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In this study, we developed a novel magnetic composite material by integrating CuFe.Os nanoparticles onto MXene nanosheets via a
co-precipitation method, and subsequently loading it onto g-CsNa. The aim was to enhance the photocatalytic properties for environmental
remediation, particularly the degradation of organic pollutants. The structural, optical, and photocatalytic properties of the
CuFe:04@MXene/g-CsNa composite were thoroughly characterized using photoluminescence, Raman spectroscopy, SEM, EDX, DRS,
VSM, XRD, and FT-IR techniques. The results showed that each component, CuFe.04, MXene, and g-CsNa, played a crucial role in
improving the composite's photocatalytic efficiency. Specifically, CuFe.O4 enhanced visible light absorption and charge separation, MXene
provided a stable 2D platform for nanoparticle dispersion, and g-CsNa extended the light absorption range while introducing additional active
sites. As a result, the composite exhibited superior degradation efficiency for methylene blue, methyl orange, and ibuprofen compared to the
individual components. This work demonstrates the potential of this composite material for effective environmental applications, offering a

promising approach for the degradation of organic pollutants under visible light.
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INTRODUCTION

The water crisis is a significant global challenge that has
been a growing concern for many years and is expected to
continue impacting various regions around the world in the
2020-2030 timeframe. Efforts to mitigate the water crisis in
the 2020-2030 timeframe will require a combination of
strategies and actions. While addressing the water crisis is a
complex and ongoing challenge, concerted efforts at the
local, national, and global levels can help mitigate its impacts
and ensure sustainable access to clean water for all [1-4].
Water recycling and desalination are two important strategies
for addressing water scarcity and ensuring a sustainable
supply of freshwater, especially in regions facing water stress
[5,6]. These processes have distinct approaches and
applications, each with its advantages and considerations.
Water recycling, also known as water reuse or wastewater
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reclamation, involves treating and reusing wastewater from
various sources for various purposes. This can include
filtration, coagulation and flocculation, adsorption, and
photocatalytic degradation methods [7]. Photocatalysts,
typically made of semiconductor materials like titanium
dioxide (TiO,) and other advanced materials, can play a
significant role in water treatment processes by harnessing
the power of light to facilitate chemical reactions [8]. The
primary application of photocatalysts in water treatment is
for the degradation of organic pollutants, the disinfection of
water, and the removal of harmful microorganisms.
Photocatalysts can break down organic contaminants,
including dyes, pesticides, pharmaceuticals, and industrial
chemicals, into harmless substances. Several materials have
been studied and developed as photocatalysts such as
titanium dioxide (TiO2), zinc oxide (ZnO), bismuth vanadate
(BiVOa), tungsten trioxide (WO3), graphitic carbon Nitride
(9-C3N4), semiconductor metal sulfides (e.g., CdS, ZnS),
perovskite materials (e.g., LaFeQs, SrTiOs), hydrogenated


http://www.physchemres.org/
mailto:info@physchemres.org
mailto:e.ghasemian@ilam.ac.ir

Ghasemian Lemraski et al./Phys. Chem. Res., Vol. 14, No. 1, 195-208, March 2026.

titanium dioxide (H-TiO), and, metal-organic frameworks
(MOFs). g-CsN4 is a metal-free photocatalyst that is stable,
environmentally friendly, and responsive to visible light. It is
used for the degradation of organic pollutants, hydrogen
generation, and other applications [10-12]. Researchers are
continually developing and improving photocatalyst
materials to enhance their performance, stability, and
versatility in various environmental and industrial
applications. In the present research, we try to modify
g-CsNg4 with CuFe,04 doped on MXene nanosheet. The band
gap of the composite material can be tuned by controlling the
doping concentration of CuFe;O4 in MXene and the loading
amount of the composite on g-CsN4. This can influence the
photocatalytic performance by affecting the absorption of
light and the generation of electron-hole pairs. The structural,
electrical, optical, and photocatalytic activities have been
determined to investigate the main properties in detail.
Understanding the mechanisms of light-induced charge
transfer between different components of the composite (e.g.,
g-C3sNa, CuFe;04, and MXene) is vital. This knowledge can
help optimize the material for specific applications, such as
enhancing photocatalytic activity.

