
Introduction
The production of industrial wastewater has been 
increasingly recognized in recent decades as one of the 

major sources of environmental pollution.1-3 Among these, 
the textile industry, due to its high water consumption 
and the generation of large volumes of colored and toxic 
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Abstract
Introduction: The discharge of colored industrial wastewater—especially organic thiazine 
dyes, which are toxic, mutagenic, and carcinogenic—poses serious environmental and health 
problems. Methylene blue, a common dye, is toxic and non-biodegradable, and thus requires 
effective removal methods.
Methods: This study designed and evaluated a photocatalytic degradation system based on 
Fe2O3@CuO nanoparticles for methylene blue removal. The nanoparticles were synthesized 
via chemical precipitation and characterized using FT-IR, XRD, FESEM, TEM, EDS, and 
DLS. Their photocatalytic performance was evaluated under sunlight irradiation in a batch 
system, investigating the effects of catalyst dosage, H2O2 concentration, and solution pH. Dye 
concentration was measured using a UV-Vis spectrophotometer.
Results: Characterization confirmed the formation of nanoparticles with irregular geometric 
shapes and uniform distribution. The highest degradation efficiency (99.6%) was achieved within 
45 minutes at a pH of 9, a catalyst dosage of 150 mg/L, and 6% H2O2. The lowest destruction 
efficiency (15.3%) occurred in the absence of hydrogen peroxide. Efficiency increased with higher 
H2O2 and catalyst doses due to increased radical generation. The nanocatalyst showed excellent 
reproducibility, retaining 97.1% of its initial efficiency after five cycles with no structural changes.
Conclusion: Fe2O3@CuO nanoparticles demonstrated high efficiency in the photocatalytic 
degradation of methylene blue under sunlight. The use of non-toxic, readily available materials, 
excellent reusability, and a free light source makes this process an economically viable and 
practical method for treating dye-containing effluents.
Keywords: Fe2O3@CuO, Core-shell, Colored pollutants, Nanoparticles, Photocatalysis
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wastewater, is considered one of the most polluting 
industries in the world.4,5 Discharging such wastewater 
into water resources not only causes undesirable visual 
changes but can also lead to severe toxic effects on the 
health of humans, animals, and plants.6-9 Therefore, treating 
colored wastewater, especially in the textile sector, is an 
environmental and public health necessity.

Among the various dyes found in textile wastewater, 
thiazine-based organic dyes such as methylene blue pose 
particularly serious risks to humans and aquatic organisms 
because of their toxic, mutagenic, and carcinogenic 
nature.10,11 Given the highly harmful effects of these 
compounds, their removal from water and wastewater 
is of great importance.12 Studies have shown that among 
different treatment methods, advanced oxidation processes 
and adsorption have demonstrated higher efficiency in 
removing these compounds.13-17

This high efficiency is mainly because of the strong 
oxidation ability of hydroxyl radicals, which can convert 
organic pollutants into harmless inorganic compounds 
such as CO₂ and H2O.18,19 In advanced oxidation processes, 
hydroxyl radicals are produced through several steps, 
including UV irradiation of semiconductors, formation 
of electron–hole pairs, adsorption of OH and O2 on the 
semiconductor surface, and generation of reactive radicals 
(·OH) and O₂·⁻), which ultimately lead to effective dye 
degradation.2,18,20

Previous studies show that using sunlight or artificial 
irradiation in the presence of metal-oxide-based 
photocatalysts is one of the most effective approaches for 
degrading organic dyes.21 Among these photocatalysts, 
copper-based compounds have been introduced as efficient 
options for removing industrial dyes because of properties 
such as their p-type semiconducting nature with a relatively 
narrow band gap (≈1.2 eV),22 good stability, abundance, 
and low cost.4,7,20 In addition, core–shell nanoparticles 
offer much better photocatalytic performance than regular 
nanomaterials; this is because their heterogeneous structure 
improves surface reactions, enhances charge transfer and 
separation at the interface, allows tuning of the band 
structure, increases the effective surface area, and boosts 
light-resistance against corrosion.6-11,23 These features 
make core–shell nanostructures highly effective in water 
treatment applications and especially in the photocatalytic 
degradation of persistent dyes.

