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ABSTRACT

Photocatalysis is an eco-friendly approach for water remediation. Solar radiation can serve as a
natural source of visible light for photocatalytic processes, making visible-light-driven
photocatalysis a promising approach for practical environmental applications. Along with
visible light absorption and a highly active surface, the primary requirements of photocatalysts,
facile separation for reuse is a key feature for photocatalyst development. Herein, a
hierarchically separable ternary composite of g-C;N4/Cu-BTC MOF/Fe;0,, denoted CNMF,
was fabricated as a potential photocatalyst material. The g-CsN4 and Fe;O4 were obtained via
thermal polymerization and co-precipitation, respectively. Finally, the copper metal-organic
framework (Cu-MOF) was synthesized in situ using a solvothermal method in the presence of
g-C3Ny and Fe;04. The morphological, structural, optical, elemental, and magnetic properties
of the synthesized materials were investigated. Morphological studies showed a hierarchical
architecture in which faceted Cu-MOF crystallites and Fe;O4 nanoparticles were integrated
with layered g-C;N4. The band gap energy of CNMF was calculated as 2.94 eV. Thus, it
benefits from the high visible absorption of g-C;N,, high redox capacity of Cu-MOF, and easy
recyclability and reusability of Fe;0s. CNMF exhibited superparamagnetic behavior with a
saturation magnetization of approximately 2.19 emu g”'. The findings of the study confirm the
potential of CNMF as a magnetically recoverable candidate for photocatalytic applications.

© 2026 The Author(s) retain the copyright and full publishing rights.
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1. Introduction

The need for more accessible fresh water has become a major issue due
to the growing population. Additionally, rising levels of contaminated
water result from the rapid pace of industrialization and urbanization
[1]. To address the shortage of fresh water, various water remediation
techniques, such as reverse osmosis [2], membrane filtration [3],
electrodialysis [4], capacitive deionization [5], etc., have been
introduced. However, these techniques face limitations, including the
generation of secondary pollution, low efficiency, and environmental

issues. Photocatalysis has been positioned as an efficient method for

the degradation of pollutants in water, hydrogen generation, water
splitting, and related applications [6, 7]. This method is of great interest
due to its environmental friendliness and high energy efficiency [8].
Photocatalysis is a process that can remove water pollutants by directly
converting light into energetic particles. Semiconductor photocatalysts
are the primary materials used in this application due to their
appropriate band gap and ability to generate photogenerated species.
Photocatalyst materials have two major characteristics that make them
suitable for photocatalysis: band gap energy and specific surface area.
The former determines the portion of the solar spectrum that can be
absorbed and the redox potential of the photogenerated charge carriers,
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while the latter influences the adsorption of pollutant molecules and the
occurrence of photocatalytic reactions [9, 10].

Among various adopted semiconductors in the field, the metal-free
graphitic carbonitride (g-C;N4) semiconductor has garnered significant
attention due to a favorable band gap energy (= 2.7 eV) that leads to
high adsorption in the visible light region [11, 12]. It also possesses
excellent chemical stability, biocompatibility, a simple synthesis
process, and cost-effectiveness [13]. Nevertheless, pure g-C;Ny suffers
from intrinsic challenges, such as electron-hole pair recombination and
a low surface area, which severely limit the number of active sites and
reactant adsorption [14]. Therefore, combining g-C5N, with a second
component with a large surface area and well-aligned band edges is
expected to be an effective approach to address both issues
simultaneously.

