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Abstract
This investigation entailed the synthesis of Fe3O4/SiO2/TiO2 via the sol-gel technique, and the Fe3O4/SiO2/TiO2/Cu
nanocomposite utilizing Cu(NO3)2.3H2O through the photodeposition approach. Subsequent to synthesis, these specimens
underwent comprehensive characterization employing an array of analytical techniques, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive X-ray microanalysis (EDS), vibrating sample magnetometry
(VSM), Diffuse Reflectance Spectroscopy (DRS) and Fourier transform infrared (FT-IR) spectroscopy. The focal point of
this study was the assessment of the catalytic proficiency of both Fe3O4/SiO2/TiO2 and Fe3O4/SiO2/TiO2/Cu magnetically
responsive nanocatalysts in facilitating the degradation of Reactive Methylene Blue (MB) under ultraviolet irradiation at
ambient temperature. A notable attribute of these magnetic nanocomposites is their capacity for complete recovery, enabled
by the application of an external magnetic field, thereby demonstrating significant potential for practical applications in
environmental remediation.
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Highlights
● A combination of sol-gel and photodeposition method was developed for the fabrication of Fe3O4/SiO2/TiO2/Cu

nanocomposites, showcasing a breakthrough in materials science for water treatment technologies.
● The study demonstrates a significant improvement in the degradation of methylene blue dye under UV light, marking a

pivotal advancement in the effectiveness of water purification methods.
● The easy magnetic recovery feature of the nanocomposites was highlighted, enabling their efficient reuse and

contributing to waste reduction in water treatment processes.
● The research unveils the synergistic effects between TiO2 and Cu, enhancing photocatalytic activity and leading to faster

degradation rates, which underscores the importance of component interaction in nanocomposites.
● The potential of these nanocomposites to address environmental pollution was emphasized, offering a novel, reusable,

and efficient solution for water purification, highlighting the article’s contribution to sustainable environmental
management.

1 Introduction

The burgeoning issue of water pollution, particularly
stemming from dye wastewater, has escalated into a grave
environmental concern in recent years. A diverse array of
methodologies has been employed to mitigate this chal-
lenge, encompassing techniques such as membrane pro-
cesses [1], photocatalytic degradation [2–4], and a
combination of biological and physicochemical treatments
[5, 6]. Among these, heterogeneous photocatalysts have
emerged as one of the most efficacious approaches. This is
attributed to their numerous advantageous properties,
including non-toxicity, high efficiency, cost-effectiveness,
stability, widespread availability, and the potential for
recycling in the realm of wastewater treatment [7–10].

Various support structures, including dendrimers, poly-
mers, and ligands, have been successfully employed as
substrates for nanocatalysts [11]. A primary challenge
associated with the utilization of nanoparticles as catalyst
supports lies in their intricate separation and recycling pro-
cesses [12]. To address this issue, certain magnetic nano-
particles, such as Fe3O4, ZnFe2O4, and CoFe2O4, have been
adopted either as a core or as a support mechanism for the
immobilization of other nanocatalysts. The utilization of
magnetic separation techniques facilitates the recovery and
rejuvenation of these magnetic materials through the appli-
cation of external magnetic fields [13, 14]. Moreover, the
incorporation of a magnetic core not only aids in separation
but also contributes to an increase in surface area, which can
significantly enhance photocatalytic activity [15, 16].

One of the predominant drawbacks inherent in semi-
conductor photocatalysis is the propensity for the recom-
bination of photogenerated electrons (e–) and holes (h+), a
phenomenon that culminates in the dissipation of energy
and the consequent diminution of photocatalytic yields.
This process of carrier generation and recombination tran-
spires as electrons transition from the valence band to the
conduction band within a semiconductor, an event that may
occur due to interactions with other electrons, holes,

photons, or even the vibrational dynamics of the crystal
lattice itself [17]. To circumvent this reduction in efficiency,
it is imperative to strategize against the recombination of
these electrons and holes. In this context, the employment
of coupled semiconductors has been identified as a viable
approach to augment charge separation of electron-hole
pairs. This strategy effectively extends the lifespan of both
electrons and holes, thereby substantially mitigating the
recombination of charge carriers [18–21]. The ultimate
outcome of this approach is a marked enhancement in the
efficiency of the photocatalyst [22, 23].