EXPERIMENTAL

Materials and Methods

The precursor TisAlC, powder (purity > 98 wt%) was
purchased from Tabibshimi Co., Ltd. HF, CuCl».2H,0,
FeCl;.6H,0, NaOH, methyl orange, metylene blue, and
ethanol were purchased from Merck company. Ibuprofen was
purchased from Behsa Company (Arak, Iran).

Composite Preparation

A 7% hydrofluoric acid (HF) solution in water was
prepared. This solution is used as an etchant to selectively
remove aluminum from the MAX phase, yielding MXene. A
specific amount of MAX phase was mixed with 10 ml of
HF7% and stirred for 24 h. Stirring facilitates the etching
process and helps in obtaining a homogeneous MXene
product. The appearance of bubbles during the stirring
process indicates the proper progression of the etching
reaction. This observation suggests that the aluminum layer
is being effectively removed from the MAX phase. After the
24-hour stirring of the MXene with double-distilled water,
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washed to remove residual HF and by-products. Washing
continued until the pH of the solution approached neutrality.
This ensures that any remaining acidic components are
thoroughly removed from the MXene. Finally, the remaining
residue in the solution is dried in a vacuum at 70 °C for 24 h
[13-16]. The characteristic analysis of MXene is given in the
supporting materials.

CuFe;0.4 Loading on MXene Nanosheet

Initially, 0.0108 g of the MXene sample was accurately
weighed and dispersed in 50 ml of deionized water and
sonicated for 15 min using an ultrasonic device. In the next
step, 0.111 g of copper chloride (CuCl;) and 0.352 g of iron
chloride (FeCls) were added to the previous solution. The
mixture was allowed to react on a stirrer for 30 min.
Subsequently, NaOH (0.1 M) solution was added dropwise
to adjust the pH = 10. Following this step, the solution was
placed on a heater-stirrer at a temperature of 50 °C, and the
stirring continued for 3 h to promote further reaction. After
this 3-hour period, the solution was transferred to an
autoclave at 120 °C for 12 h. In the final step, the obtained
precipitate was placed in a vacuum oven and dried for 12 h at
60 °C. At this stage, fine and dark-brown color precipitates
were obtained. To obtain g-CsNa, first, melamine, which is a
soft, lightweight, and white powder, should be placed in a
furnace at a temperature of 550 °C for 4 h. The resulting
powder is firm and yellow after exiting the furnace. By
adding 0.02 g of g-C3N4to 50 ml of deionized water, and
sonicated for one hour. Then, the g-CsNs mixture and
CuFe,O,@Mxene Solution were mixed and stirred for 6 h at
70 °C to gradually evaporate the solvent. The remained
composite was dried at 60 °C in a vacuum oven for 12 h [18-
20].

Photo-catalytic Efficiency Test

In order to investigate the catalytic efficiency, the
efficacy of three compounds in the degradation of two
anionic and cationic dyes, as well as the drug ibuprofen, was
experimentally examined at various concentrations (5,15,
and 20 ppm) and durations, and the results were analyzed.
The solutions were initially allowed to reach equilibrium for
30 min in a dark environment. Subsequently, every twenty
minutes at 25 °C, samples were withdrawn from the
solutions, centrifuged, and the amount of dye and drug was
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determined using a UV-Vis spectrophotometric [21]. We
used a Visible-light LED source with a wavelength range
between 420-700 nm, main emission peak: 450 nm, power:
150 W, and distance from the sample: 8 cm.