Metal-organic frameworks (MOFs) have emerged as outstanding
candidates for solar light harvesting and photocatalytic applications
owing to their exceptional structural characteristics, including stability,
high specific surface area, and readily tunable porous structures [15].
MOFs are a family of porous hybrid crystalline materials made up of
organic ligands acting as linkers and an array of metal ions that form a
three-dimensional structure resembling a cage [16]. Copper-based
MOFs (Cu-MOFs) are of particular interest to researchers as
photocatalysts because copper can undergo numerous transformations
and is widely recognized as an effective catalyst. In the crystalline
structure of Cu-MOFs, Cu** nodes act as catalytic sites linked via an
organic linker [17]. Cu-MOFs benefit from excellent structural
stability, non-toxicity, and the availability of copper in nature [18]. For
example, Zhu et al. [19] prepared a Cu-NTC MOF consisting of copper
as the metal node and 1,4,5,8-naphthalene tetracarboxylic acid as the
ligand, achieving a high photodegradation efficiency of 84.5% toward
the tetracycline pollutant. However, the band gap energy of Cu-MOF is
quite high, limiting its application as a standalone photocatalyst. As
reported in the literature, g-C;N4/MOF binary composites can form
strong heterojunctions, making them suitable for photocatalytic
applications [20, 21]. Thus, the g-C;N4/Cu-MOF heterojunction can
surpass the photocatalytic performance of the individual components.
In this case, the organic linker molecules in the MOF can bond with the
triazine rings of the g-C;N, framework to form n—n interactions [22].

A key factor in evaluating the practicability of the materials for
photocatalytic applications, specifically photocatalytic pollutant
removal, is the material’s recovery potential. In this context, magnetic
materials can play a role [23]. One common iron oxide with magnetic
recovery properties is magnetite (Fe;O;) [24]. It shows strong
superparamagnetic behavior, enabling simple magnetic separation of
the catalyst from treated water and making the system reusable.
Moreover, Fe;O; benefits from a relatively low band gap energy
(= 2.1 eV), contributing to visible-light absorption, environmental
friendliness, and biocompatibility. Despite all these advantages, the
tendency of bare Fe;O, nanoparticles (NPs) to aggregate through
magnetic dipole-dipole interactions can reduce their efficiency. To
overcome this limitation, combining Fe;O,4 with other catalysts can be a
practical approach. This strategy cannot only prevent NP
agglomeration through surface bonding but also enhance the resulting
photocatalytic activity [25].

Herein, a hierarchical g-C;N,/Cu-MOEF/Fe;0, ternary composite has
been constructed to serve as a potent candidate for photocatalytic
applications. Despite previous investigations of g-C;Ns/MOF hybrids
and magnetic photocatalysts, the simultaneous integration of g-C;Na,

Cu-MOF, and Fe;0;, into a hierarchical ternary architecture remains a
promising approach that warrants further investigation, particularly
regarding the complementary roles of light absorption, catalytic-site
availability, and magnetic separation within a single material. In this
vein, g-C;Ny with a fluffy structure was prepared via a simple thermal
polymerization approach. Next, Fe;O; NPs were fabricated via co-
precipitation. Finally, we used a simple solvothermal approach to grow
Cu-MOF octahedra in situ on the Fe;04/g-C;Ny binary solution. The
assembly of Cu-MOF on g-C;N; may be facilitated by interfacial
interactions between the aromatic framework of the MOF linker and
the conjugated structure of g-Cs;N4. The integration of g-C;N4, Cu-
MOF, and Fe;0, offers a promising strategy to combine efficient light
harvesting, favorable redox properties, and practical recoverability in a
composite material. The as-prepared ternary composite displayed a
band gap energy of 2.94 eV, suggesting its potential for light-driven
photocatalytic applications. In this system, the g-C;N, component can
serve as the major absorber of visible light. Meanwhile, the Cu-MOF
can provide numerous catalytic sites due to a high theoretical surface
area. Their interface can potentially facilitate charge transfer.
Compared with binary g-C;Ny#/MOF systems, the incorporation of
Fe;04 introduces an additional magnetic functionality that may
facilitate catalyst recovery, whereas the combination of g-C;N4and Cu-
MOF is intended to couple semiconductor-based light harvesting with
the accessible catalytic sites of the MOF. Thus, the ternary design aims
to integrate photocatalytic functionality and magnetic recoverability
while potentially improving interfacial charge-transfer behavior.
Therefore, it is expected that CNMF is a potentially effective and
reusable material for visible-light-driven applications.

