
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
1/

10
/2

02
5 

10
:0

8:
52

 P
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
Electrostatic self
aLanzhou Jiaotong University, New Energy

Road, Anning District, Lanzhou, Gansu, Chi
bXi'an Jiaotong University, State Key Laborat

28 Xianning West Road, Xi'an, Shaanxi, Ch
cSouthwest Jiaotong University. Materials S

Pidu District, Chengdu, Sichuan, China

Cite this: RSC Adv., 2025, 15, 28870

Received 10th July 2025
Accepted 10th August 2025

DOI: 10.1039/d5ra04928h

rsc.li/rsc-advances

28870 | RSC Adv., 2025, 15, 28870–
-assembly synthesized Fe-MOF/g-
C3N4 S-scheme heterojunction for enhanced
photocatalytic pollutant degradation

Hongqiang Xin, *a Jingpu Zhang,b Zeming Lin,a Wen Lic and Fei Ma *b

Water-borne organic pollutants pose severe threats to human health, driving urgent demand for cost-

effective, high-efficiency photocatalysts. In this work, a novel S-scheme heterojunction Fe-MOF/g-C3N4

photocatalyst is prepared through facile self-assembly. The porous composite exhibits a specific surface

area of 97.414 m2 g−1, providing abundant active sites. The optimized MCN3-10 composite (Fe-MOF : g-

C3N4 = 3 : 10) demonstrates exceptional activity, achieving 99% rhodamine B (RhB) degradation under

xenon lamp irradiation within 40 minutes. Its first-order rate constant (120.33 × 10−3 min−1) represents

33.9-fold and 2.5-fold enhancements over pristine Fe-MOF and g-C3N4, respectively. The superior

performance originates from the S-scheme heterojunction, which simultaneously enhances redox

capabilities and facilitates efficient charge carrier separation, resulting in the production of abundant

reactive species for pollutant degradation.
1 Introduction

The rapid evolution of industrialization has exerted an
unprecedented impact on Earth's nite resources.1 Freshwater,
one of the most intensively utilized resources in both daily life
and industry, is facing a critical challenge.2 Water resources are
increasingly contaminated by diverse pollutants originating
from human activities, including heavy metals, organic
compounds, and acidic or alkaline substances.3–5 Notably, many
organic pollutants possess complex, highly conjugated molec-
ular structures, and it is difficult to naturally decompose,
resulting in long-term environmental persistence.6 Conse-
quently, developing efficient and practical technologies for
degrading these organic pollutants becomes urgent. Traditional
methods for removing these contaminants, such as, membrane
ltration, electrochemical treatment, ion exchange, chemical
coagulation, adsorption, and biodegradation have been exten-
sively studied.7 However, they oen entail high costs and
generate secondary pollutants, limiting their large-scale appli-
cation. In contrast, advanced oxidation processes (AOPs) are
a promising and effective approach.8 AOPs could generate
highly reactive free radicals with strong oxidizing capacity, and
could promote the breakdown of refractory organic matter into
degradable substances and facilitate water purication.9 Among
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AOPs, photocatalytic degradation of organic pollutants repre-
sents an innovative technology.10 Specically, the photocatalytic
Fenton process utilizes the reaction between H2O2 and Fe2+ to
generate highly oxidizing hydroxyl radicals ($OH).11 It has
attracted signicant attentions due to its potential for efficient
and environmentally friendly degradation of organic pollutants.

Iron-based metal–organic frameworks (Fe-MOFs) are prom-
inent photocatalysts and heterogeneous catalysts for AOPs,
primarily due to their abundant unsaturated coordination
sites.12–15 However, Fe-MOFs suffer from a limited visible-light
response range and rapid recombination of photogenerated
electron–hole pairs, which hinder their photocatalytic effi-
ciency. To address these limitations, researchers have devel-
oped integrated heterostructures by coupling Fe-MOFs with
semiconductors. For examples, He et al.16 incorporated MIL-
101(Fe) into TiO2 to extend light absorption to the solar spec-
trum. Guo et al.17 enhanced photocatalytic performance by
combining carbon quantum dots (CQDs) with MIL-88B(Fe). In
parallel, graphitic carbon nitride (g-C3N4) has also gained
attentions as a novel non-metallic photocatalytic material,18,19