The field of semiconductor photocatalysis has gained
significant momentum due to its potential in addressing
environmental pollution, particularly in the degradation of
organic pollutants in wastewater. This technology hinges on
the unique properties of semiconductors to catalyze reac-
tions under light irradiation. The effectiveness of these
photocatalysts, however, is not without its challenges, par-
ticularly in the realm of charge carrier recombination, as
previously discussed [24, 25].

Recent advancements in nanotechnology have opened
new avenues in the design and synthesis of more efficient
photocatalysts. Nanocatalysts, due to their nanoscale
dimensions, exhibit enhanced surface-to-volume ratios,
leading to increased reaction sites and improved catalytic
activity [26]. Furthermore, the integration of nanotechnol-
ogy in photocatalysis has facilitated the development of
novel materials with tailored band gaps, allowing for the
absorption of a broader spectrum of light, including visible
and near-infrared regions [27].

Another critical area in semiconductor photocatalysis is
the development of sustainable and eco-friendly photo-
catalytic materials. As global environmental concerns
escalate, the focus has shifted towards materials that are not
only efficient but also environmentally benign. This has led
to the exploration of biocompatible and non-toxic materials
in the synthesis of photocatalysts [28].

The application of photocatalysis extends beyond was-
tewater treatment. It has shown promise in the fields of
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hydrogen production through water splitting, CO2 reduc-
tion, and even in the air purification process. These appli-
cations demonstrate the versatility and potential of
photocatalysis in contributing to a sustainable and cleaner
environment [29, 30].

In summary, while semiconductor photocatalysis pre-
sents a promising solution to environmental pollution,
ongoing research and development are essential to over-
come existing limitations and realize its full potential. The
integration of nanotechnology and the focus on sustainable
practices are critical in advancing this field further [31, 32].

In the present study, the synthesis of Fe3O4/SiO2/TiO2

was initially conducted employing the sol-gel method, fol-
lowed by the fabrication of the Fe3O4/SiO2/TiO2/Cu nano-
composite via the photodeposition technique. The
photocatalytic activities of both Fe3O4/SiO2/TiO2 and
Fe3O4/SiO2/TiO2/Cu were rigorously evaluated, employing
methylene blue dye as a model organic compound to assess
their efficacy. Furthermore, the recovery attributes of the
catalysts were meticulously examined under the influence of
an external magnetic field. This analysis was extended to
investigate the catalytic properties post-recycling, following
multiple usage cycles.

The intricate growth process of the composite nano-
particles is elucidated in Scheme 1. The scheme reflects the
sequential layer-by-layer deposition of different materials.
Each layer contributes unique properties to the final nano-
composite, such as magnetic properties from Fe3O4, stabi-
lity and surface functionality from SiO2, photocatalytic
activity from TiO2, and enhanced catalytic performance
from Cu.

2 Experimental

2.1 Materials and methods

The chemicals used in this study, all sourced from Merck
Company, include Iron (II) chloride hydrate, 98% purity;
Iron (III) chloride hydrate, 97% purity; Copper(II) nitrate
trihydrate (Cu(NO3)2·3H2O), 97% purity; Tetraethyl ortho-
silicate (TEOS), 95% purity; Tetra-n-butyl titanate (TNBT),

98% purity; aqueous ammonia solution, 32% purity;
hydrochloric acid, 38% purity; Polyethylene glycol 400
(PEG 400), 90% purity; ethanol, 99% purity; methanol,
99% purity; and acetylacetone, 97% purity. These reagents
were employed in their original state without any additional
purification. Methylene Blue (MB), possessing the chemical
formula C16H18ClN3S, was procured from Alvan Co., Iran.
Throughout the sample preparation process, deionized
water was utilized exclusively.

X-ray diffraction (XRD) patterns were acquired using a
Philips X-ray diffractometer, equipped with Ni-filtered Cu
Kα radiation. The morphological characteristics and size
distribution of the nanomaterials were determined using a
Scanning Electron Microscope (SEM) (Philips XL-
30ESM). Fourier Transform Infrared (FT-IR) spectra of the
samples were recorded utilizing a Nicolet Magna IR 550
spectrometer. Magnetic measurements were conducted at
room temperature employing a Vibrating Sample Magnet-
ometer (VSM) (BHV-55, Riken, Japan). UV–Visible
absorption spectra were obtained with a UV–Visible spec-
trophotometer (Perkin Elmer Lambda2S, Germany) in the
wavelength range of 200 to 800 nm.