Because core–shell nanostructures and metal-oxide 
photocatalysts such as copper have demonstrated strong 
photodegradation performance, investigating other 
effective metal-based compounds is warranted. Iron-
containing nanocomposites, in particular, have been shown 
to possess significant photocatalytic properties. Their wide 
range of reported biological effects adds to the appeal of 
further research on these nanoparticles.24-27 Goudjil et al 
evaluated the efficiency of green-synthesized hematite 
nanoparticles in removing the industrial dye methylene 
blue. The results showed that these nanoparticles were 
able to degrade about 78% of methylene blue within 120 
minutes.28 Furthermore, Turkoglu et al evaluated the 

performance of ZnO nanoparticles in the photocatalytic 
degradation of methylene blue and were able to achieve 
complete efficiency, meaning 100% dye removal, within 
270 minutes.29 

Considering the importance of environmental pollution, 
the toxicity of organic thiazine dyes, the role of hydroxyl 
radicals in dye degradation, and the extraordinary 
photocatalytic efficiency of core–shell nanoparticles, this 
study designed and evaluated a photocatalytic degradation 
system based on Fe2O3@CuO nanoparticles for removing 
methylene blue from aqueous solutions. While numerous 
studies have utilized single-oxide semiconductors (e.g., pure 
Fe2O3 or CuO) for photocatalytic dye degradation, their 
practical efficiency remains limited due to rapid electron–
hole recombination and suboptimal light absorption and 
charge transfer properties. In contrast, heterojunction 
or core–shell architectures provide a promising route to 
overcome these intrinsic drawbacks by promoting more 
effective separation of photogenerated charge carriers, 
enhancing light harvesting, and increasing the number 
of active sites on the catalyst surface.30 Specifically, 
core–shell composites can stabilize the semiconductor 
core, reduce photocorrosion and agglomeration, and 
maintain long-term activity, offering superior durability 
and reusability compared to bare oxides.31 Nevertheless, 
relatively few studies have investigated the photocatalytic 
degradation of industrial dyes such as methylene blue using 
a well-characterized Fe2O3@CuO core–shell nanocatalyst 
under solar irradiation. Therefore, developing and 
comprehensively evaluating such a nanocomposite fills an 
important research gap and has the potential to advance 
cost-effective and sustainable wastewater treatment 
technologies. The main innovation of this study was the 
use of Fe2O3@CuO core–shell nanoparticles as an efficient 
and cost-effective photocatalyst for removing methylene 
blue under sunlight irradiation—a structure that remains 
largely unexplored for dye removal. The combination 
of hematite and copper oxide nanoparticles creates a 
stable heterojunction that enhances charge transfer, 
reduces electron–hole recombination, and increases the 
generation of reactive radicals, all of which significantly 
improve photocatalytic performance. The synthesis of 
this nanocomposite with a uniform structure, nanoscale 
size, high stability, and recyclability—along with a 
comprehensive evaluation of key influencing parameters 
(catalyst dose, pH, and H2O2 concentration)—represents 
another innovation that distinguishes this study from 
previous research. Using sunlight as the energy source 
further guides this work toward developing a green, low-
cost, and practical technology for the treatment of real 
wastewater.