but faces similar challenges, including charge recombination
and material instability.20,21 Recent studies show that combi-
nation of g-C3N4 with semiconductors (e.g., TiO2, Fe3O4, WO3,
In2O3) can mitigate these issues and enhance visible-light
absorption.22–25 For instance, Lu et al.26 demonstrated that Pt/
g-C3N4 composites exhibit a UV-Vis absorption red-shi, indi-
cating expanded visible-light harvesting. Photoluminescence
spectroscopy further conrmed that Pt loading could signi-
cantly suppresses electron–hole recombination. Huang et al.
found that TiO2/g-C3N4 composites could almost completely
decompose RhB in aqueous solution under visible light within
© 2025 The Author(s). Published by the Royal Society of Chemistry
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60 minutes.27 Critically, iron-based MOFs (Fe-MOFs) provide
distinctive structural and electronic properties over conven-
tional semiconductors when hybridized with g-C3N4. Because
Fe–O clusters in Fe-MOFs as visible-light sensitizers can
complement the limited spectral range of g-C3N4 through
interfacial energy transfer. Ultrahigh surface areas of Fe-MOFs
impose connement effects that disperse g-C3N4 layers, miti-
gating stacking-induced active site loss. Inherent Fe3+/Fe2+

redox cycles enable self-Fenton activation of persulfates (PDS),
that overcome the intrinsic limitations of both materials.28–30

These advancements suggest that combining g-C3N4 with Fe-
MOFs holds substantial promise for enhancing photocatalytic
performance. Such hybrids could overcome the inherent limi-
tations of both materials while synergistically leveraging their
respective advantages.

In this study, Fe-MOF/g-C3N4 heterojunction was fabricated
via a facile self-assembly method. The optimized structure of
the Fe-MOF/g-C3N4 (named asMCN3-10) signicantly enhanced
its photocatalytic activity for RhB degradation, achieving 33.9-
fold and 2.5-fold improvements over pristine Fe-MOF and g-
C3N4 (CN), respectively. The results show that this remarkable
performance enhancement is primarily attributed to the
formation of an S-scheme heterojunction between Fe-MOF and
g-C3N4. The heterojunction facilitates abundant reactive oxygen
species (ROS) generation, enabling highly efficient RhB
degradation.
2 Materials
2.1. Chemicals

Chemicals: iron(III) chloride hexahydrate (FeCl3$6H2O) and
Rhodamine B (RhB) were purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. N,N-Dimethylformamide (DMF) was
supplied by Dongying Fuyu Chemical Co., Ltd. Fumaric acid
(C4H4O4) was obtained from Damao Chemical Reagent Factory,
and urea (CH4N2O) was sourced from Shanghai Macklin
Biochemical Technology Co., Ltd. All chemicals were used as
received without further purication.
2.2. Synthesis of g-C3N4 (CN), Fe-MOF and Fe-MOF/g-C3N4

2.2.1 Preparation of g-C3N4 (CN). A crucible containing 10 g
of urea was covered with aluminium foil. Bulk C3N4 was
synthesized by heating the urea to 550 °C at a heating rate of 5 °
C min−1 in a muffle furnace, maintained for 4 hours, and then
naturally cooled down to room temperature. The product was
ground into powder, dispersed in 50 mL pure ethanol, and
subjected to ultrasonic treatment for 18 hours. The suspension
was then centrifuged, and the collected powder was dried to
obtain g-C3N4.

2.2.2 Preparation of Fe-MOF. Fe-MOF was synthesized via
a hydrothermal method. Specically, 1.16 g fumaric acid and
1.62 g iron(III) chloride hexahydrate was dissolved in 100 mL of
N,N-dimethylformamide (DMF) under continuous stirring. The
mixture was heated at 120 °C for 2 hours. Aer cooling to room
temperature, the product, MIL-88A (Fe-MOF), was collected and
© 2025 The Author(s). Published by the Royal Society of Chemistry
washed ve times with deionized water via centrifugation to
remove impurities.

2.2.3 Preparation of Fe-MOF/g-C3N4. Fe-MOF and g-C3N4

powders were thoroughly mixed and ground for 30 minutes.
The resulting mixture was then calcined in a tube furnace at
350 °C for 2 hours to obtain porous Fe-MOF/CN heterojunction.
The electrostatic self-assembly mechanism is detailed as
follows: Fe-MOF, with unsaturated Fe3+ sites on its surface
(exposing positive charges due to incomplete coordination),
and g-C3N4, with terminal –NH and –OH groups (ionizing to
generate surface negative charges under ambient conditions),
undergo strong electrostatic attraction during grinding. This
interaction drives intimate contact between the two compo-
nents, forming a pre-heterojunction structure. Subsequent
calcination at 350 °C (optimized to avoid structural collapse of
either component) promotes the formation of covalent/
coordinate bonds at the interface (e.g., Fe–O–C or Fe–N–C
linkages), consolidating the heterojunction while preserving the
porous architecture. Based on the mass ratios of Fe-MOF to g-
C3N4 (1 : 10, 2 : 10, 3 : 10, 4 : 10, and 5 : 10), the prepared samples
were named as MCN1-10, MCN2-10, MCN3-10, MCN4-10, and
MCN5-10, respectively.
2.3. Characterizations