Characterization

The microscopy image of the prepared nanocomposite is
given by Field Emission Scanning Electron Microscopy
(FESEM, QUANTA FEG-450, FEI, USA). The crystalline
structure nanocomposite was indicated using an X Ray
Diffractometer (PW1730, PHILIPS Company, Netherlands).
Fourier transform infrared (FTIR) spectroscopy was
performed by Bruker-Germany VBRTEX70 spectrometer.
Absorption of solution was measured by UV-Visible
spectrophotometer model Cary 300, Agilent, Germany. The
surface area was identified based on the Micrometrics
Surface Area Analyzer (Belsorp-minill, BEL Japan). The
magnetic properties of the samples were investigated using a
vibrating sample magnetometer (VSM MDKB model,
Danesh Pajuh Magnetic Co., Kashan, Iran). UV-Vis diffuse
reflection spectra (DRS) were performed on a UV-Vis
spectrophotometer  (Diffuse  reflectance  spectroscopy
S-4100, SCINCO, South Korea) with BaSO, as the reference
compound. The photoluminescence (PL) emission spectra
was measured with a PL spectrophotometer (G9800A,
Agilent, Germany). Raman spectroscopy was conducted
using a micro-Raman spectrometer (Raman Takram
P50COR10, Iran).

RESULTS AND DISCUSSION

The chemical activity of the transition metal sites on the
MXene surface can be modulated through surface
functionalization of CuFe;O4, where specific chemical
groups or molecules are attached to the surface. This
functionalization process allows for the tailoring of surface
properties to achieve desired functionalities or enhance
specific interactions. To study these effects, FTIR spectra
have been obtained from the samples. Figure 1 represents the
FTIR spectra of all three prepared samples. The spectrum of
pure MXene shows the main peaks with high intensity in the
range of 600-800 cm, corresponding to Ti-C stretching
vibrations, confirming the presence of MXene layers.
MXenes synthesized using aqueous HF etching typically
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acquire electronegative surface functional groups like
—OH, —-F, -0, making them hydrophilic [22,23]. Oxygen-
containing functional groups in the MXene, and the bending
vibration of the OH bond, show peaks in the region of 1200-
1800 cm*. The broad peak in the range of 3000-3600 cm™ is
associated with O-H stretching vibrations, indicating the
presence of hydroxyl groups or adsorbed water [24].
Hydroxyl groups (-OH) are one of the most common surface
terminations of MXene materials. These terminations occur
due to the presence of oxygen-containing functional groups
on the surface, which can originate from the synthesis process
or from exposure to air and moisture.

One noteworthy observation in the FTIR spectrum is the
emergence of new peaks, indicating the successful
incorporation of CuFe;04 onto the MXene substrate. These
additional peaks signify the formation of new bonds or
alterations in existing functional groups, underscoring the
effective loading and integration of CuFe,O. within the
MXene framework. Furthermore, shifts in the characteristic
peaks of CuFe,Os@MXene composite suggest potential
chemical transformations within the composite. Such shifts
may be indicative of changes in oxidation states, bond
strengths, or modifications in the chemical environment of
specific functional groups. This information is crucial for
understanding the nature of the chemical interactions and the
synergistic effects between CuFe;O, and MXene at a
molecular level [25,26].

For CuFe;0:.@MXene/g-CsN4 composite shows broad
peaks related to C-N stretching vibrations. The peak at
around 1250 cm™ is often attributed to the stretching
vibrations of the triazine units. This peak is associated with
the bending vibration of N-H bonds, indicating the presence
of amino groups. The peak around 808 cm™* corresponds to
the out-of-plane bending vibrations of tri-s-triazine units in
g-C3N4. Peaks around 3000-3400 cm™ are indicative of
stretching vibrations of N-H and C-H bonds, suggesting the
presence of amino and methyl groups. One prominent
observation in the FTIR spectrum is the presence of
new peaks, suggesting successful interactions between
CuFe;04@MXene and g-CsNa4. The appearance of these
peaks can be attributed to the formation of specific bonds or
the modification of existing functional groups, indicating
a strong interfacial connection between the components.
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Fig. 1. FTIR and Raman spectrum of (a) MXene; (b) CuFe,0.@Mxene; (¢) CuFe,0.@Mxene/g-CsNa.