2. Experimental procedure

2.1. Materials

Urea (CO(NH,),, 299%), Ferrous chloride tetrahydrate (FeCl,.4H,0,
>99%), ferric  chloride hexahydrate (FeCl;.6H,O, >99%),
hydrochloric acid (HCI, 37%), ammonium hydroxide (NH4OH, 25%),
copper (II) nitrate trihydrate (Cu(NO;),.3H,0, 2>99%), and
1,3,5-benzenetricarboxylic acid (H3BTC) precursors were purchased
from Merck Company. All reagents were purchased as analytical
grade to use without purification. Dimethylformamide (DMF),
absolute ethanol, and deionized (DI) water were obtained from a

local supplier.

2.2. Synthesis of bulk g-C3N,

The bulk g-C;N4 powder was synthesized via a simple thermal heating
process, as reported in our previous study [8]. For this purpose, 20 g of
urea, as the main precursor, was placed in a crucible and heated at
500 °C for 2 h (heating rate: 2 °C/min). After cooling, the fluffy
yellowish g-C;N, was collected. The schematic of the synthesis
procedure is shown in Fig. 1.

2.3. Preparation of Fe;04 nanoparticles

According to our previous study, a facile co-precipitation method has
been incorporated for the magnetite NPs fabrication [26], as displayed
in Fig. 2. In this vein, 0.3976 g of FeCl,.4H,0 precursor was added to
5 ml of 2 M HCI, while 1.0813 g of FeCl;.6H,O was dissolved in 20 ml
of 2 M HCL Choosing HCI rather than DI water facilitates the
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Fig. 1. Schematic of the bulk g-C;N, synthesis procedure.

formation of NPs by preventing the precipitation of Fe(Il) and Fe(IlI)
hydroxides. After blending, the solutions were mixed to obtain the
synthesis solution. The resulting solution was stirred (600 rpm) at
70 °C under a continuous N, gas purge for 30 min. To make the pH
basic, 35 ml of a 25% NH4OH solution was added. The obtained black
precipitate was collected using an external magnet and washed with DI
water in several steps to remove impurities and reach a neutral pH.
Finally, the washed product was vacuum-dried at 60 °C for 24 hours.

2.4. Synthesis of Cu-MOF

Cu-MOF synthesis was performed by a simple solvothermal method, as
depicted in Fig. 3. The Cu(NO;),.3H,O salt served as the source of
copper metal ions, while H3BTC was used as the organic linker. The
weight ratio of copper to H3BTC in the synthesis procedure was
1.09:1. First, 0.4 g of H3BTC ligand was dissolved in a mixture of
ethanol, DI water, and DMF with a 1:1:1 ratio and stirred until
homogeneous. Next, 0.436 g of Cu(NOs),.3H,O was added to the
solution, which was then stirred at RT to obtain a uniform solution. The
achieved solution was transferred to a Teflon-lined autoclave (capacity:
60 ml) and was heated at 125 °C for 22 h [17]. Subsequently, it
naturally cooled to ambient temperature. The solid precipitate was
collected, washed with DI water and ethanol, transferred into a vacuum
oven, and dried at 60 °C, yielding a bluish Cu-MOF powder.

2.5. Fabrication of g-C3:N/Cu-MOF/Fe;0ternary composite

The g-C;N4/Cu-MOF/Fe;0,4 nanocomposite was fabricated by in situ
synthesis of Cu-MOF in the presence of Fe;04 NPs and bulk g-C;Ny,
using a solvothermal technique. In this regard, Cu(NO;),.3H,O salt

precursor and g-C;Ng4 powder were dispersed in 20 ml of DI water,
while H3BTC was dispersed in 15 ml of ethanol under constant
stirring. After dispersion, the solutions were mixed. In the next step, the
Fe;04 powder was added to the above solution and subjected to
ultrasonic homogenization. For in situ Cu-MOF formation, the final
mixture was transferred to a Teflon chamber and heated in an autoclave
at 120 °C for 12 h. The resulting powder was washed several times
with DI water and ethanol until the solution reached neutral pH. The
precipitate was collected and freeze-dried (Tajhizat Sazan Pishtaz
company, F-5 V model) to obtain the g-C;N,/Cu-MOF/Fe;04 powder.
The obtained powder was labeled as CNMF. The whole CNMF
synthesis procedure is illustrated in Fig. 4.