2.2 Preparation of Fe3O4/SiO2 nanoparticles

The Fe3O4 magnetic nanoparticles were synthesized
employing a co-precipitation technique. Initially, Iron(III)
chloride hexahydrate (FeCl3.6H2O, 3.88 g) and Iron(II)
chloride tetrahydrate (FeCl2·4H2O, 1.431 g) were dissolved
in 30 mL of 0.4 M hydrochloric acid (HCl), maintaining a
molar ratio of 2:1. Subsequently, 120 mL of 25% NH4OH,
which had been previously degassed, was incrementally
added to this solution while stirring in an ultrasound bath.
The addition of the base resulted in the immediate formation
of a black precipitate. This precipitate was subjected to
continuous stirring in the ultrasound bath for an additional
20 min. The magnetic nanoparticles were then separated
using a magnet and subsequently washed thrice with etha-
nol and distilled water [33].

In order to mitigate the susceptibility of the Fe3O4

magnetic nanoparticles to heat and oxidation, a protective
layer of SiO2 was applied. For this coating process, 0.4 g of

Scheme 1 Schematic illustration of the synthesis of Fe3O4/SiO2/TiO2/Cu nanoparticles
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the synthesized Fe3O4 was dispersed in 150 mL of ethanol,
to which 40 mL of deionized water and 2 mL of ammonium
hydroxide were added. This dispersion was sonicated for
45 min. Thereafter, 4 mL of TEOS was gradually intro-
duced into the mixture. The solution was then stirred at
room temperature for 3 h. Following this, the Fe3O4/SiO2

particles were isolated and washed thrice, alternating
between ethanol and water for each wash.

2.3 Synthesis of Fe3O4/SiO2/TiO2 nanocomposite

The Fe3O4/SiO2/TiO2 nanocomposite was synthesized uti-
lizing the sol-gel method. Initially, 0.9 g of Fe3O4/SiO2

nanoparticles were dispersed in 100 ml of 2-Propanol, fol-
lowed by sonication for a duration of 30 min. Subsequently,
8 ml of Polyethylene glycol 400 (PEG 400) was incorpo-
rated into this mixture. In a separate container, a solution
was prepared by adding 5 ml of TNBT and 1 ml of acet-
ylacetone to 15 ml of 2-Propanol. This solution was stirred
using a magnetic stirrer for 20 min to ensure homogeneity.
This solution was then gradually introduced into the pre-
viously prepared nanoparticle mixture, with continuous
stirring on the magnetic stirrer.

Upon completion of the addition, 5 ml of deionized water
was added to the mixture. The resulting mixture was then
stirred at a temperature of 60 °C for 10 h. Post-stirring, the
gray precipitate that formed was separated using a magnet
and subsequently washed with ethanol and deionized water.
The washed precipitate was then dried at a temperature of
70 °C. The final step involved calcining the dried product in
air at a temperature of 450 °C for 2 h, completing the
synthesis process of the Fe3O4/SiO2/TiO2 nanocomposite.

2.4 Synthesis of Fe3O4/SiO2/TiO2/Cu nanocatalyst

The Fe3O4/SiO2/TiO2/Cu nanoparticles were synthesized
employing the photodeposition method. Initially, Copper(II)
nitrate trihydrate (Cu(NO3)2.3H2O) weighing 0.00604 g was
dissolved in 50 ml of deionized water to prepare a 0.5 mM
solution. Subsequently, 0.1 g of the pre-synthesized Fe3O4/
SiO2/TiO2 nanoparticles was added to this copper nitrate
solution. This mixture was then stirred using a magnetic
stirrer for a duration of 30 min, after which 0.5 ml of
methanol (sourced from Merck) was added to the solution.
The resulting mixture was transferred to a quartz tube and
subjected to continuous stirring under UV irradiation for a
period of 12 h.

Upon completion of the irradiation process, the product
was isolated using an external magnetic field. The separated
nanoparticles were then thoroughly washed three times,
alternating between deionized water and ethanol. Finally,
the washed nanoparticles were dried at a temperature of
60 °C for 12 h, culminating in the successful synthesis of

Fe3O4/SiO2/TiO2/Cu nanoparticles. Scheme 1 illustrates the
methodical deposition of materials in a layer-by-layer
sequence.

2.5 Assessment of photocatalytic activity of Fe3O4/
SiO2/TiO2/Cu nanocatalyst

The photocatalytic efficacy of the synthesized Fe3O4/SiO2/
TiO2/Cu nanocatalyst was evaluated through the photo-
degradation of MB aqueous solution, a model water pol-
lutant. The experiment was conducted in a 100 ml quartz
reaction tube. The reaction mixture was composed of the
photocatalyst (50 mg) and an MB solution (10 mg L−1),
ensuring the availability of oxygen for the reaction. The
mixture was continuously stirred using a magnetic stirrer.