Materials and Methods
Materials and Instruments
All chemical reagents were obtained commercially from 
Fluka and Merck, and they were used exactly as supplied, 
requiring no additional purification. FT-IR spectra were 
recorded using a PerkinElmer C-92264 spectrophotometer 
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Figure 1. FT-IR Spectrum of Fe2O3@CuO Nanoparticles

(KBr pellets, 4000–450 cm-1) A Shimadzu dual-beam 
spectrophotometer was used to record the UV/Vis diffuse 
reflectance spectra (DRS) in the 200–800 nm range. X-ray 
measurements were obtained with Cu-Kα radiation 
(λ = 1.54056 Å) on a Bruker D8 ADVANCE. The EDS 
analysis and SEM images were acquired with the use of 
the TESCAN-XMU MIRA3 apparatus. The Philips EM 
208S transmission electron microscope (TEM) was used 
to capture the TEM pictures. A Horiba SZ-100 piece of 
equipment was used to measure the particle sizes and zeta 
potential. It should be noted that all materials used in this 
study were sourced from Merck without any additional 
purification. Also, all the experiments were repeated three 
times, and, in all cases, the RSD below 10% was obtained.

Synthesis of the Fe2O3@CuO Nanoparticle 
Mahmood Abid and colleagues previously introduced a 
procedure for synthesizing Fe2O3 nanoparticles.32 In 100 
mL of deionized water, 3 mM of the synthesized Fe2O3 
nanoparticles were dispersed for 20 minutes (ultrasonic 
frequency of 20 kHz). The suspension above was diluted 
with 50 mL of Cu (NO3)2.6H2O solution at a concentration 
of 0.65 mM. After stirring for 12 hours at room temperature, 
the mixture was collected. After filtering and drying the 
mixture at 100°C, it was calcined for six hours at 300 °C in 
an electric furnace under static air.

Batch Experiments 
Fe2O3@CuO nanoparticles were investigated for their 
photocatalytic performance for dye removal using 
the method described by M.U. Anu Prathap et al.33,34 
Nanoparticles (0, 5, 10, and 15 mg) were mixed with dye 
solutions containing 10 mg/L for each experiment. The 
experiments were carried out at room temperature over 
a pH range of 2.0 to 12.0 to more closely examine the 
dependence of the adsorption process on pH. The pH was 
adjusted using 0.1 M NaOH and 0.1 M HCl solutions. The 
mixture was then added 0, 2, 4, and 6 mL of hydrogen 
peroxide (30 w/w%) and stirred under dark conditions 
for 30 minutes. The reaction mixture was then exposed 
to sunlight at 20 °C. The dye concentration was measured 
using a UV-Vis spectrophotometer at a wavelength of 664 
nm before and after each experiment. The dye removal 
efficiency was calculated using Equation (1):

% Degradation =  0

0

( )  100C Ct
C
−

×                                             (1)

where, C0 and Ct are the initial concentration and the 
equilibrium dye concentration, respectively.
Also, all experiments were conducted under the optimized 
conditions obtained in this study. Each test was performed 
in triplicate, and the standard error remained below 
5%, indicating high repeatability and reliability of the 
measurements.

Results and Discussion
Characterization of the Photocatalyst
The FT-IR spectrum of Fe2O3@CuO nanoparticles is shown 

in Figure 1. The FT-IR spectrum shows a broad band in the 
3200–3550 cm-1 range, which is due to the O–H stretching 
vibration of water molecules.35 The bands at 1640 and 1340 
cm-1 arise from the bending vibration of water molecules.36 
The OH stretching vibration of the lattice water molecules 
is responsible for the band at 1120 cm.-1 37 Vibrationally, 
the Cu-O and Fe-O bands extend at 495 and 524 cm,-1 
respectively.36,38

Figure S1 displays the XRD pattern related to the Fe2O3@
CuO nanoparticles. It is noteworthy that at 2θ = 24.28, 
33.44, 35.86, 72.66, and 75.96°, the characteristic peaks of 
Fe2O3 appeared. Peaks related to the Cu-O phase appeared 
at 2Ɵ = 35.78, 38.89, 48.83, 58.37, and 61.69. 66.36, 68.11, 
72.59, 75.33°. Scherrer’s equation, used to predict the 
crystallite size of photocatalysts, gave a size of 36 nm.