2.6. Materials characterization

The crystallinity and phase formation were evaluated by recording X-
ray diffraction (XRD) patterns of powder samples using a PANalytical
X’Pert PRO MPD instrument at an operating voltage of 40 kV. CuKa
radiation with a wavelength of A=1.5406 A was used in this
measurement. The composition and properties of structural and surface
groups were ascertained by Fourier transform infrared spectroscopy
(FTIR) using a Perkin-Elmer Spectrum apparatus in the wavenumber
range of 450-4000 cm’. The ultraviolet—visible spectrophotometer
(UV-vis; JENWAY 6705: 200-900 nm wavelength range) was used to
assess the optical properties of the as-synthesized materials and their
light-absorbing capacity. Microstructural examination and elemental
analysis of the samples were performed using a field-emission scanning
electron microscope (FESEM, MIRA3 LMU model, TESCAN
company, accelerating voltage 15 kV), equipped with an energy-

Fig. 2. Schematic of the Fe;04 NPs synthesis process.
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Fig. 3. A schematic illustration of the Cu-MOF fabrication step.

dispersive X-ray spectrometer (EDX). To measure the magnetic
properties and magnetization curves of the samples, a vibrating sample
magnetometer (VSM) manufactured by MDK was used in a magnetic
field of up to 15 kOe.

3. Results and discussion

3.1. Structural studies

To evaluate the quality of the prepared materials, various
characterization  techniques were employed for structural,
microstructural, optical, and magnetic studies.

XRD analysis was used to characterize the phase and evaluate the
crystallinity of the samples. Fig. 5a shows the XRD patterns of the
synthesized powders. The peaks observed at 26 angles of 30.1, 35.6,
43.1, 53.4, 57.2, 62.9, and 74.3 are corresponding to the (220), (311),
(400), (422), (511), (440), (533) crystal planes of the ferrite structure

Cu(NO;),.3H,0 g-C3N,
N
="

% DI Water
\V/

(JCPDS No. 96-900-2329), respectively, indicating the formation of
the inverse spinel structure of the Fe;O4 nanoparticles [26]. The red
curve assigned to the bulk g-C;N, structure demonstrates a peak at
12.3 © that is ascribed to the interplanar tri-s-triazine units, while the
other peak at 26.9 °, related to the (002) crystal plane, is attributed to
the conjugated aromatic network [8]. Regarding the XRD pattern of the
Cu-MOF powder, the diffraction peaks appeared at 26 angles of 6.7,
9.6, 11.6, 13.5, 14.8, 16.6, 17.7, 19.2, 20.4, 21.5, 24.3, 26.1, 27.8, and
29.4 degrees are related to the (200), (220), (222), (400), (331), (422),
(511), (440), (600), (620), (551), (731), (822), and (751)
crystallographic planes, respectively. The pattern is in good agreement
with the Cu-MOF structure, according to the JCPDS card No. 00-062-
1183, and shows an FCC structure belonging to space group Fm3m. In
addition, due to the high temperature during the synthesis procedure,
some low-intensity peaks appear in the 37 ° to 42 ° range, attributed to
copper oxides [17].

H,BTC

Cu-MOF -g-C;N-Fe,0,

9 vg2:

e

Fig. 4. Schematic illustration of the g-C;N4/Cu-MOF/Fe;04 composite preparation process.
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Fig. 5. a) XRD patterns of the synthesized powders and b) FTIR spectra of the as-prepared samples.