In the experimental setup, the quartz tube within the
photoreactor was carefully positioned at a distance of 40 cm
from the UV light source. During the reaction, which
involved UV lamp irradiation, the reaction mixture in the
vessel was maintained at this same distance from a 200W
Mercury UV lamp, ensuring optimal exposure and effi-
ciency of the photocatalytic process. Prior to irradiation, the
solution was stirred in the dark for 20 min to establish
equilibrium. The photodegradation process was monitored
by measuring the concentration variation of MB over time,
utilizing UV-Visible absorbance spectra.

3 Results and discussion

The crystalline phase and purity of the synthesized magnetic
nanoparticles were characterized by XRD. The XRD pattern
of the Fe3O4 nanoparticles, depicted in Fig. 1a, exhibits six
prominent diffraction peaks at 2θ values of 30.76°, 36°,
43.91°, 54.27°, 58°, and 63.46°. This spectrum shows dis-
tinct peaks that can be indexed to Fe3O4, which is magne-
tite. The peaks are sharp and well-defined, indicating good
crystallinity of the material. The characteristic peaks of
Fe3O4 are designated with delta (Δ) symbols which are
indicative of the crystalline structure of Fe3O4 magnetic
nanostructures.

Figure 1b presents the XRD pattern of the Fe3O4/SiO2/
TiO2 magnetic nanoparticles. In this spectrum, along with
the peaks corresponding to Fe3O4, additional peaks appear
that can be attributed to SiO2 (marked with asterisks) and
TiO2 (marked with triangles). The presence of these peaks
suggests the successful formation of a composite material.
The SiO2 peaks are less sharp, which could indicate a lower
crystallinity or smaller particle size of the silica component.
This broad peak centered at a 2θ value of approximately 23°
is observed, which is characteristic of amorphous SiO2,
suggesting the presence of a non-crystalline SiO2 shell
coating. Additionally, distinct peaks at 2θ values of 24.45°,
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37.57°, and 46.3° confirm the anatase phase of TiO2, inte-
grated within the composite. The TiO2 peaks correspond to
the anatase phase of TiO2, which is commonly used for
photocatalysis.

The XRD pattern for the Fe3O4/SiO2/TiO2/Cu nanoca-
talyst, illustrated in Fig. 1c, reveals that due to the minimal
loading of Cu on the magnetic nanoparticles, the diffraction
peak corresponding to Cu is of low intensity. This spectrum
includes all the peaks seen in sample b, with the addition of
new peaks that can be indexed to metallic copper (Cu),
indicated by filled squares. This suggests the presence of Cu
in the nanocomposite, albeit in a small quantity that does
not significantly alter the overall crystalline structure
observed in the XRD pattern. This suggests that Cu nano-
particles have been successfully deposited onto the surface
of the Fe3O4/SiO2/TiO2 composite.

The presence of metallic copper can be advantageous for
photocatalytic applications as it may act as a co-catalyst to
improve the efficiency of the photocatalytic process. The
XRD analysis of Fe3O4/SiO2/TiO2/Cu nanocomposites
provides critical insights into their structural and composi-
tional attributes, which directly influence their photo-
catalytic efficiency in degrading organic pollutants like
Methylene Blue dye. This analysis reveals a higher degree
of crystallinity within the nanocomposites, indicative of
fewer structural defects, thus facilitating efficient charge
transfer and reduced recombination of electron-hole pairs,
essential for photodegradation. Additionally, the XRD

results suggest smaller particle sizes, leading to an increased
surface area to volume ratio, which offers more active sites
for the photocatalytic reactions and enhances the absorption
of dye molecules, thereby improving the degradation effi-
ciency under UV light. The identification of specific crys-
talline phases, particularly the presence of anatase and rutile
phases in TiO2, further underscores the nanocomposite’s
potential for high photocatalytic activity, with anatase
known for its efficacy in photodegradation processes.
Moreover, the XRD analysis hints at the synergistic effects
between the different components of the nanocomposite,
such as the interaction between TiO2 and Cu, potentially
creating a heterojunction that improves charge separation
and hence, the overall photocatalytic efficiency.