This corroborates the effective loading and integration of
CuFe,0s@MXene onto the g-C3N4 substrate. Furthermore,
shifts in the characteristic peaks of individual components
offer evidence of potential chemical transformations within
the composite. These shifts can be indicative of charge
transfer, hybridization, or alterations in the chemical
environment of specific functional groups. The identification
and interpretation of such changes contribute to a
comprehensive understanding of the synergy between
CuFe20.@MXene and g-C3N4 at a molecular level [27]. The
Raman spectrum of MXenes typically includes several
characteristic peaks that arise from the vibrations of the
MXene layers. Figure 2 shows that the Raman peaks at 147,
260, 428, and 615 cm™ can be due to the Ay and Eq active
vibrations of TisC,Tx, respectively. The peak at 260 cm*
corresponds to the Eq(5) mode. The Eq mode involves out-of-
plane vibrations of the metal atoms relative to the carbon
atoms. In TisCo;Tx MXene, this mode likely involves
motion perpendicular to the MXene layers. Another peak at
~400 cm corresponds to the Eq4(7) mode. Similar to the E4(5)
mode, the E4(7) mode likely involves out-of-plane vibrations
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of the metal atoms relative to the carbon atoms, but with a
different pattern or directionality. The band at 610 cm™* also
corresponds to the Eq4(4) mode. Again, the Eg mode signifies
out-of-plane vibrations, and the Egy(4) designation may
indicate a particular pattern or directionality of these
vibrations within the TisC,Tx MXene lattice. The specific
changes observed in the Raman spectrum of MXene upon
CuFe;04 loading will depend on factors such as the loading
concentration, the method of loading, and the interactions
between CuFe;O. nanoparticles and the MXene surface.
When CuFe;04 nanoparticles are loaded onto the surface of
MXene, they can partially cover or block certain regions of
the MXene surface. Since Raman spectroscopy relies on the
scattering of photons by molecular vibrations, the presence
of CuFe;O4 nanoparticles can obstruct the access of incident
light to the underlying MXene layers, leading to a reduction
in Raman signal intensity [28]. This behavior is confirmed in
Fig. 2. The interaction between CuFe,Os nanoparticles
and MXene can induce charge transfer phenomena. This
interaction can modify the electronic structure of MXene,
altering its vibrational modes and affecting the intensity of
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Fig. 2. UV-Vis DRS spectra, and Plot of (eh9)? vs. photon energy of the studied samples.

Raman peaks. Charge transfer processes may redistribute
charge carriers within the MXene lattice, leading to changes
in the electronic density of states and consequently
influencing the Raman scattering intensity [29]. Also, the
deposition of CuFe;O4 nanoparticles onto MXene may
induce lattice distortions or introduce defects in the MXene
structure. These lattice disturbances can scatter phonons
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within the MXene lattice, leading to phonon relaxation
processes that decrease the intensity of Raman peaks.
Additionally, the presence of defects can create additional
scattering centers for incident photons, further reducing the
observed Raman signal intensity [30]. On the other hand,
CuFe;04 nanoparticles may possess optical properties that
allow them to absorb or scatter incident light effectively. If
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the excitation wavelength used for Raman spectroscopy
coincides with the absorption or scattering band of CuFe;04
nanoparticles, energy transfer mechanisms can occur. This
results in the attenuation of incident light before it interacts
with the MXene material, leading to a decrease in Raman
signal intensity [31]. CuFe;Os nanoparticles may exhibit
surface plasmon resonance (SPR) phenomena under specific
conditions, where collective oscillations of conduction
electrons are excited by incident light. If the SPR band
overlaps with the spectral region of MXene Raman peaks,
energy transfer processes can occur between the SPR-active
CuFe204 nanoparticles and the MXene material. This can
lead to a decrease in Raman signal intensity as a result of
energy absorption or scattering by the CuFe,O, nanoparticles
[32]. The addition of CuFe,O4s@Mxene onto g-C3sN4 can lead
to an increase in the Raman spectrum compared to
CuFe,0s@MXene. Figure 2 shows the location of repeated
peaks. The very low ratio of CuFe,Os@MXene could not
affect the intensity of the g-CsNs Raman peak," indicating
the negligible effect of CuFe,0s@MXene on the intensity
of the g-CsNs Raman peak. This might suggest that
CuFe,0,@MXene has minimal influence on the distribution
of molecular vibrations in g-CsN4, hence minimizing the
intensity of the Raman peak. Therefore, it appears that
CuFe,0s@MXene is very close to pure g-CsNg4, and these
minimal effects from CuFe,0.@MXene could be due to
structural similarities with pure g-CsNs. MXenes exhibit
interesting optical properties, including strong light
absorption in the visible and near-infrared regions. DRS
allows us to study the absorption spectrum of MXene
powders, providing insights into their light-harvesting
capabilities and potential for photocatalytic and photovoltaic
applications. As can be seen in Fig. 3, pure MXene nano sheet
shows the high intensity absorption spectrum in the range of
visible and UV light compared to the other prepared
compounds [33]. As seen from Fig. 3, the light absorption
capacity of CuFe,O,@Mxene in the range of 228-428 nm
shows an increasing behavior. CuFe;Os4 nanoparticles
possess unique optical properties, including strong light
absorption in the visible and near-infrared regions. When
loaded onto MXene surfaces, these nanoparticles can act as
additional light absorbers, enhancing the overall light
absorption capacity of the composite material. This increased
light absorption leads to higher DRS intensity due to more
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efficient light harvesting. CuFe,O4 nanoparticles may exhibit
surface plasmon resonance (SPR) effects, especially in the
visible range, which can enhance light absorption and
scattering. When combined with MXene, which has a high
surface area and conductivity, the SPR effect of CuFe,O4
nanoparticles can be further amplified, leading to increased
DRS intensity. The interaction between MXene and CuFe;0,
nanoparticles can facilitate charge transfer processes, such as
electron transfer or excite generation.