In the diffraction pattern of the CNMF ternary composite, characteristic
peaks related to the components of the composite, including g-Cs;Ny,
Fe;04, and Cu-MOF, were identified. This observation can serve as
strong evidence of a successful composition process. Moreover, the
characteristic diffraction peaks shifted toward lower 20 values,
indicating an increase in the interplanar spacing (d), a sign of lattice
expansion. This may have arisen from tensile strain in the framework,
owing to a lattice mismatch between components [27]. This peak shift
confirms the formation of a heterojunction with an intimate interface.
The molecular structure and surface bonds of the samples were
evaluated using FTIR. As depicted in Fig. 5b, the FTIR spectrum of the
ferrite NPs consists of a broad band around 3400 cm™ and a weak dip
at ~ 1621 cm’' that derives from O-H bond stretching of surface-
adsorbed water and hydroxyl groups on the magnetite, as well as a
strong band centered around 582 cm’, representing the intrinsic
vibration of the Fe—O bond in the tetrahedral sites [28]. In the bulk g-
C;N, spectrum (Fig. 5b), a wide band ranging from 3640 cm™ to 2950
cm’ appears, which comes from N-H stretching of residual amino
groups plus adsorbed water molecules. A cluster of bands in the
~1200-1650 cm™ region is attributed to the stretching of aromatic
CN heterocycle within the tri-s-triazine units [29]. The last band at
810 cm™ is the breathing mode of the tri-s-triazine (heptazine) ring and
is the fingerprint peak of the g-C;N4 network [8]. There are multiple
bands in the FTIR spectra of the Cu-BTC sample, including metal
center species, organic linker molecules, and their interactions, as
shown in Fig. 5b (blue curve). Apart from the hydroxyl characteristic
peak at 3431 cm™, two sharp bands at 1645 cm™” and 1373 cm™ are
correlated to carboxylate group stretching, while the peak located at
1449 cm is assigned to the aromatic C=C ring stretching. A pair of
peaks at 938 cm™ and 759 cm’ is attributed to the out-of-plane
aromatic C—H bending. A strong interaction between the metal and the
linker appears as a Cu—O—C stretching band at 1108 cm™. A weak C-O
bond-related peak at around 1045 cm™ is derived from an aromatic ring
vibration. Additionally, three prominent peaks are displayed in the
fingerprint region (below 1000 cm™), which are ascribed to the Cu-O
bond. The source of these peaks at 730 cm’, 664 cm’!, and 489 cm™ is
Cu*—carboxylate coordination, framework vibration, and out-of-plane
BTC vibration, respectively [17]. Finally, the FTIR spectrum of the
ternary CNMF composite (green curve, Fig. 5b) exhibits the combined

fingerprints of all three constituents, confirming their successful
integration. A broad band near 3375 cm’ corresponds to O—H/N-H
stretching of adsorbed water and residual amine groups. The band
around 1640 cm™ is assigned to C=0 of the Cu-BTC framework, while
the 1380-1610 cm' region arises from overlapping aromatic C=C/C=N
and symmetric carboxylate (C-O) vibrations of the Cu-MOF and
g-C;N,. The coexistence of the peaks relevant to the tri-s-triazine of
g-C3N, (~806 cm™), the spinel Fe—O bond (~585 cm™), as well as the
Cu-MOF structure, verifies the intimate coupling of g-C;N,, Cu-MOF,

and Fe;O, within the hierarchical heterostructure.

3.2. Microstructural studies

To study the microstructure of the synthesized materials, FE-SEM and
EDS characterization techniques were employed. As depicted in
Fig. 6a, the bulk g-C;N, exhibits an irregular structure composed of
loosely packed layered stacks. Fig. 6b displays the sponge-like texture
of this material with clear pores, which provides a high surface area
favorable for anchoring secondary nanoparticles. The Cu-MOF
presents faceted polyhedral crystals with sharp edges and smooth
crystalline faces (Fig. 6¢). This microstructure is indicative of a highly
ordered coordination framework, achieved through controlled
nucleation conditions. Fe;O4 shows typical agglomerated spherical
nanoparticles that form huge aggregates (Fig. 6d). The corresponding
histogram is displayed in Fig. 6e. The particle size distribution follows
a near-Gaussian profile centered on an average diameter of 18.9 nm,
confirming the successful synthesis of magnetite in the nanoscale
regime, which is essential for imparting magnetic separability to the
final composite. As illustrated in the FESEM images of the CNMF
ternary composite at multiple magnifications (Figs. 6f & 6h), the
composite reveals a hierarchical heterostructure in which the distinct
morphological signatures of all three components are simultaneously
preserved and intimately interconnected. The magnetite NPs are
uniformly decorated on the wrinkled g-C;N, surfaces, while the angular
Cu-MOF  polyhedra embedded within