Field emission scanning electron microscopy (FE-SEM) 
was used to examine the photocatalyst’s morphology. FE-
SEM images of Fe2O3@CuO nanoparticles are shown in 
Figure 2a. The FE-SEM micrograph revealed that these 
photocatalysts showed that they have an irregular geometric 
shape. The photocatalyst’s particle sizes estimated from FE-
SEM are in good agreement with the XRD findings. The 
TEM images of the Fe₂O₃@CuO nanoparticles are shown in 
Figure 2b, and they confirm the irregular geometric shape 
of the nanocomposite.

To determine the photocatalyst’s purity, EDS analysis 
was performed. The photocatalyst’s elemental composition 
derived from EDS is shown in Figures 2c and 3d. The 
photocatalyst contains no impurities, based on the results. 
Moreover, the gathered information verifies that the 
desired elements (O, Cu, and Fe) are present. Additionally, 
elemental mapping images demonstrate the homogeneous 
distribution of the components.

Dynamic Light Scattering (DLS) and Zeta Potential
At room temperature, the zeta potential and particle size 
distribution were determined using a DLS instrument. 
For sonication, 1 mg of the material was used in 2 mL of 
deionized water for 20 min at room temperature.39 After 
adding 400 L of H2O2 to the prepared solution, it was left 
outside in the sun for about 5 min. Following the formation 
of , OH° and OH¯ on the catalyst surface, as well as the 
e-/h+ couples in the nanoparticles, the zeta potential and 
particle size distribution were evaluated once more. The  
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particle size distribution of the Fe₂O₃@CuO nanoparticles 
is shown in Figure S2a and b. The DLS method determines 
particle size based on the hydrodynamic diameter of 
colloidal particles that scatter light at a constant rate. In 
this case, the thickness of the adsorbed solvation shell 
affected the size of the metallic core; hence, DLS recorded 
a larger size than the XRD and FE-SEM techniques. 
Figure S2c and d displays the zeta potential of the samples 
scattered in water and with H2O2. The zeta potential, which 
reflects electrostatic repulsion forces and can prevent 
nanoparticle aggregation, often indicates the surface 
charge of nanoparticles.40 Low electrostatic repulsion 
(less than 17.9 mV in magnitude) is indicated by the zeta 

potential values of the as-produced nanoparticles. As seen 
in Figure S2c and d, the zeta potential becomes negative 
upon addition of H2O2 and exposure to sunlight. This 
implies that the nanoparticles’ surfaces include , OH°, 
and OH¯. In the Fe₂O₃@CuO photocatalytic system, the 
primary photochemical process begins with the absorption 
of visible/near-visible photons by the semiconductors, 
leading to the generation of electron–hole pairs (e⁻/h⁺). 
The effective transfer of these charge carriers from the 
core (Fe₂O₃) to the shell (CuO) or vice versa, depending 
on the type of electronic interface (p–n, Z-scheme, or 
S-scheme, as reported in different studies), increases charge 
separation and reduces the recombination rate.41-43 This 