The X-ray diffraction (XRD) patterns of the materials were ob-
tained using Cu Ka radiation on a Bruker D8 Advance diffrac-
tometer. Fourier-transform infrared (FT-IR) spectra were
recorded using an IN10 + IZ10 spectrometer. The morphology
and microstructure of the samples were characterized by
transmission electron microscopy (TEM, JEM-2100F) and
scanning electron microscopy (SEM, SU 8230). Elemental
distribution was analyzed using an energy-dispersive X-ray
(EDX) spectrophotometer attached to the TEM. Nitrogen
adsorption–desorption isotherms were measured using a BEL-
SORP-Max analyzer. The chemical composition and elemental
states were determined by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher ESCALAB Xi+). UV-Vis diffuse reectance
spectra were acquired using a PELambda950 spectrophotom-
eter. Photoluminescence (PL) spectra were recorded on a Perki-
nElmer LS55 uorophotometer. Electron paramagnetic
resonance (EPR) signals were collected using an A300-9.5/12
spectrophotometer.

2.3.1 Photoelectrochemical measurements. A 300 W xenon
lamp was used as the simulation sunlight source. The photo-
catalytic performance was evaluated using RhB as the target
pollutant under visible light irradiation. 30 mg of the photo-
catalyst was dispersed in 30 mL of an aqueous RhB solution
(0.1 g L−1). The suspension was stirred in the dark for 0.5 h to
achieve adsorption–desorption equilibrium, followed by irra-
diation under the xenon lamp. At 10-minute intervals, 1 mL of
the solution was collected and ltered through a 0.22 mm
membrane. The absorbance of the ltrate was measured using
a UV-Vis spectrophotometer (Shimadzu UV3600) to determine
the RhB concentration. The photocatalytic efficiency (h) was
calculated using the following formula:31
RSC Adv., 2025, 15, 28870–28880 | 28871
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h = Ct/C0 (1)

in which C0 is the initial concentration of RhB (mg L−1); Ct is the
concentration of RhB aer time t (mg L−1). The reaction rate
constant kobs (min−1) is calculated as:

lnCt = lnC0 − kobs × t (2)

Electrochemical measurements were performed on a CHI
electrochemical workstation (Shanghai Chenhua Instrument
Co., Ltd, China) using a three-electrode system. Ag/AgCl and
platinum were used as the reference and counter electrodes,
respectively. The working electrode was prepared by depositing
the catalyst on an FTO glass substrate with an active area of 2 ×

2 cm2. The electrolyte used was 0.5 M sodium sulfate. The
electrode preparation process is detailed as follows: 5 mg of the
photocatalyst was dispersed in 1mL of ethanol containing 50 mL
of Naon (5 wt%, serving as a binder) via ultrasonic treatment
for 30 min to form a homogeneous suspension. The FTO glass
(2 × 2 cm2) was pre-cleaned by sonication in ethanol and
deionized water (15 min each) to remove surface contaminants.
100 mL of the suspension was drop-cast onto the FTO surface
and dried at 60 °C for 2 h in air to form a uniform catalyst lm.
This procedure ensures good adhesion of the catalyst to the
substrate and reproducible electrochemical performance.

2.3.2 Free radical trapping experiments. To identify the
active species involved in the photocatalytic process, radical
trapping experiments were conducted. Before illumination,
1 mL isopropanol (IPA), 0.1 g benzoquinone (BQ), and 0.3 g
ethylenediaminetetraacetic acid (EDTA) were added to the RhB
solution to scavenge hydroxyl radicals ($OH), superoxide radi-
cals ($O2

−), and holes (h+), respectively. The remaining proce-
dures were identical to the photocatalytic degradation
experiments. Accordingly, the photocatalytic reaction mecha-
nism was further elucidated.
3 Results and discussion
3.1. Phase composition and FT-IR analysis

As illustrated in Fig. 1, the synthesis process involves three key
steps. In step 1, bulk g-C3N4 (CN) is prepared through high-
temperature polymerization, followed by exfoliation using
pyrolysis and ultrasonic treatment. In step 2, Fe-MOF is
synthesized via a hydrothermal method.32 In step 3, Fe-MOF
and CN are combined through calcination to form hetero-
structure MCNx heterojunction.