encapsulated by the g-C;N4/Fe;O4 matrix. This intimate contact

remain and partially
between phases indicates strong interfacial interactions that likely
facilitate efficient charge-transfer pathways across heterojunctions [8].
The microstructural findings are in line with the peak shift observed in
the XRD analysis. As shown in the EDS spectrum of the CNMF
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Fig. 6. FE-SEM images of a, b) g-C5N4, ¢) Cu-MOF, d) Fe;04, and f;h) CNMF composite; e) particle size distribution of Fe;Ou;
¢) the EDS spectra of the CNMF composite; and i) elemental mappings of the CNMF composite.

sample (Fig. 6g), peaks corresponding to C, O, N, Fe, and Cu elements
are observed, confirming the presence of all components in the
composite structure. Carbon and oxygen peaks reflect the g-C;N4 and
MOF organic linkers, while the N signal corresponds to the
triazine/heptazine units of g-C;N,. Fig. 61 shows the elemental mapping
of the composite. The homogeneous distribution of the elements
throughout the structure, with no significant phase segregation, further
corroborates the structural integration. This uniform elemental

dispersion strongly supports the formation of a heterostructure rather
than a physical blend.

3.3. Optical studies

The UV-Vis absorption spectra of the components, along with their
corresponding Tauc plots, are illustrated in Fig. 7. The absorption curve
of g-C3Ny (red curve, Fig. 7a) exhibits a strong band around 360 nm,
extending into the visible light region. This behavior comes from the
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Fig. 7. a) UV—Vis absorption spectra and b) Tauc plots of the as-prepared samples.

n—n* electronic transitions of the aromatic C-N heterocyclic rings and
the n—n* transitions associated with the lone pairs of the bridging
nitrogen atoms within the heptazine network [8]. As shown in the
Fe;0, spectrum, a broad absorption band reflects the narrow band gap
and metallic behavior typical of magnetite, consistent with previous
findings [26]. The UV-Vis curve of Cu-MOF displays an absorption
band in the range of 316 nm to 389 nm, driven by two contributors: ©—
m* transitions of the aromatic organic linker as well as the charge
transition between metal nodes and linker. The peak location indicates
that Cu-MOF is highly active in the ultraviolet region and has a wide
band gap. The UV-Vis spectrum of CNMF shows a redshift and a
greater tendency towards the visible range compared to Cu-MOF. This
behavior confirms a synergistic optical response of the ternary system.
Herein, the conjugated g-C;N4 framework supplies intrinsic visible-
light absorption, the Cu-MOF contributes its characteristic charge-
transfer transitions, and the Fe;O, nanoparticles impose their broadband
absorption across the visible-NIR region. Therefore, it can be
concluded that intimate interfacial contact can promote electronic
coupling within the hierarchical architecture. This subject can broaden
the optical absorption window and enhance the overall light-harvesting
capability of CNMF. This behavior is favorable for enhanced
photocatalytic activity.

To calculate the band gap energies of the materials, the Kubelka-Munk
formula (Eq. 1) was applied [30], and the corresponding Tauc plots are
shown in Fig. 7b.

ohv = A(hv - E,)" 1

Here, a denotes the absorption coefficient, hv represents the incident
photon energy, A is a material-dependent constant, E, signifies the
band gap energy, and n characterizes the type of electronic transition
occurring in the semiconductor [31, 32]. The band gap energies of all
materials were calculated and reported in Table 1.