The elemental composition and chemical purity of the
Fe3O4/SiO2/TiO2/Cu sample were rigorously assessed uti-
lizing Energy Dispersive X-ray Spectroscopy (EDS) (Fig. 2).
The EDS spectrum of the Fe3O4/SiO2/TiO2/Cu sample
reveals the elemental composition of the nanocomposite. A
significant peak at ~0.5 KeV indicates a substantial oxygen
presence, which is a common element in the oxides that
comprise the sample. Silicon is clearly present, as evidenced
by the distinct peaks around 1.7 KeV, confirming the silica
component of the composite. Iron, a constituent of Fe3O4,
manifests through multiple peaks observed near 0.7 KeV
and in the 6–7 KeV range, corroborating the inclusion of
iron oxide within the nanocomposite. Titanium’s presence
is validated by peaks at about 4.5 KeV, indicative of the

Fig. 1 XRD patterns of (a)
Fe3O4, (b) Fe3O4/SiO2/TiO2 and
(c) Fe3O4/SiO2/TiO2/Cu
nanoparticles
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titanium dioxide phase. Finally, copper, incorporated into
the composite as Cu, is denoted by peaks just above 8 KeV.
The absence of peaks for elements not expected in the
sample suggests that the nanocomposite is relatively pure
and consists primarily of the intended Fe3O4, SiO2, TiO2,
and Cu components. The weight percentages (W%) for
these elements are C: 12.09%, O: 33.99%, Si: 6.16%, Ti:
9.41%, Fe: 35.88%, and Cu: 2.47%. The presence of carbon
is attributed to the conductive carbon fiber coating applied
to the samples before electron microscopy to prevent charge
accumulation. This coating is not part of the nanocompo-
site’s intrinsic composition. The high percentage of iron
reflects the Fe3O4 core, while Ti and Si percentages are
consistent with the TiO2 and SiO2 layers, respectively, and
Cu indicates the doping level within the composite. The
EDS analysis, therefore, confirms the successful synthesis
of the Fe3O4/SiO2/TiO2/Cu nanocomposite with a high
degree of elemental purity.

The morphological characteristics of the samples were
meticulously investigated using Scanning Electron Micro-
scopy (SEM), as depicted in Fig. 3. The SEM image for
Fe3O4 sample displays a uniform morphology with particles
that appear to be consistent in size and shape (Fig. 3a). The
surface seems relatively smooth, and the particles are

closely packed, indicating good crystallinity and a high
degree of aggregation.

Figure 3b displays SEM result for Fe3O4/SiO2 sample. In
this image, the Fe3O4 particles are encapsulated with a SiO2

layer. While the underlying particle structure remains con-
sistent, there is a slight increase in the apparent size due to
the silica coating. The particles maintain a high level of
uniformity, and the SiO2 coating does not significantly
disrupt the overall morphology.

The morphology of the Fe3O4/SiO2/TiO2, synthesized via
the co-precipitation method, is showcased in Fig. 3c. This
image shows that the addition of TiO2 to the Fe3O4/SiO2

composite results in a more complex surface structure. The
particles retain their uniformity to some degree, but the
introduction of TiO2 brings about a noticeable change in
the textural features, with some increase in the roughness of
the particles.

Figure 3d illustrates the nanocomposite after the addition
of copper. The SEM image reveals an increase in the
roughness and size of the particles, which is consistent with
the deposition of Cu on the surface. The particles appear to
be agglomerated, and the copper coating contributes to a
more heterogeneous and coarse surface morphology com-
pared to the other samples.

Fig. 2 Energy dispersive x-ray
spectroscopy (EDS) analysis and
the weight percentages of all
components of the Fe3O4/SiO2/
TiO2/Cu nanocomposite
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To ascertain the actual dimensions of the Fe3O4/SiO2/
TiO2/Cu nanocomposite, Transmission Electron Microscopy
(TEM) was employed for analysis (Fig. 4). According to
TEM images, there is a noticeable variation in contrast
within the nanoparticles, which could indicate different
materials or phases present within the composite. The darker
areas could be the denser Fe3O4 or TiO2 phases, while the
lighter areas could be SiO2. The scale bars help determine
the size distribution of the nanoparticles. The images show a
range of particle sizes, generally below 100 nm as indicated
by the scale bar, which is typical for nanocomposites and
desirable for certain applications like catalysis or sensing
due to the large surface area to volume ratio. The findings
suggest that the mean diameter of the nanocomposite parti-
cles is approximately 75 nanometers. There is a degree of
aggregation visible, which is common for nanoparticles due
to high surface energy leading to attractive forces between
them. The morphology of the particles appears to be mostly
spherical, with some degree of agglomeration which could
affect the properties of the nanocomposite.