These processes can modify the electronic structure of the
composite material, affecting its optical properties and
leading to changes in DRS intensity [34]. The mentioned
mechanism is repeated in increasing absorption of g-CsNs
during loading of CuFe,0s@MXene. Changes in its DRS
spectrum due to enhanced light absorption, SPR effects,
charge transfer processes, and modifications in composite
morphology. These changes can be crucial for optimizing the
optical properties of g-CsN4-based composite materials for
applications as photocatalysis and photovoltaics. The DRS
spectrum of the prepared samples confirmed a clear
absorption peak between 200-800 nm after loading of
CuFe;0O and CuFe;Os@MXene. The intrinsic properties of
MXenes and CuFe;O4 tend to reduce the absorption edge
band [35]. The band gap (Ey) values of Mxene,
CuFe;04@MXene, and g-CsN4 were calculated according to
the Tauk equation and are as follows 0.98 eV and 1.65 eV,
and 4.71 respectively, while the hybrid CuFe20.@MXene/g-
CsN4 band gap is approximately 2.96 eV, The MXene and
CuFeOs@MXene materials have significantly lower band
gaps compared to g-CsN4 and the hybrid CuFe.Os@MXene
.The CuFe:04@MXene/g-CsN4 hybrid has a reduced band
gap of 4.71 eV compared to pure g-CsNa, which suggests that
incorporating impurities or other materials can modify its
electronic properties. The CuFe:O«@MXene hybrid has a
band gap of 1.65 eV, which is slightly higher than pure
g-CsN4, indicating that this hybrid structure retains a high
band gap close to that of pure g-CsNa. The introduction of
MXene into the CuFe.O4 matrix increases the band gap from
0.98 eV t0 1.65 eV. The band gap of g-CsNa decreases when
forming the CuFe:0s@MXene/g-CsNa composite, which
suggests that the composite structure can impact the
electronic properties of the original materials, possibly due to
interactions between the components or changes in the local
electronic environment. Overall, these variations in band
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gaps highlight the impact of material composition and
hybridization on the electronic properties, which can be
crucial for designing materials with specific electronic or
optical characteristics [36].
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Fig. 3. Photoluminescence of the prepared samples.