The band gap energy of Fe;O, was 2.52 eV. The band gap was
calculated to be 2.86 eV for g-C;N,, aligning with reported values in
the literature [33] and consistent with its visible-light absorption up to
~ 430 nm observed in the UV—-Vis spectrum. The E; of the Cu-MOF
was 3.42 eV, indicating the largest band gap among all samples and
corroborating predominantly UV activity. The band gap energy of the
CNMF ternary composite falls between those of Cu-MOF and
g-C3Ny,
heterojunction between the components, which leads to strong

a result attributable to the formation of an intimate

interfacial electronic interactions and charge redistribution across the
interface. This is favorable for enhancing the photocatalyst’s light
the CNMF
visible-light

Consequently, specimen
the
characteristic of g-C;N, with the photoredox capability of Cu-MOF

[16, 34, 35].

absorption  capacity.

simultaneously combines strong absorption

3.4. Magnetic studies

The magnetic properties of the synthesized samples were investigated
via the vibrating sample magnetometer (VSM) technique. As shown in
Fig. 8, the Fe;0, sample exhibits negligible remanence at room
temperature, indicating superparamagnetic behavior. This behavior
enables rapid response to magnetic excitation and easy dispersion in
solution without agglomeration upon removal of the external magnetic
field [24]. The g-C5N,4 and Cu-MOF samples exhibit no saturation
magnetization, indicating that these materials lack magnetic properties.
The CNMF sample exhibits superparamagnetic properties with a
saturation magnetization of about 2.19 emu/g, due to the presence of
Fe;0, nanoparticles. Therefore, this sample can be collected in a
mixture by applying an external magnetic field (inset of Fig. 8). In
contrast to the non-magnetic g-C;N4; and Cu-MOF samples, the
presence of Fe;O4 within the CNMF structure imparts a distinct
magnetic response. Given the nanoscale dimensions of the Fe;O4
particles and their superparamagnetic behavior, the CNMF sample’s
magnetization is primarily attributed to the magnetic Fe;O, phase. This
characteristic demonstrates that the stabilization of Fe;O4 within the
composite structure not only preserves the photocatalytic capabilities of
the constituent components but also enables magnetic control and
recovery of the material. This capability is of great importance in the
field of catalysts, making CNMF a suitable photocatalyst candidate for
water remediation in real-world applications.

Table 1. Calculated band gap energies of materials.

Material type E, (eV)
Fe;04 2.52
g-CsN, 2.86
Cu-MOF 3.42
CNMF 2.94
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Fig. 8. VSM hysteresis loop at room temperature of Fe;04, g-C3N4, Cu-MOF, and CNMF nanocomposites.

4. Conclusions

A hierarchical ternary composite of g-C3;Nui/Fe;O04/copper-MOF
(CNMF) has been prepared by in situ formation of Cu-BTC MOF on
the g-C;N4/Fe;0, interface via a simple solvothermal method. The
successful composite construction was confirmed by the results of
various characterization techniques. The microstructural studies
showed that CNMF maintained the fluffy structure of g-C;N,, the
faceted crystalline structure of the Cu-MOF, and the presence of Fe;O4
nanoparticles, confirming the formation of an interconnected
hierarchical structure with a uniform distribution of the elements.
According to the optical investigations, the band gap energy of CNMF
was 2.94 eV, a value that lies between those of the individual
components and indicates that the electronic structure has been altered
as a result of the composite formation. In the CNMF system, the g-
C;Ny4 with a narrow band gap energy functions as the primary absorber
of visible light, while the Cu-MOF offers photoredox reactions owing
to its high surface area. At the same time, the saturation magnetization
of approximately 2.19 emu g’ facilitates facile separation of the
composite material with an external magnet. This characteristic is
derived from the magnetic properties of Fe;O, nanoparticles. These
features suggest that CNMF may be a promising candidate for future

photocatalytic applications.
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