The FT-IR spectra presented in Fig. 5 elucidate the
chemical structure of the synthesized samples. Specifically,
the spectrum labeled Fig. 5a reveals a peak at 561 cm−1,
which can be assigned to the Fe–O stretching vibration,
characteristic of iron oxide in the Fe3O4 nanoparticles
[34, 35]. Across all samples, the consistent absorption band
at approximately 1630 cm−1 is indicative of the bending
vibrations of adsorbed water molecules [36, 37], while the
broad absorption band between 3375 and 3432 cm−1 cor-
responds to the stretching vibrations of Si–O–H and the
vibrations of residual hydroxyl groups on the surface of
the silica-coated magnetic nanoparticles [38, 39]. In Fig. 5b,
the peak at 1083 cm−1 is associated with Si–O stretching
vibrations [39], and the broad bands appearing in the
530–600 cm−1 range are attributed to the Ti–O stretching
vibrations, signaling the incorporation of TiO2 into the
composite [40]. Upon the modification of Fe3O4/SiO2/TiO2

with copper, resulting in the Fe3O4/SiO2/TiO2/Cu nano-
composite as shown in Fig. 5c, the emergence of a peak at
510 cm−1 confirms the formation of the Cu–O bond [41].

Fig. 3 SEM images of (a) Fe3O4, (b) Fe3O4/SiO2, (c) Fe3O4/SiO2/TiO2 and (d) Fe3O4/SiO2/TiO2/Cu nanocomposite
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Additionally, a notable shift in the Si-O stretching vibration
is observed, moving from its typical position to 1028 cm−1.
This shift is indicative of changes in the chemical envir-
onment surrounding the SiO2, likely due to the surface
modification induced by the incorporation of copper into the
nanocomposite [41, 42]. Such a modification could alter the
electronic environment of the silicon atoms, leading to a

change in the vibrational frequency of the Si-O bonds. This
observation further confirms the successful modification of
the Fe3O4/SiO2/TiO2 nanocomposite’s surface, highlighting
the complex interplay of interactions at the nanoscale that
contribute to the altered physical and chemical properties of
the material. Collectively, these FT-IR spectral features
verify the successful synthesis of the nanocomposites and
the presence of key chemical bonds corresponding to each
component within the materials.

For the measurement of band gap, we use of UV-Vis
diffuse reflectance spectrum. If the light of that energy
interacts with the material, it is absorbed consequence in an
excitation of the electrons from the valence bands into the
conduction band. The Tauc plot was drawn according to the
Diffuse Reflectance Spectroscopy (DRS) results, which is a
graphical representation used in materials science to deter-
mine the optical band gap of a semiconductor material. The
plot shows (αhv)2 versus the photon energy (hν), where α is
the absorption coefficient and hν is the photon energy. The
determination of the band gap using the Tauc plot involves
plotting (αhν)2 against the photon energy (hν), where α is
the absorption coefficient. The plot’s linear region is
extrapolated to the energy axis to determine the optical band
gap (Eg) of a direct band gap semiconductor. For indirect
band gap materials, (αhν)1/2 is plotted instead. This method
is widely accepted in materials science for estimating the
band gap of thin films and nanocomposite materials.

Fig. 4 TEM images of Fe3O4/
SiO2/TiO2/Cu nanocomposite in
different magnifications with
scale bars at (a) 500 nm, (b) and
(c) 100 nm.
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In a Tauc plot, the linear portion of the plot, when
extrapolated to the energy axis (where (αhν)2= 0), gives an
estimate of the band gap energy of the material. The band
gap energy is a critical parameter that defines the energy
range in which no electronic states can exist; it is essentially
the energy difference between the top of the valence band
and the bottom of the conduction band. The approximation
band gap value (Eg) was 3.21 eV and 3.08 eV for Fe3O4/
SiO2/TiO2 and Fe3O4/SiO2/TiO2/Cu samples respectively
(Fig. 6).