Figure 2. (a) FE-SEM Images of Fe2O3@CuO Nanoparticles. (b) TEM Images of Fe2O3@CuO Nanoparticles. (c) EDS Elemental Maps of O–Kα, Fe–Kα, and Cu–Kα, 
along with the Combined Cu–Fe–O Map, Confirm the Uniform Spatial Distribution of the Constituent Elements. (d) EDS Spectrum and Quantitative Analysis 
(W% and A%) Showing the Dominant Presence of Cu, Followed by O and a Smaller Amount of Fe
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creates favorable conditions for the production of more 
reactive oxygen species (ROS). Specifically, the presence 
of CuO in the heterojunction improves charge transfer at 
the contact interfaces and reduces the effective band gap 
of the composite, which enhances visible-light absorption 
and charge separation efficiency. This interfacial charge 
transfer mechanism between Fe₂O₃ and CuO (the effect 
of the interfacial junction and charge transfer) has been 
identified in previous experimental and analytical studies 
as the main factor responsible for increasing photocatalytic 
activity.41,44 After the partial separation of charges, the 
pathways for generating active radicals can be summarized 
as follows: the excited electrons (e⁻) can reduce dissolved 
molecular oxygen to superoxide anion (O₂°⁻), and the holes 
(h⁺) can oxidize hydroxide ions (OH⁻) or water molecules 
to produce hydroxyl radicals (OH°). In addition, adding 
H₂O₂ to the system plays multiple roles: H₂O₂ can act as an 
electron acceptor (reducing e⁻/h⁺ recombination) and can 
be converted directly, or through reactions with electrons/
superoxides, into OH° and HO₂, which increases the 
concentration of strong oxidizing species and accelerates 
pollutant degradation. The dominant reactive species 
(OH° versus O₂°⁻ or h⁺) depends on the system conditions 
(pH, presence of H₂O₂, surface charge of the catalyst, and 
band structure), but in many reports, the hydroxyl radical 
has been identified as the main oxidizing agent in the 
degradation of organic dyes.45-47

Aspects of Optics
The optical properties of the Fe2O3@CuO nanocomposite, 
including band gap and light-harvesting characteristics, 
were examined using UV-Vis reflectance spectroscopy 
(Figure 3a). Due to the charge transfer from the valence 
band (VB) to the conduction band (CB), activation by UV 
and visible light of the nanocomposite was observed in the 
obtained results. Tauc’s equation (Equations 2 and 3) was 
used to calculate the band gap energy (Eg).40,48,49

(αhv) n = B (hv - Eg)                                                                   (2)

α = 2.303 A
t

                                                                                 (3)

where, α, hv, n, B, A, and t are the absorption coefficient, 
energy of photons, constant, proportionality constant, 
absorbance, and thickness of the sample, respectively. 
After doing the calculations, the values of Eg for the Fe2O3@
CuO nanoparticles are 2.18 eV (Fe2O3) and 1.45 eV (CuO) 
(Figure 3b).50

Multiple studies have shown that integrating CuO, a 
p type semiconductor with a relatively narrow band gap 
(≈ 1.4 eV), into heterostructures with wide- or medium 
bandgap oxides significantly enhances visible light 
absorption and promotes charge separation, thereby 
overcoming limitations of bare oxides.51-53 For example, in 
a ZnO–CuO composite the coupling shifts the absorption 
edge into the visible region and facilitates electron–hole 
separation via a p–n junction, which markedly boosts 
photocatalytic degradation of dyes under visible light.54 

Similarly, for an Fe₂O₃/CuO heterojunction photoanode, 
formation of the junction induces an internal electric field 
that improves movement of photoexcited charge carriers, 
significantly reduces electron–hole recombination, and 
enhances photogenerated charge utilization. Consequently, 
the effective optical band gap of the composite becomes 
smaller than that of the pure wide-gap oxide, allowing 
activation under lower-energy (visible) photons and 
improving photocatalytic degradation efficiency. Given 
that pure Fe₂O₃ often suffers from rapid recombination 
of photogenerated carriers despite absorption in the 
visible region, the formation of a Fe₂O₃@CuO core–shell 
or heterojunction structure can address this drawback 
by lowering the effective band gap, boosting visible light 
absorption, enhancing charge separation, and thereby 
increasing photocatalytic performance. This mechanistic 
advantage underpins the rationale for employing the 
Fe₂O₃@CuO system for visible-light-driven dye degradation 
(Figure S3). The energy band alignment and charge transfer 
mechanism of the α-Fe₂O₃/CuO heterogeneous bond 
are shown in Figure S3 based on the results of a study 
conducted by Kyesmen et al.51