Fig. 2a shows the XRD patterns of CN and the MCNx
heterojunction. For CN, the peaks at 12.9° and 27.5° correspond
to the in-plane structural packing motif and the interlayer
stacking of conjugated aromatic systems, respectively. Upon
heterojunction formation, MCNx exhibits distinct peak shis.
Peaks at 12.9° and 27.5° correspond to the (100) in-plane
structural packing and (002) interlayer stacking of g-C3N4

(PDF #87-1526), respectively. For Fe-MOF/g-C3N4 hetero-
junctions, new peaks at 24.1°, 33.1° and 35.6° are indexed to the
(012), (104) and (110) planes of Fe-MOF (PDF #87-1165), con-
rming successful heterojunction formation without phase
28872 | RSC Adv., 2025, 15, 28870–28880
impurities.32 In Fig. 2b and S1, the FT-IR spectra of Fe-MOF, CN
andMCNx further validate the heterostructure. For Fe-MOF, the
broad absorption peaks in the range of 3000–3500 cm−1 are
attributed to the stretching vibrations of water molecules.
Additionally, the characteristic peaks at 1590 cm−1 and
1388 cm−1 correspond to the asymmetric and symmetric
stretching vibrations of O–C–O, respectively, conrming the
presence of dicarboxylate ligands in Fe-MOF. The peak at
795 cm−1 is associated with the benzene ring vibrations.33 For
CN, the distinct peak at 812 cm−1 is assigned to the triazine
unit, while the broad peaks in the range of 3000–3500 cm−1

arise from the stretching vibrations of N–H and O–H groups.
The peaks between 1200 and 1700 cm−1 are attributed to the
stretching vibrations of C–N heterocycles and C]N bonds.34

The Fe-MOF FTIR spectrum in Fig. 2b is annotated with a peak
at 550 cm−1, attributed to the stretching vibration of Fe–O
bonds in the MOF framework. In the MCN3-10 heterojunction,
this peak is signicantly weakened due to interfacial interac-
tions: Fe3+ sites in Fe-MOF form coordinate bonds with N-
containing groups (e.g., –NH2) in g-C3N4, reducing the elec-
tron density of Fe–O bonds and shiing their vibrational energy
to lower intensities. This phenomenon conrms the formation
of chemical bonds at the heterojunction interface. The FT-IR
spectra demonstrate the formation of a heterostructure
through the combination of Fe-MOF and CN.

3.1.1 Micromorphology characterizations. Fig. 3 and S2
present the SEM and TEM images of MCNx heterojunction.
These images show that the interface contact area of MCNx
heterojunction can be enlarged with the increase of Fe-MOF/CN
ratio. However, excessive Fe-MOF loading (Fig. S2) causes
particle aggregation and masks active sites. Among them, the
Fe-MOF/CN heterojunction (MCN3-10) with the proper mass
ratios of Fe-MOF to g-C3N4 (3 : 10) show relatively uniform Fe-
MOF particles loaded on the thin porous CN layer. Therefore,
the morphology, structure and electronic chemical state of
MCN3-10 were mainly investigated. Fig. 3a displays the detailed
microstructures of MCN3-10, bipyramidal Fe-MOF particles are
embedded on the thin, porous layered CN (Fig. 3b). Lattice
fringes with the spacings of 2.49 Å and 2.68 Å correspond to the
(110) and (104) planes of Fe2O3, respectively (Fig. 3c), which is
further veried by the selected-area electron diffraction (SAED)
patterns (Fig. 3d). The EDS elemental mapping (Fig. 3e)
demonstrates uniform distribution of C, N, O, and Fe, with the
elongated bipyramidal Fe-MOFs embedded within the CN
matrix. This optimized heterointerface facilitates efficient
charge carrier separation and transport, thereby enhancing
photocatalytic performance.