The conduction band edge (ECB) and valence band edge
(EVB) of the semiconducting components can be estimated
using the formulas [43, 44]:

EVB ¼ X� Ee þ 0:5 Eg ð1Þ

ECB ¼ EVB � Eg ð2Þ

where X is the absolute electronegativity of the semicon-
ductor and the band gap energy (Eg) calculated by Tauc plot

for the nanocomposite. Based on the provided band gap
energy (3.08 eV) for the Fe3O4/SiO2/TiO2/Cu nanocompo-
site and the absolute electronegativity (5.81 eV) for TiO2,
the calculated energy band edges by using Eqs. (1) and (2)
are as follows:

The Valence Band Edge (EVB) is approximately 2.85 eV.
The Conduction Band Edge (ECB) is approximately

−0.23 eV.
The magnetic hysteresis loop of Fe3O4/SiO2/TiO2/Cu

shows its superparamagnetic behavior at room temperature in
Fig. 7. The VSM analysis of the Fe3O4/SiO2/TiO2/Cu nano-
composite would typically show the material’s magnetic
response to an external field. The saturation magnetization
(Ms) is the plateau of the curve, indicating the maximum
magnetization Fe3O4 can achieve. The coercivity (Hc) is the
field strength required to reduce the magnetization to zero,
reflecting the material’s magnetic hardness. Remanence (Mr)
is the residual magnetization after removing the external field.
The presence of SiO2 and TiO2, which are non-magnetic,
along with Cu, which may be paramagnetic or weakly fer-
romagnetic, can reduce Ms and potentially affect Hc, indi-
cating that the composite’s overall magnetic properties are a
balance between the magnetic Fe3O4 core and the influence of
the non-magnetic coatings. The saturation magnetization (Ms)
of Fe3O4/SiO2/TiO2/Cu is 15.74 emu/g. So we can use the
external field for separate the nanocatalyst from solution.

The magnetic properties of nanocomposites, specifically the
Fe3O4 component, play a crucial role in enhancing their
separation and recovery from water treatment processes. This
is evident in several aspects: Firstly, the presence of Fe3O4, a
magnetic material, allows for the efficient application of an
external magnetic field, which significantly improves the
separation of nanocomposites from treated water. This feature
is particularly advantageous in continuous flow systems
where rapid and effective separation is essential. Secondly, the
ease of magnetic separation means that these nanocomposites
can be quickly removed, cleaned, and reused in subsequent
water treatment cycles, contributing to the sustainability and
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cost-effectiveness of the process. Thirdly, magnetic separation
offers the advantage of minimizing secondary pollution, as it
negates the need for additional chemicals or complex filtration
processes that might introduce new contaminants. Finally, the
robustness of the magnetic properties under various water
treatment conditions, such as fluctuating pH levels or the
presence of diverse contaminants, ensures consistent perfor-
mance of the nanocomposites in a wide range of scenarios,
further solidifying their utility in water treatment applications.

The degradation of MB utilizing Fe3O4/SiO2/TiO2 and
Fe3O4/SiO2/TiO2/Cu as photocatalysts under UV irra-
diation was monitored through UV–Visible spectroscopy,
with the results presented in Scheme 2. During this
photocatalytic reaction, the absorption of photons whose
energy is equal to or surpasses the band gap energy of the
photocatalysts results in the excitation of electrons from
the valence band to the conduction band, thereby gen-
erating electron-hole pairs. Subsequent pathways for
these electron-hole pairs are critical to the photocatalytic
process. They may recombine, which diminishes photo-
catalytic efficiency, or they may become trapped in
metastable surface states such as Cu+/Cu. Copper clusters
can act as co-catalysts, facilitating the separation of these
charge carriers and promoting their involvement in sur-
face reactions. Alternatively, the electron in the conduc-
tion band may be captured by electron acceptors like
dissolved oxygen molecules, while the hole in the
valence band might react with electron donors such as
hydroxide ions or water molecules. These interactions
lead to the formation of hydroxyl radicals, which can then
oxidize and decompose the pollutants [45].

The mechanism of hydroxyl radical production in a TiO2

and Cu-based photocatalytic system involves several key

steps:

TiO2 þ hv ! hþ

Cu2þ þ e� ! Cuþ

Cuþ þ e� ! Cu

H2Oþ hþ ! OH:

O2 þ e� ! O:�
2

O2 þ Cuþ ! Cuþ þ O:�
2

OH: or O:�
2 ! CO2 þ H2O

The photocatalytic mechanism initiates when TiO2 nano-
particles absorb photons, which prompts the generation of
electron-hole pairs on their surface. This photoexcitation
event leads to the formation of electrons (e–) in the
conduction band and holes (h+) in the valence band of
the TiO2. These excited-state charge carriers subsequently
interact with the semiconductor’s surface and surrounding
molecules, as depicted in Scheme 2. Photocatalyst degrada-
tion of MB by Fe3O4/SiO2/TiO2 and Fe3O4/SiO2/TiO2/Cu
nanoparticles was accomplished under ultraviolet light
irradiation. Degradation Percent of MB in time of t (DP
(t)) was calculated as follows:

DPðtÞ ¼ A0 � At

A0
� 100 ð3Þ

Where A0 absorbance absorbance value of the solution at 0 t
and At absorbance value at t minute. 200W Mercury lamps
was used as a light source and kept 40 cm away from the
photocatalytic quartz tube during the photocatalytic activity
measurement [46].