When materials are photoexcited, meaning they absorb
photons and become excited to higher energy states, the
excess energy can be released as light when the excited
electrons return to their ground state. This emission of light
is known as photoluminescence. Photoluminescence
emission of MXene, CuFe,Os@MXene, and
CuFe0:s@MXene/g-CsNs composite hybrid structures have
been investigated for their potential in photoluminescence
applications. As can be seen in Fig. 4, MXenes typically
exhibit low or no intrinsic photoluminescence due to their
metallic nature and the lack of a significant bandgap. So the
electronic properties of MXenes often lead to non-radiative
recombination of charge carriers, which results in minimal
or no PL emission. Copper iron oxide (CuFe;Q.) is a
semiconductor material with interesting optical and magnetic
properties. By combining MXene with CuFe,Oy, it aim to
introduce new functionalities and enhance the luminescent
properties of the resulting composite material. Its expected
CuFe,0s@MXene showed the highest separation efficiency
of carriers, and high photocatalytic efficiency, respectively.
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Furthermore, the integration of additional materials like
graphitic carbon nitride (g-C3sNa) into CuFe,0.@MXene
composites offers further opportunities for tailoring their
photoluminescent properties compared to pure g-CsNa [37].
XRD patterns in Fig. 4 confirmed the expected structure in
the prepared composition. MXenes often show distinct peaks
corresponding to the (002) and (004) planes, but the (006)
and (110) peaks can also be observed depending on the
specific MXene phase and its interlayer spacing. A prominent
peak at 20 = 30° corresponds to the interlayer spacing
between adjacent MXene layers. This peak is often
associated with the MXene's characteristic layered structure.
For MXenes, the (006) reflection is indicative of the
periodicity along the c-axis of the MXene layers. The peak at
24° is related to the MXene's layered structure and
corresponds to the spacing between layers and the (004)
plane. It typically appears at lower 26 angles compared to the
(006) peak. The peak is part of the in-plane (103) reflections
of MXenes, and it reflects the ordering in the basal plane of
the MXene layers. It’s an important peak for identifying the
specific MXene phase.

The peak at 63° is associated with the MXene’s crystal
structure and can provide information on the in-plane
symmetry and the arrangement of atoms within the layers.
(110). Depending on the synthesis method, impurities or
secondary phases may also appear in the XRD pattern. In the
composite material CuFe,0s@MXene/g-CsNs, the XRD
pattern will contain peaks from all constituent phases, along
with potential shifts or broadening due to interactions
between phases. Peaks corresponding to the crystallographic
planes of copper iron oxide (CuFe20.) will be present 1t.
Common peaks for CuFe204 include (311), (400), etc. [38].

Figure 4 shows SEM/EDS of all three samples. MXene
materials are composed of stacked layers, and SEM images
reveal these layers clearly. The layers might appear as thin
sheets. Loading of CuFe,04@Mxene on g-CsN4 is confirmed
clearly in Fig. 4b. The high titanium content with notable
oxygen and lower carbon and aluminum suggests a typical
MXene structure, while the composite material shows a
significant increase in carbon, indicative of the presence of
g-CsNa, along with notable amounts of iron and still a
significant amount of titanium. Figure 5 shows a pronounced
hysteresis loop with clear saturation magnetization and
coercivity due to the ferrimagnetic nature of the prepared
composite. The MXene and g-CsN. are non-magnetic; they
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might reduce the overall Ms of the composite. The magnetic can simplify catalyst recovery and reuse. Also, the magnetic
properties of the prepared composite facilitate the recovery characteristics make it suitable for various applications in the
of catalysts from reaction mixtures. This is useful in fields of magnetic separation, sensors, and data storage [39].

heterogeneous catalysis processes where magnetic separation
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Table 1. Obtained Parameters Using N2 Adsorption/
Desorption (Bet) Analysis

BJH plot
Vo 0.6544 (cm® g?)
Fopeak(Area) 1.22 (nm)
ap 414.49 (m? gt
BET plot
Vm 283.88 (cm g?)
as 1235.6 (m? g™

0.872 (cm®g?)
3.9936 (nm)