Dye Removal Experiments 
Effect of H2O2
Fe2O3@CuO was used to efficiently degrade MB, and 
the amount of H2O2 was optimized to achieve this under 
sunshine. Figure 4a illustrates that in the absence of H2O2, 
less than 15.3% of the methylene blue was destroyed in 45 
min. However, the degradation efficiency rose to 98.6% 
when the H₂O₂ concentration reached 6%. Research 
indicates that the introduction of hydrogen peroxide into 
the system results in the generation of OOH° and OH° 
radicals on the photocatalyst’s surface, driven by the holes 
and electrons produced within the catalyst. The increased 
radical content accelerates the degradation rate.55 The main 
mechanism of this enhancement is the improved separation 
of electron–hole pairs and the increased production of 
reactive oxygen radicals. H₂O₂ acts as an electron acceptor; 
it captures the free electrons in the catalyst and prevents 

Figure 3. (a) Absorption Spectra of Fe2O3@CuO. (b) Tauc Plot of Fe2O3@CuO 
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their recombination with the holes, while itself being 
converted into OH° and other radical species, which are 
highly oxidative. The results of the study by Saha et al 
confirmed the findings of the present study.56 However, 
the literature shows that the relationship between H₂O₂ 
concentration and degradation efficiency is not simply 
linear. In some studies, excessive H₂O₂ leads to a decrease 
in efficiency.57-59 This is because at high concentrations, 
H₂O₂ can act as an OH° radical scavenger, eliminating the 
active radicals, or it can increase the production of less 
reactive radical species such as HO₂°.59

Effect of Catalyst Dosage
The amount of nanocatalyst is one of the most crucial 
factors in degradation reactions. The optimal quantity 
must be determined to avoid using excess catalyst. An MB 
concentration of 10 mg/L and different doses, including 
0, 50, 100, and 150 mg/L of the Fe2O3@CuO nanocatalyst 
and 6% of hydrogen peroxide, were used to study the 
effect of the nanocatalyst concentrations on photocatalytic 
degradation. Figure 4b illustrates how the breakdown of 
the MB solution is affected by varying concentrations of 
Fe2O3@CuO nanocatalyst. As the figures demonstrate, there 
is a significant increase in reaction speed with increasing 
photocatalyst dosage. This is because there are more active 
sites on the photocatalyst’s surface, which increases the 
quantity of OOH° and OH° radicals.60 Zyoud et al studied 
the efficiency of the CuS@TiO₂ nanocatalyst in the removal 

and complete degradation of the pesticide imidacloprid 
from water under simulated sunlight. One key aspect of 
this research was the effect of catalyst concentration on 
removal efficiency. Experiments were conducted with 
different amounts of CuS@TiO₂ ranging from 0.05 to 0.25 
g in 100 mL of a 40 ppm imidacloprid solution. The results 
showed that increasing the catalyst dose up to 0.20 g led 
to a continuous rise in degradation efficiency from 50 to 
93%, which was mainly due to the increased number of 
active sites for pollutant adsorption and the generation of 
reactive oxygen species. These findings are consistent with 
the results of the present study.61