Nitrogen adsorption–desorption isotherms were employed
to characterize the textural properties of the pristine CN, Fe-
MOF and the MCN3-10 composite. As illustrated in Fig. 4a, all
the samples exhibit Type IV isotherms with pronounced H3-type
hysteresis loops, which are characteristic of mesoporous
materials.35 This conrms the presence of a well-dened
mesoporous structure in all three materials. Fe-MOF displays
a modest specic surface area of 38.535 m2 g−1, which is
consistent with previously reported values for similar metal–
organic frameworks.36 In contrast, the aky nanosheets of CN
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of synthesis of Fe-MOF/CN.
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yield a signicantly higher surface area (96.283 m2 g−1), which
can be attributed to its expanded interlayer spacing and acces-
sible basal planes. Notably, the MCN3-10 heterostructure ach-
ieves the largest surface area (97.414 m2 g−1), indicating an
optimized pore structure and enhanced material functionality.
Complementary BJH pore size distributions (Table 1) further
elucidate the hierarchical pore structure of these materials. The
results indicate that MCN3-10 exhibits the most optimized pore
volume and tailored mesoporosity, which provides abundant
active sites and facilitates rapid mass transport of reactants and
intermediates. This hierarchical pore structure is crucial for
enhancing photocatalytic efficiency, as it allows for efficient
diffusion of light, charge carriers, and reactants, thereby
improving the overall reaction kinetics. Based on the nitrogen
adsorption–desorption isotherms and BJH pore size distribu-
tions, the surface and pore characteristics of the CN, Fe-MOF
and MCN3-10 composite were systematically analyzed. The
Fig. 2 (a) XRD patterns of CN and MCNx heterojunction, peaks at 12.9°
1526), respectively. Peaks at 24.1°, 33.1° and 35.6° are indexed to the
successful heterojunction formation without phase impurities. (b) FT-IR

© 2025 The Author(s). Published by the Royal Society of Chemistry
MCN3-10 heterostructure, with its optimized pore structure and
high surface area, is expected to exhibit superior photocatalytic
performance compared to the other materials. These ndings
are supported by previous studies on g-C3N4-based compos-
ites,20,37 where the formation of mesoporous structures has been
shown to signicantly enhance photocatalytic activity.

3.1.2 Compositions and chemical states. The chemical
composition and interfacial bonding of the pristine CN, Fe-
MOFs and MCN3-10 were characterized by XPS. Survey spectra
(Fig. S3) conrm the presence of C, N, O and Fe in MCN3-10.
The high-resolution C 1s spectrum is presented in Fig. 5a. For
Fe-MOFs, the C 1s spectrum exhibits three peaks at binding
energies of 284.8 eV (C–C), 286.2 eV (C–O–C) and 288.8 eV (O–
C]O).37 In contrast, the C 1s spectrum of CN is composed of
two peaks at 284.8 eV (C–C) and 288.2 eV (N–C]N). For MCN3-
10, the C–C peak remains at 284.8 eV, while the C–O peak shis
positively to 286.5 eV, as compared to Fe-MOFs. Additionally,
and 27.5° correspond to (100) and (002) planes of g-C3N4 (PDF #87-
(012), (104) and (110) planes of Fe-MOF (PDF #87-1165), confirming
spectra of Fe-MOF, MCN3-10, and CN.

RSC Adv., 2025, 15, 28870–28880 | 28873
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Fig. 3 (a) SEM and (b) TEM images of MCN3-10. (c) HR-TEM image of the heterojunction interface. (d) SAED pattern. (e) Elemental mapping of
MCN3-10.
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a unique peak shape at 288.2 eV is observed, attributed to the
coexistence of C]O and N–C]N bonds. Fig. 5b displays the Fe
2p spectra of MCN3-10 and Fe-MOFs. In Fe-MOFs, ve distinct
peaks are observed at 712.0 eV (Fe2+ 2p3/2), 715.0 eV (Fe3+ 2p3/2),
718.7 eV (Fe3+ satellite peak), 725.8 eV (Fe2+ 2p1/2) and 730.7 eV
(Fe3+ 2p1/2). For MCN3-10, the Fe 2p peaks shi negatively to
Fig. 4 (a) N2 adsorption–desorption isotherms of CN, Fe-MOF, andMCN

28874 | RSC Adv., 2025, 15, 28870–28880
710.6 eV, 713.8 eV, 718.4 eV, 724.7 eV, and 730.5 eV, indicating
strong interactions between Fe-MOF and CN. The O 1s spec-
trum of Fe-MOFs (Fig. 5c) reveals three peaks at 530.0 eV (H–O–
H), 532.0 eV (Fe–O), and 533.9 eV (carboxyl groups). In MCN3-
10, the H–O–H and Fe–O peaks shi positively to 530.1 eV
and 532.1 eV, respectively. The N 1s spectrum of CN (Fig. 5d) is
3-10. (b–d) Pore size distribution curves of CN, Fe-MOF, andMCN3-10.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 SBET, pore volume caption, and pore diameter of CN, Fe-MOF
and MCN3-10

Sample SBET (m2 g−1)
Average pore
size (nm)