Total pore volume (p/po = 0.990)
Mean pore diameter

The N adsorption/desorption isotherm of the prepared
CuFe20.@Mxene/g-C3Ny4 in Fig. 5 resembles a Type IV
isotherm with an Hs/Ha-type hysteresis loop, which is typical
for mesoporous materials (2-50 nm pores) and materials with
slit-shaped pores, layered structures, or aggregates of plate-
like particles (consistent with MXene and g-CsN4). The BET
surface area of CuFe.Os@Mxene/g-CsNs4 is 1235.6 m2 g7,
which is a key factor for its performance as a photocatalyst.
A high surface area provides a larger number of active sites
for the adsorption of reactants such as water or pollutants,
enabling a more efficient photocatalytic process. The
increased surface area also enhances the material's ability to
absorb light, an important feature for photocatalysis, as the
efficiency of reactions like water splitting or pollutant
degradation is dependent on the material’s ability to absorb
light and generate charge carriers (electron-hole pairs). A
larger surface area provides more active sites for the
adsorption of molecules like water or pollutants, essential
for photocatalytic reactions such as organic pollutant
degradation. The increased surface area also helps in
capturing more light, crucial for driving the photochemical
reactions in photocatalysis and can facilitate better separation
of electron-hole pairs, reducing recombination losses and
improving photocatalytic efficiency. The BJH pore size
distribution reveals that CuFe.O.@Mxene/g-CsN. has a
mean pore diameter of 3.9936 nm, which places it in the
mesopore range (pores between 2 and 50 nm). This is ideal
for photocatalytic reactions because mesopores facilitate
efficient diffusion of molecules such as pollutants into the
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material, allowing for easier access to the active sites
on the surface. Additionally, the total pore volume (Vp =
0.6544 cm3 g4 plays an important role in the adsorption and
storage of reactants. The material’s ability to store significant
amounts of reactants ensures that the photocatalytic reactions
can occur more efficiently, as it allows for a steady supply of
reactants for the process. The pore size is suitable for reactant
molecules like water to enter the pores and interact with the
photocatalyst’s active sites. After photocatalytic reactions,
products need to be desorbed from the catalyst surface. The
mesopores support the release of products while preventing
excessive resistance to the flow of molecules [38,39].

PHOTOCATALYTIC ACTIVITY RESULTS

In the present study, an attempt has been made to
investigate and study the photocatalytic effect of the
synthesized samples on the degradation of two
cationic and anionic dyes, as well as a drug. Methyl orange,
methylene blue, and ibuprofen were chosen respectively.
The photo-degradation of methyl orange using different
materials, including MXene, CuFe;O.@MXene, and
CuFe;04@MXene/g-C3Ny4, involves the use of these
materials as photocatalysts to accelerate the degradation

process under Vis light irradiation. Variation of
concentration versus time for all studied systems are given in
Fig. 6.

The results in Fig. 6a show that all of the prepared
materials are good photocatalysts for methylene blue, methyl
orange, and ibuprofen. MXene, being a two-dimensional
material with excellent electronic conductivity and large
surface area, can serve as an effective photocatalyst for the
degradation of organic pollutants like methyl orange and
methylene blue. MXene sheets possess abundant surface
functional groups, such as hydroxyl (-OH) and oxygen-
containing functional groups, which facilitate the adsorption
of ionic and polar molecules onto the MXene surface. Upon
exposure to light, MXene can generate electron-hole pairs
due to its photoactive nature. These photo-generated
electron-hole pairs can react with adsorbed oxygen molecules
or water molecules to produce reactive oxygen species (ROS)
such as hydroxyl radicals (*OH) and superoxide radicals. The
generated ROS species attack the organic dye molecules
adsorbed on the MXene surface, leading to the cleavage of
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chemical bonds and degradation of the dye molecules into
smaller, less harmful products such as carbon dioxide and
water. The incorporation of CuFe,Os nanoparticles into
MXene sheets can enhance the photocatalytic performance of
MXene due to the synergistic effects between the two
materials. CuFe,O. nanoparticles act as light absorbers,
extending the light absorption range of the composite
material into the visible and near-infrared regions, where
MXene alone may have limited absorption. Photo-generated
electrons and holes are efficiently separated at the interface