Effect of pH
The pH of the solution is an important parameter in 
surface adsorption. It can also greatly influence the surface 
charge of the adsorbent as well as the structure and degree 
of ionization of the chemical compound.62 To further 
investigate the dependence of adsorption and degradation 
on pH, experiments were carried out at room temperature 
in the pH range of 2.0 to 12.0. The pH was adjusted with 
0.1 M NaOH and 0.1 M HCl solutions.63 MB degradation 
efficiency increased with rising pH up to a certain point 
(Figure 4c). After 45 minutes at pH 9, 99.6% photocatalytic 
activity was observed. Degradation percentages at pH 3, 
5, 7, and 11 were 68.4, 81.3, 98.6, and 94.8%, respectively. 
Higher pH levels enhance the interaction between the 
photocatalyst surface and the cationic dye because the 
surface becomes predominantly covered with negatively 
charged OH⁻, resulting in significant adsorption.64 
At pH 11, the degradation of MB decreased slightly. 
Degradation may be inhibited at very high pH (pH > 11) 
due to competition between hydroxyl ions and dye species 
for active sites.65 At lower pH values, MB degradation is 
reduced due to the presence of H⁺ on the photocatalyst’s 
surface and the decreased generation of reactive species 
including O₂°,⁻ OH°, and OH.⁻66 Since MB is a cationic 
dye, it has a stronger tendency to adsorb onto negatively 
charged surfaces in alkaline environments. This leads to 
higher initial adsorption of the dye and, consequently, 
enhances the generation and interaction of reactive 
oxygen species with MB molecules. Such behavior has been 
repeatedly confirmed in previous experimental studies and 
comprehensive reviews. For example, the results reported 
by Khan et al fully align with this pattern and show a 
significant increase in MB degradation efficiency at alkaline 
pH levels.67 In the study by Zhou et al, modifying fly ash 
with magnesium resulted in an adsorbent with a negative 
charge under alkaline pH conditions, which increased 
the MB removal efficiency to more than 95%. Similar to 
the results of the present study, the removal efficiency 
decreased significantly in acidic pH due to the positive 
surface charge of the adsorbent and electrostatic repulsion, 
while the highest efficiency was observed in the pH range of 
5–11. This similarity shows that the dominant mechanism 
in both studies is electrostatic adsorption between the 
negatively charged surface and the cationic MB dye.68 In the 
study by Kalaycıoğlu et al, the CeO₂/GO/PAM composite 

Figure 4. (a) Effect of Different H2O2 Dosages on the Photocatalytic 
Degradation of MB by Fe₂O₃@CuO at Various Time Intervals (MB 
Concentration: 10 mg/L; Catalyst Dosage: 10 mg; pH: 7; Sunlight 
Irradiation). (b) Effect of Different Fe₂O₃@CuO Dosages on the Sunlight-
Driven Degradation of MB (MB Concentration: 10 mg/L; pH: 7; H₂O₂ 
Volume: 6 mL; Sunlight Irradiation). (c) Effect of Solution pH on the 
Degradation of MB by Fe₂O₃@CuO after 45 min (MB Concentration: 10 
mg/L; Catalyst Dosage: 15 mg; H₂O₂ Volume: 6 mL; Sunlight Irradiation)
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hydrogel also showed the highest degradation efficiency 
(≈90%) under alkaline conditions (≈pH 12), which was 
attributed to the increased negative surface charge in such 
environments. This trend is consistent with the findings of 
the present study; however, in the current work, increasing 
the pH above 11 leads to a decrease in efficiency. This 
difference is likely related to the sensitivity of the present 
photocatalyst to competition between OH⁻ ions and the 
dye for active sites, whereas the network structure of the 
hydrogel in the study of Kalaycıoğlu et al does not show 
this limitation.69

Reproducibility of Photocatalyst Properties
Using Equation (1), Figure 5 shows the nanocatalyst’s 
degradation efficiencies across five cycles. After five 
cycles for MB degradation, the Fe2O3@CuO nanocatalyst’s 
performance declined by 1.5%. After five recovery 
processes, the FTIR spectra (Figure 1) and XRD (Figure S1) 
were obtained to confirm the stability of the photocatalyst 
structure. Comparing the spectra taken before and after the 
five photocatalytic cycles revealed no significant change in 
the nanocatalyst’s structure. Consequently, the Fe2O3@CuO 
photocatalyst exhibits good reusability for the degradation 
of the studied dye. This level of efficiency retention 
compares favorably with some reports; for example, Maleki 
et al reported that a zinc–lanthanum oxide (Zn–La oxide) 
nanocatalyst used for the photocatalytic degradation of 
methylene blue under UV irradiation showed about a 
5.4% decrease in efficiency, with the removal rate dropping 
from 98.8 to 93.4%.70 The small decline observed here 
indicates the structural stability and good reusability of 
this photocatalyst, making it suitable for large-scale water 
treatment applications.