A quantity of 5mg of the photocatalysts (either Fe3O4/SiO2/
TiO2 or Fe3O4/SiO2/TiO2/Cu) was introduced into a 50mL
MB solution with a concentration of 10mg L−1, contained
within a quartz tube. This suspension was subjected to ultra-
sonication for 15min to ensure thorough mixing. Subse-
quently, the mixture was agitated using a magnetic stirrer while
being irradiated with UV light at ambient temperature. It was
observed that without the application of UV light irradiation, no
significant degradation of the dye occurred within 80min.
Upon activation by UV irradiation, the MB dye underwent
decomposition, leading to a discernible lightening of the
solution’s color, culminating at 80min. Figure 8 illustrates the
photocatalytic degradation curves of Fe3O4/SiO2/TiO2 and
Fe3O4/SiO2/TiO2/Cu at room temperature. After a duration of
90min, the degradation percentage for Fe3O4/SiO2/TiO2 was
recorded at 73%, whereas an enhanced degradation percentage
of 86% was achieved for Fe3O4/SiO2/TiO2/Cu.

The Fe3O4/SiO2/TiO2/Cu nanocomposites demon-
strated a high efficiency in degrading specific pollutants
under light irradiation, a capability attributed to the

Scheme 2 Mechanism of Fe3O4/SiO2/TiO2/Cu photocatalysis
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synergistic action of TiO2 and Cu in generating reactive
oxygen species. This photocatalytic activity, particularly
effective under certain light conditions, is crucial for
water treatment applications, specifically targeting the
breakdown of various organic compounds and dyes
commonly found in wastewater.

Actuallt the photocatalytic mechanism of our Fe3O4/
SiO2/TiO2/Cu nanocomposite involves several key com-
ponents working in synergy. Under UV light irradiation,
TiO2 absorbs the light, exciting electrons from the
valence band to the conduction band and creating
electron-hole pairs. Copper clusters in the nanocomposite
act as co-catalysts, enhancing the separation of these
charge carriers and facilitating their involvement in sur-
face reactions. The function of Cu as an electron accep-
tor, and the synergistic interactions that lead to enhanced
catalytic performance. This significantly reduces the
recombination rate of electron-hole pairs, thereby
improving the photocatalytic efficiency.

Following the photocatalytic reaction, the nano-
particles were recovered from the solution utilizing an
external magnetic field and were subsequently employed
in subsequent cycles. Because the Fe3O4 core enables
magnetic separation, and the SiO2 layer provides stabi-
lity, preventing Fe3O4 oxidation. This multifaceted
interaction among the components results in a highly
efficient system for degrading organic pollutants, making
this nanocomposite a promising tool for environmental
remediation. The sustained photocatalytic performance of
both Fe3O4/SiO2/TiO2 and Fe3O4/SiO2/TiO2/Cu after five
recycling iterations is depicted in Fig. 9, where the cat-
alysts demonstrated acceptable efficiency following
multiple recovery and reuse cycles.

4 Conclusion

In summary, the magnetically responsive Fe3O4/SiO2/TiO2

nanoparticles were synthesized via the sol-gel technique, while
the Fe3O4/SiO2/TiO2/Cu composites were fabricated through a
straightforward photodeposition approach. Comprehensive
characterization of the structural and morphological features of
the magnetic nanoparticles was conducted employing a suite
of analytical techniques, including XRD, EDS, Field Emission
Scanning Electron Microscopy (FE-SEM), Fourier-Transform
Infrared Spectroscopy (FT-IR), DRS, and Vibrating Sample
Magnetometry (VSM). TEM analysis revealed that the aver-
age size of the Fe3O4/SiO2/TiO2/Cu nanocomposite particles
was approximately 75 nm. The Fe3O4/SiO2/TiO2/Cu nano-
composite demonstrated superior photocatalytic performance
when subjected to UV irradiation, compared to its counter-
parts. The significant photocatalytic activity, enhanced che-
mical stability, and efficient magnetic separability of the
Fe3O4/SiO2/TiO2/Cu nanocomposite render it a highly
advantageous material for real-world photocatalytic
applications.
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