Pore volume
(cm3 g−1)

CN 96.283 1.87 0.3807
Fe-MOF 38.535 1.65 0.6960
MCN3-10 97.414 1.87 0.3675
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tted into three main peaks at 398.6 eV (C–N]C), 400.6 eV (N–
C3) and 404.4 eV (p-excitation). For MCN3-10, these peaks shi
slightly to 398.7 eV, 400.8 eV and 404.5 eV, respectively. It
demonstrates electron transfer from CN to Fe-MOF, further
supporting the formation of a heterostructure.38
Fig. 5 XPS spectra of the pristine CN, Fe-MOFs and MCN3-10. (a) C 1s,

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.1.3 Photocatalytic activity and stability. The photo-
catalytic activity of the samples was evaluated by degrading RhB
in aqueous solution under a 300 W xenon lamp (RhB concen-
tration: 100 mg L−1; catalyst loading: 0.01 g). Fig. 6a shows the
RhB degradation efficiency versus irradiation time. The MCN
heterojunction exhibit signicantly higher degradation rates
than CN and Fe-MOF. The degradation rate of RhB is 99.56%,
91.20%, 81.57%, 79.02%, 73.19%, 70.57% and 11.53% for
MCN3-10, MCN4-10, MCN2-10, MCN1-10, CN, MCN5-10 and Fe-
MOF, respectively. Fig. 6b illustrates the time-dependent
degradation prole for MCN3-10, the absorbance of RhB
decreases with irradiation time and to zero aer 40 min. The
rst-order rate constant (kobs) of the degradation reaction is
calculated by ln Ct = ln C0 − kobs,39 Ct and C0 are the concen-
trations of RhB at t and 0, respectively. Fig. 6c shows the results.
MCN3-10 exhibits the highest rst-order rate constant (kobs =
(b) Fe 2p, (c) O 1s, (d) N 1s.
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Fig. 6 (a) Photodegradation of RhB by different samples. (b) UV-vis spectra of RhB degraded by MCN3-10 under xenon lamp illumination. (c)
Degradation rate constants of RhB for various samples. (d) Cycling experiments of photocatalytic RhB degradation using MCN3-10.

Fig. 7 The PL of CN, Fe-MOF, and MCN3-10.
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120.33 × 10−3 min−1), which is 33.9-fold and 2.5-fold higher
than those of Fe-MOF (3.55 × 10−3 min−1) and CN (48.92 ×

10−3 min−1), respectively. Cyclic degradation tests demonstrate
the stability of MCN3-10 (Fig. 6d). Aer each cycle, the catalyst
was washed and dried at 60 °C for 12 h. Remarkably, the
degradation efficiency of RhB remains >90% aer ve consec-
utive cycles under 40 min illumination. The morphology of
MCN3-10 (Fig. S5) remains consistent aer cycling, with no
obvious aggregation or dissolution of Fe-MOF particles. This
structural stability aligns with the retention of Fe species within
the composite. To directly observe the tting quality and
28876 | RSC Adv., 2025, 15, 28870–28880
validate the kinetic model used for dye degradation. Fig. S4
shows the rst-order kinetic plots of ln(Ct/C0) vs. time for all
samples (Fe-MOF, CN, MCN1-10, MCN2-10, MCN3-10, MCN4-
10, and MCN5-10). These plots will clearly illustrate the linear
tting of degradation data to the rst-order model, validating
the calculated rate constants presented in Fig. 6c. The slope of
each line corresponds to the rate constant (k), with MCN3-10
showing the steepest slope, visually conrming its fastest
degradation rate.

3.1.4 Photoelectrochemical analysis. Fig. 7 shows the
photoluminescence (PL) spectra of the MCN3-10 composite
under excitation at 360 nm. The Fe-MOF exhibits negligible
luminescence, which is attributed to its inherent rapid non-
radiative recombination of photo-generated charge carriers. In
contrast, the pristine CN displays a prominent emission peak at
437 nm, corresponding to the recombination of electron–hole
pairs across the bandgap. Notably, the MCN3-10 composite
exhibits a redshied emission peak at 441 nm, accompanied by
a signicant reduction in luminescence intensity (over 70%
compared to the pristine CN). This observation strongly
suggests an efficient interfacial charge transfer mechanism,
likely operating via the S-scheme charge transfer mechanism,40

which effectively suppresses the recombination of electron–hole
pairs. In the MCN3-10 heterostructure, photogenerated elec-
trons in the conduction band of CN are preferentially trans-
ferred to the valence band of Fe-MOF, thereby promoting
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The TPR (a) and EIS (b) of all the photocatalysts.
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directional carrier migration and reducing the probability of
recombination. This enhanced charge separation mechanism
contributes to the extended lifetime of photogenerated carriers
and facilitates the efficient generation of reactive oxygen species
(ROS), which are critical for pollutant degradation. Conse-
quently, the MCN3-10 composite demonstrates superior pho-
tocatalytic performance compared to the individual
Fig. 9 (a) UV-vis diffuse reflectance spectra and (b) Tauc plots of CN, Fe-
0.5 mol per L Na2SO4 aqueous solution (pH 7.0).