One limitation of the present study is that control 
experiments (photolysis: MB + light only; adsorption 
in the dark; MB + H2O2 + light without catalyst; MB + 
catalyst in the dark; catalyst + H₂O₂ in the dark) were 
not performed in the present manuscript. This was 
due to three main reasons: (1) the primary scope of the 
current work was to develop and characterize the Fe2O₃@
CuO heterojunction and report its overall photocatalytic 
performance rather than to fully deconvolute mechanistic 
contributions; (2) resource and time constraints during 
preparation of the initial submission; and (3) existing 

peer-reviewed literature showing that under comparable 
experimental conditions, direct photolysis or simple 
adsorption often contribute minimally to MB removal, 
while well-designed Fe2O₃–CuO heterojunctions show 
superior photocatalytic activity compared with single 
phases. Representative supporting references are cited.71 
Studies of Fe-containing photo-Fenton and Fe₂O₃-based 
heterostructures demonstrate enhanced performance 
of heterojunctions and the important role of catalyst-
mediated ROS generation.72 Regarding H2O2, UV/H₂O₂ 
systems can degrade MB without a catalyst but typically 
require UV irradiation and optimized H₂O₂ doses; under 
visible-light conditions and with the low H2O2 amounts 
used in many heterogeneous photocatalysis studies, the 
standalone H₂O₂ effect is limited.73

Conclusions
In this study, Fe2O3@CuO core–shell nanoparticles 
were successfully synthesized and applied as an efficient 
photocatalyst for the degradation of methylene blue under 
sunlight irradiation. Structural characterization using FT-
IR, XRD, FE-SEM, TEM, EDS, and DLS confirmed the 
successful formation of the nanocomposite, its appropriate 
crystallinity, homogeneous elemental distribution, and 
suitable optical properties with band gap energies of 2.18 
eV (Fe₂O₃) and 1.45 eV (CuO). Photocatalytic experiments 
demonstrated that the presence of H2O2 significantly 
enhanced dye degradation through the generation of highly 
reactive hydroxyl and superoxide radicals. Optimization 
studies revealed that increasing the catalyst dosage and 
adjusting the solution pH to alkaline conditions (pH 9) 
considerably improved the degradation efficiency. Under 
optimal conditions, the Fe2O3@CuO nanocatalyst achieved a 
removal efficiency of over 99% within 45 min. Furthermore, 
recyclability tests confirmed the remarkable stability and 
reusability of the nanocatalyst, with only a 1.5% reduction 
in efficiency after five cycles and no detectable structural 
changes in the FT-IR and XRD patterns. Overall, the results 
indicate that Fe2O3@CuO nanoparticles exhibit excellent 
photocatalytic performance, stability, and reusability, 
making them promising and cost-effective materials 
for the removal of organic dyes from wastewater under 
sunlight irradiation. This work highlights their potential for 
practical applications in sustainable wastewater treatment 
systems. However, this study focused only on the removal 
of methylene blue under controlled laboratory conditions, 
and the performance of Fe2O3@CuO nanoparticles against 
other pollutants or in real wastewater was not examined. 
For future research, it is recommended that the efficiency 
of the nanocatalyst be evaluated on a larger, more realistic 
scale using industrial wastewater samples to determine its 
potential for practical application. In addition, assessing the 
long-term stability of the nanoparticles in the environment, 
examining possible environmental impacts, and developing 
modified structures such as those produced by doping, 
surface functionalization, or combination with other 
semiconductors could help improve the photocatalytic 
performance and expand the environmental applications 

Figure 5. Reusability of the Nanocatalyst for MB Degradation in the 
Presence of H₂O₂ (MB Concentration: 10 mg/L; Catalyst Dosage: 15 mg; 
H2O2 Volume: 6 mL; pH 9; Under Sunlight Irradiation)
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