204

between CuFe,O. nanoparticles and MXene sheets due to
their different band structures. This efficient charge
separation reduces the recombination of electron-hole pairs
and enhances the photocatalytic activity. So, it is expected
degradation of methylene blue, methyl orange, and ibuprofen
is enhanced in the present CuFe,O4@MXene nanoparticles.
On the other hand, the incorporation of graphitic carbon
nitride (g-CsNa) into CuFe,Os@MXene further enhances the
photocatalytic activity by extending the light absorption
range and improving charge separation. g-C3N4 possesses a
bandgap suitable for visible light absorption, complementing
the light absorption range of CuFe,O4 and MXene. This
extends the utilization of solar energy for photocatalytic
reactions. In summary, MXene, CuFe.O,@MXene, and
CuFe,0s@MXene/g-C3N4 exhibit enhanced photocatalytic
activity for the degradation of methyl orange through a
combination of light absorption, charge separation, and
generation of reactive oxygen species, with each material
contributing unique properties to the overall photocatalytic
performance. This behavior was observed for methylene
blue, methyl orange, and ibuprofen, respectively. In addition,
the degradation Kinetics curve was calculated for quasi-
constant first-order Kinetics, and the results are given in
Table 2. Obtained values in Table 1 revealed that MXene
shows better degradation for methylene blue compared to the
other two compounds. CuFe2O.@MXene is less effective for
methyl Orange but has a slightly better performance for
Ibuprofen compared to MXene, while CuFe;Os@MXene/
0-CsN4 shows the highest degradation rate for methylene
blue, indicating it is the most effective for this compound
among the materials tested. The rates for methyl orange and
Ibuprofen are relatively comparable to other materials
but still slightly higher. The results suggest that the
CuFe;0s@MXene/g-C3Ns composite material generally
performs better for methylene blue, while the other materials
have varying effectiveness depending on the compound.
The possible degradation mechanism for methylene blue,
methyl orange, and ibuprofen using the CuFe.O.@MXene/g-
C3N4 composite material includes:

Light Absorption: CuFe.Os and g-CsNa4 absorb light,
exciting electrons to the conduction band.

Photoexcitation: This excitation generates electron-hole
pairs in both CuFe;O4 and g-CsN..
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Table 2. Degradation Rate Constants on the Prepared Samples

Samples Methylene blue Methyl orange Ibuprofen
MXene 0.0069 0.0049 0.0029
CuFe:04@MXene/ 0.0065 0.0029 0.0043
CuFe:0s@MXene/g-CsNa 100.01188 0.0047 0.0048

e Charge Transfer: Electrons from the conduction bands
of CuFe,04 and g-C3N, are transferred to MXene, which acts
as an electron conductor.

Reactive Oxygen Species (ROS) Formation: MXene

facilitates the formation of ROS. Superoxide radicals (O2¢")

are formed from oxygen. Hydroxyl radicals (*OH) are formed
from water.

Degradation of methylene blue (MB): ROS,
particularly hydroxyl radicals (*OH), attack methylene blue,
breaking it down into intermediate products.
Mineralization: The intermediate products are further
decomposed into carbon dioxide (CO:) and water (H20),
completing the mineralization process.

CONCLUSION

In this study, a composite material consisting of CuFe204
doped MXene loaded on g-C:N. was synthesized and
thoroughly evaluated for its photocatalytic properties.
The combination of these three components, MXene,
CuFe:04@MXene/g-CsNs, and CuFe:04@MXene/g-CsNa,
exhibited unique synergistic effects that significantly
enhanced the photocatalytic degradation of various organic
pollutants, including methylene blue, methyl orange, and
ibuprofen. The incorporation of CuFe.O. and g-CsN4 into the
MXene matrix improved the photocatalytic performance.
CuFe:0. extended the light absorption range and facilitated
efficient charge separation, while g-CsNs complemented this
effect by providing additional active sites and extending the
light absorption range further into the visible spectrum. The
CuFe:0:@MXene/g-CsNa composite demonstrated superior
photocatalytic efficiency compared to MXene alone or
CuFe:0s@MXene. It exhibited the highest degradation rates
for methylene blue, followed by relatively high performance
for methyl orange and ibuprofen. This indicates that the
composite is particularly effective for treating methylene

205

blue but also performs well across other contaminants. The
degradation kinetics followed quasi-first-order kinetics. The
CuFe:04@MXene/g-CsNa composite showed the highest
degradation rate for methylene blue, illustrating its superior
catalytic efficiency compared to the other materials tested.
For methyl orange and ibuprofen, the composite also
displayed enhanced degradation rates, though the
performance varied slightly depending on the compound.
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