© 2025 The Author(s). Published by the Royal Society of Chemistry
components, highlighting the importance of heterojunction
formation in enhancing the overall reaction kinetics.

Transient photocurrent response (TPR) was measured to
further probe charge carrier separation efficiency.41 As shown in
Fig. 8a, CN and Fe-MOF exhibit low photocurrent intensities
and thus inefficient charge separation. In contrast, MCNx
heterojunction demonstrate signicantly enhanced
MOF, and MCN3-10. Mott–Schottky plots of (c) Fe-MOF and (d) CN in

RSC Adv., 2025, 15, 28870–28880 | 28877
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Fig. 10 (a) Free radical trapping experiments for the degradation of RhB by MCN3-10. (b) Degradation rate constants of RhB in free radical
trapping experiments over 40 minutes. EPR spectra of (c) DMPO/$OH and (d) DMPO/$O2

−.

Fig. 11 Photocatalytic mechanism for the degradation of RhB on
MCN3-10.
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performances with the photocurrent intensity in the order:
MCN3-10 > MCN4-10 > MCN2-10 > MCN1-10 > MCN5-10 > CN >
Fe-MOF. Notably, MCN3-10 achieves the highest photocurrent
intensity, reecting superior charge separation capability.
Fig. 8b shows the electrochemical impedance spectroscopy
(EIS). MCN3-10 exhibits the lowest charge transfer resistance at
the electrolyte–catalyst interface, which further demonstrates
the exceptional charge carrier separation and transport prop-
erties, accounting for its enhanced photocatalytic activity.

3.1.5 Photocatalytic mechanism. The enhanced photo-
catalytic performance of MCN3-10 was further elucidated
28878 | RSC Adv., 2025, 15, 28870–28880
through UV-vis diffuse reectance spectroscopy (DRS) and band
structure analysis. As shown in Fig. 9a, Fe-MOF exhibits
a distinct absorption edge at 440 nm within the ultraviolet
region, while pristine g-C3N4 (CN) demonstrates broad absorp-
tion spanning both UV and visible spectra. Signicantly, the
MCN3-10 composite manifests markedly enhanced light har-
vesting across this spectral range. Fig. 9b displays the Tauc plots
from the Kubelka–Munk equation (ahn)n = A (hn − Eg),42

yielding the bandgap energies of 2.81 eV (CN), 3.02 eV (Fe-MOF),
and 2.92 eV (MCN3-10). Mott–Schottky (M–S) analysis was
employed to determine band positions. On the M–S curve, the
at band voltages of CN and Fe-MOF are −1.20 and −0.66 V vs.
Ag/AgCl, respectively (Fig. 9c and d). Based on ENHE = EAg/AgCl +
0.197, the calculated results of CN and Fe-MOF are −1.00 V and
−0.463 V vs. NHE. For n-type semiconductors, the conduction
band (CB) potential approximates the at-band potential. Thus,
the CB positions of CN and Fe-MOF are estimated to be −1.00 V
and−0.463 V vs. NHE, respectively. Valence band (VB) positions
were calculated using EVB = Eg + ECB.43 The VB positions of CN
and Fe-MOF are calculated to be 1.807 V and 2.557 V vs. NHE,
respectively. This staggered band alignment establishes a ther-
modynamic driving force for S-scheme charge transfer: the
photogenerated electrons in the CB of Fe-MOF (−0.463 V)
recombine with the holes in the VB of CN (1.807 V); residual
electrons are accumulated in the CB of CN (−1.00 V) for O2 /

$O2
− reduction (requiring −0.33 V); holes in the VB of Fe-MOF

(2.557 V) drive H2O / $OH oxidation (requiring 2.38 V). The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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optimized energy landscape minimizes recombination losses
while maximizing redox potential in the MCN3-10 hetero-
junction, thereby amplifying photocatalytic degradation
efficiency.

