoxide
radicals, the type-II heterojunction mechanism is not the main
mechanism in the degradation process.

On the other hand, the photocatalytic degradation of RhB
through the S-scheme mechanism can explain the treatment
process by CNF30 as illustrated in Fig. 12. After photon irradi-
ation, g-C;N, and NiFe,O, semiconductors contact each other
via Fermi level alignment. This electron migration leads to
upward bending of g-C3;N, (positive) and downward bending of
NiFe,0, (negative).*® This process generates inbuilt electric
fields at the interface of the two semiconductors, coulombic
repulsion, and band bending, which inhibit the transfer of
electrons from the CB of g-C3N, to that of NiFe,O, as well as the
transfer of holes from the VB of NiFe,O, to that of g-C;N, (in the
type-II heterojunction path).?”” Consequently, the electrons with
less negative charge at the CB of NiFe,O, can combine with
holes with less positive charge at the VB of g-C;N,. Next, the
reduction reaction occurs to form O, "~ at the highest energy
potential of the CB of g-C3;N, (—1.25 V) due to the potential
being more negative than the standard reduction potential (O,/
0, = —0.33 V). Simultaneously, the oxidation reaction to form
HO" occurs at the highest energy potential of the VB of NiFe,0,
(2.19 V) due to the potential being more positive than the
standard oxidation potential (OH /HO" = +1.99 V). Moreover,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the standard oxidation potential (H,O/HO" = +2.34 V) is higher
than that of the VB of NiFe,0,; therefore, some holes may
directly oxidize the RhB molecules.* Finally, the combination
of the S-scheme mechanism and the scavenging experiment
results can explain the photocatalytic degradation of RhB in the
presence of the three radical species.

3.2.7. Recyclability and chemical oxygen demand tests. To
demonstrate the practical potential of CNF30 for water treat-
ment systems, a recyclability study was conducted. This exper-
iment was carried out by washing CNF30 after using as
a photocatalyst with ethanol and water many times to remove
RhB molecules trapped in CNF30 pores. The recovered CNF30

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

was dried and used as a photocatalyst for the next cycle.
According to Fig. 13a, CNF30 exhibits high recyclability with
four cycles. After the 4th cycle, RhB was still degraded up to
91%, indicating that catalytic sites on CNF30 remained active.
Moreover, the crystallinity of reused CNF30 was checked
(Fig. S67), showing that the major peaks for g-C;N, at (002) and
for NiFe,0, at (220), (331), (222), (511) and (440) still remained.
Thus, CNF30 achieved high recyclability and structural stability
after the dye degradation experiments.

Chemical oxygen demand (COD) is a crucial parameter that
indicates the amount of oxygen required to oxidize organic
compounds in water. According to Fig. 13b, the COD value for

Nanoscale Adv, 2025, 7, 536-548 | 545
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Table 1 A comparison of dye degradation performance of photocatalysts
Degradation
efficiency (%)
Catalyst Dye COD
Type of dye Degradation dosage concentration reduction k; Number of At the At the
Photocatalyst pollutant time (min) (gL™") (mgL™) rate (%) (1 min™') reuses 1st cycle final cycle Ref.
NiFe,0,/g-C3N, Rhodamine B 90 1.0 20 95.0 0.045 4 98.0 91.0 This
study

NiFe,0,/(N,S) Rhodamine B 240 0.5 100 90.3 0.012 3 95.2 90.3 65
graphene oxide
Cellulose bead Rhodamine B 60 0.4 40 85.6 0.089 5 99.5 78.0 66
supported-CoFe,0,
Alginate-ZnCO,0, Rhodamine B 40 1.0 25 82.0 0.146 5 98.2 78.0 67
ZnCo,0,/ Rhodamine B 60 0.35 10 79.6 0.098 5 92.3 83.4 68
N-doped g-C3N,
Zn,Mn,_,Fe,O4 Rhodamine B 180 1.0 20 80 0.006 4 95.3 80 69
Bi,0;3/BiOCl Rhodamine B 120 0.5 10 67.2 0.027 5 96.8 92.6 70
MgO-Fe Rhodamine B 240 0.75 10 67.0 0.047 — 97.8 — 71
Biosynthesized Rhodamine B 120 1.0 100 74.8 0.013 — 90 — 72
Ag@ZnO
Biosynthesized Rhodamine B 120 1.0 100 41.3 — — 50 — 72
ZnO

RhB degradation was 504.7 mg L', and this value gradually
decreased to 28.0 mg L™ " after 360 min. A significant reduction
in COD indicates the effective mineralization of RhB, implying
that RhB could be largely broken down into smaller molecules
or fragments. Moreover, the percentage of COD reduction
increased to 94.5% after 360 min under visible light, suggesting
that CNF30 was highly effective in degrading RhB. This result
highlighted the potential of CNF30 for practical applications in
wastewater treatment.

3.2.8. Comparison study. To assess the RhB degradation
performance of NiFe,0,/g-C3;N, (CNF30) in this study compared
with that of photocatalysts in other studies, a comparative table
is summarized. According to Table 1, experimental conditions
including degradation time, catalyst dosage, and dye concen-
tration herein are relatively mild. Moreover, COD reduction rate
using the CNF30/H,0,/visible light system was 95%, higher
than that of photocatalytic systems in most studies surveyed so
far (41.4-90.3%). The first-order rate constant is also higher
than reported results. Although this work studied a moderate

546 | Nanoscale Adv, 2025, 7, 536-548

number of cycles (four times), the degradation efficiency ob-
tained was still very high (91%) at the final cycle. A majority of
surveyed studies reported lower results (78-90.3%) at the final
cycle. As a result, CNF30 with such good recyclability and effi-
ciency may be a competitive photocatalyst for solving waste-
water treatment issues.

4. Conclusion

Here, NiFe,0,/g-C;N, was synthesized and applied for the
photocatalytic degradation of RhB dye. The morphological
results revealed that NiFe,O, nanoparticles were dispersed in
the g-C3;N, matrix. There was an upward trend in the saturation
magnetization (6.5-28.1 emu g ') of CNFx with NiFe,O,
amount (10-30%). The surface area of CNF30 was 62.3 m> g %,
significantly higher than that of NiFe,0, and g-C;N,. Nearly
98% RhB dye was degraded with a decrease level of 95% COD
using the CNF30/H,0,/visible light system. The highest first-
order kinetic rate was 0.045 min ' for the reaction catalyzed
by CNF30. The scavenger studies threw light on the important

© 2025 The Author(s). Published by the Royal Society of Chemistry
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role of "0O,~, "OH, and h" species. After the 4th cycle, CNF30 still
exhibited high photocatalytic activity at an efficiency of 91%
and high stability. Therefore, NiFe,0,/g-C3N, can be suggested
as a potential photocatalyst for degradation of dyes.
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