Free radical trapping experiments were conducted to identify
active species in the photocatalytic degradation of RhB by
MCN3-10. Isopropanol (IPA), benzoquinone (BQ), and ethyl-
enediaminetetraacetic acid (EDTA) served as scavengers for
hydroxyl radicals ($OH), superoxide radicals ($O2

−), and holes
(h+), respectively.44,45 As shown in Fig. 10a and b, the addition of
BQ signicantly reduces the degradation rate of RhB, conrm-
ing $O2

− as the dominant active species. The degradation rate is
also slowed by the addition of EDTA, suggesting that h+

contributes to the photocatalytic reaction. In contrast, IPA and
H2O2 show negligible effects on the degradation of RhB. Elec-
tron paramagnetic resonance (EPR) spectroscopy was employed
to further conrm the active species generated during photo-
catalysis. As shown in Fig. 10c, distinct $OH signals appeared
only in illuminated MCN3-10, absent in Fe-MOF or CN. This is
attributed to the S-scheme charge transfer mechanism, as the
redox potentials of $OH/H2O (+1.99 V vs. NHE) and $OH/OH−

(+2.40 V vs. NHE) achievable through S-scheme-mediated
charge separation. Fig. 10d reveals strong $O2

− signals in
MCN3-10 under illumination, generated via the Fe2+/Fe3+ redox
cycle in the photo-Fenton process. In brief, $O2

− and h+ serve as
primary active species, with $OH playing a secondary role
through S-scheme-enhanced charge transfer.

Fig. 11 schematically illustrates the photocatalytic mecha-
nism of MCN3-10. Under solar irradiation, electrons transition
from the VB to the CB in both CN and Fe-MOF. The S-scheme
heterojunction inhibits recombination of electrons in the CB
of Fe-MOF with holes in the VB of CN, resulting in electron
accumulation in the CB of CN and hole accumulation in the VB
of Fe-MOF. This charge separation promotes generation of ROS,
including $OH and $O2

−. Concurrently, photo-Fenton reactions
occur on MCN3-10: electrons from Fe-MOF react with O2

adsorbed on the porous surface to produce H2O2, which
subsequently reacts with Fe2+ and Fe3+ sites in Fe-MOF to
generate additional $OH and $O2

− through the photo-Fenton
process. These reactive species, combined with photogene-
rated holes (h+), effectively degrade RhB dye into small organic
fragments, CO2, and H2O. This synergistic mechanism under-
pins the high-efficiency photocatalytic degradation of RhB.
Table S1 has summarized recent studies on MOF/g-C3N4-based
photocatalysts for RhB degradation. The table includes key
parameters: synthesis method, catalyst dosage, light source
(power/wavelength), degradation time, rst-order rate constant
(k), and stability (cycles). MCN3-10 heterojunction exhibits
a superior k value (120.33 × 10−3 min−1) and shorter degrada-
tion time (40 min) compared to most reported systems (e.g.,
MOF-5/g-C3N4, 90 min; Fe2O3/g-C3N4, 150 min). Additionally,
the electrostatic self-assembly synthesis in this word is simpler
than hydrothermal or solvothermal methods in referenced
works, highlighting the practical advantage of our approach.
Furthermore, compared with the recent research results,46–48 the
Fe-MOF/g-C3N4 heterojunction in this word balances high
catalytic activity with sustainable synthesis: low-cost precursors,
© 2025 The Author(s). Published by the Royal Society of Chemistry
simplied procedures, minimal solvent usage, and long-term
reusability. These features, combined with its superior degra-
dation efficiency over adsorption or single-component catalysts,
highlight its potential for scalable environmental remediation.

4 Conclusions

Porous Fe-MOF/CN (MCNx) heterojunction were successfully
synthesized via a facile calcination method. Under simulated
sunlight irradiation, the optimized MCN3-10 heterojunction
demonstrate exceptional photocatalytic activity for RhB degra-
dation. The results reveal a 33.9-fold enhancement in photo-
catalytic performance compared to pristine Fe-MOF and a 2.5-
fold improvement versus CN. Recycling experiments conrm
exceptional stability and reusability of MCN3-10 for RhB
degradation. Electrochemical characterization and photo-
luminescence (PL) spectroscopy indicate that interfacial elec-
tron transfer between CN and Fe-MOF is pivotal for enhancing
photocatalytic performance. Radical trapping experiments
further demonstrate that RhB degradation by MCN3-10 is
predominantly mediated by superoxide radicals ($O2

−). This
study provides novel mechanistic insights into photocatalytic
degradation processes and establishes MCN3-10 as a high-
performance, stable photocatalyst for environmental remedia-
tion applications.
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