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A B S T R A C T   

In this study, we synthesized Fe3O4@MoS2@Au nanoparticles as a photocatalyst for the degradation of meth-
ylene blue (MB). The presence of gold nanoparticles induced Localized Surface Plasmon Resonance (LSPR), 
extending the absorption range into the visible light spectrum. Under green light exposure (540 nm, 8 W), the 
Fe3O4@MoS2@Au photocatalyst exhibited remarkable performance, achieving a degradation efficiency of 
98.95%, outperforming Fe3O4@MoS2, which reached 72.46%. The pseudo-first-order reaction rate constant for 
Fe3O4@MoS2@Au was 3.8 × 10− 3 min− 1, surpassing Fe3O4@MoS2 by 2.7 times. Additionally, Fe3O4@MoS2@Au 
demonstrated superior degradation efficiency under natural light, reaching 78% after 3 h compared to 70.2% for 
Fe3O4@MoS2. To elucidate the degradation mechanism, density functional theory (DFT) based computational 
simulations were employed to analyze the electron charge density at each step of the degradation process. The 
density of state simulation revealed a shift in electron energy levels towards higher energies in Fe3O4@MoS2@Au 
compared to Fe3O4@MoS2, thereby promoting electron transfer and enhancing the efficiency of 
photodegradation.   

1. Introduction 

The health of billions of people is worsening on a daily basis as a 
result of numerous contaminants in the water, which poses a significant 
challenge in the current scenario [1,2]. Around the world, 80 percent of 
municipal wastewater is dumped into untreated water bodies. Industries 
are responsible for releasing millions of tons of waste annually, 
including hazardous sludge, heavy metals, and solvents [3,4]. Water 
pollution poses risks to aquatic ecosystems, human health, and pro-
ductive activities [5]. More than 7 × 105 tons and 1,000,000 commercial 
dyes have been produced annually [6]. By 2050, water consumption will 
triple due to population growth. Annually, more deaths of living beings 
are caused by polluted water than by war and all forms of violence 

combined. The availability of fresh water is a crucial issue that will 
remain important in the present and future of this rapidly growing 
century. Consequently, environmental remediation is a pressing concern 
at present. Advanced oxidation technologies (AOT) [7] are used to treat 
stubborn contaminants and convert them into more biodegradable 
compounds or mineralization into CO2 and additional inorganic com-
pounds for water purification [8]. 

Nanocomposites have good physical, chemical, and biological 
characteristics that can be controlled by the internal structure with 
interfacial interaction, which may be crucial for applicative de-
velopments in nanoelectronics, biology, and medicine [9–12]. Core- 
shell nanocomposite materials have attracted a lot of attention 
because of their distinct physical, chemical, and functional 
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characteristics [13]. Various techniques, such as ion doping, noble metal 
deposition, and nanocomposite fabrication, can be used to enhance the 
photocatalysis of nanomaterials [14]. However, heterojunction catalysts 
used in these techniques may generate secondary pollution during the 
photocatalytic reaction. Magnetic compound-based photocatalysis can 
help reduce this problem by allowing separation using an external 
magnet after the photocatalytic process and enabling reuse. Fe3O4 is a 
promising photocatalyst for water treatment due to its magnetic prop-
erties, low cost, recyclability, non-toxicity, and ease of modification 
[15]. The octahedral sites of Fe3O4 containing both Fe2+ and Fe3+

accelerate the mobility of electrons during ozonation [16]. In photo-
catalysis, a magnetic compound causes the photo-Fenton and Fenton 
reactions, increasing the number of radicals [17]. Therefore, Fe3O4 
enhanced the radicals in the photocatalytic reaction. 

The application of 2D materials for photocatalysts in natural light is 
limited due to their large band gap and low quantum yield. To address 
these restrictions, surface-tuning strategies like as doping and surface 
modification have been developed [18]. The iron oxide have been used 
in different application. Nowadays researchers are considering the 
various properties of iron oxide composite with carbonic and 2d nano-
materials such as graphene [19,20], MoS2 [21], etc. [22,23]. The metal 
nanoparticles (Ag, Au, Pt) modification compounds are used to enhance 
the photocatalyst activity in the presence of visible light and extend the 
light absorption spectrum into the visible region, which is a current 
research hotspot [24]. Therefore, the use of sunlight (natural light) as an 
inexpensive and renewable energy source in photocatalytic processes 
has been feasible [18]. While many semiconductor materials have the 
potential to be used as photocatalysts for water purification, their 
effectiveness is often limited by a wide bandgap, a short lifetime of 
electron-hole pairs, and high energy demands, resulting in low catalytic 
efficiency [25,26]. Intrinsically, three main factors affect photocatalysis: 
the surface-to-volume ratio, quantum confinement, and electrodynamic 
interaction [27]. The surface-to-volume ratio of nanoparticles is directly 
proportional to the free electrons on the surface. A larger surface-to- 
volume ratio means more free electrons on the material surface. 
Therefore, a large surface-to-volume ratio can enhance the photo-
catalytic reaction [28]. The quantum confinement occurs due to a 
change in the optical bandgap [29]. The quantum confinement effect is 
related to the Bohr exciton radius, which is affected by the size of the 
semiconductor and metal nanocrystals [30]. Quantum confinement ef-
fects alter the optical, electrical, magnetic, and chemical properties of 
materials, making semiconductor nanocrystals highly attractive as 
photocatalysts due to their tunable properties [31]. The van der Waals or 
dispersion force, an electrodynamic interaction, can be enhanced be-
tween neighboring particles, inducing charges in the dielectric property 
of nanomaterials [32]. While electrodynamics also influences the local 
surface plasmonic resonance of nanoparticles. The strongest plasmonic 
electric field intensities tend to be generated in the spaces between 
nanoparticles due to electrodynamic principles [33]. In photocatalytic 
reactions, photo-Fenton and Fenton [34] reactions take place due to a 
magnetic compound i.e. iron oxide, which was responsible for 
increasing the number of radicals such as superoxide radical (O−

2 ), hy-
droxyl radical (⋅OH), singlet oxygen (1O2) and reactive oxygen species 
(ROS). Beynod, the surface plasmonic feature of gold nanoparticles may 
boost enhance the rate of photo-Fenton reaction [35,36]. 

Based on the previous discussion, the Fe3O4@MoS2 and Fe3O4@-
MoS2@Au nanoparticles as photocatalysts were synthesized and studied 
in this work. The spherical structures of Fe3O4@MoS2 and Fe3O4@Mo-
S2@Au nanoparticles were obtained via simple synthesis processes and 
confirmed by using field emission scanning electron microscopy (FE- 
SEM). The chemical compositions of the nanoparticles were also verified 
by energy-dispersive X-ray spectroscopy (EDS) techniques. Further-
more, the Fe3O4@MoS2 and Fe3O4@MoS2@Au nanoparticles were 
demonstrated to act as photocatalysts to effectively remove the methy-
lene blue (MB) dye from water in the presence of different wavelengths 
of light. 

2. Experimental section 

The supporting file contains detailed information about the reagents 
and materials. Furthermore, the synthesis techniques were discussed in 
Section 1 of the supporting information (SI). Additionally, the specifics 
of photocatalysis measurements and computational analysis were 
described in SI Sections 2 and 3, respectively. 

3. Results and discussion 

3.1. Characteristics of Fe3O4@MoS2@Au nanoparticles 

The surface morphology of nanoparticles was confirmed by the FE- 
SEM (JEOL JSM-7800F). The hydrothermal approach was used to suc-
cessfully synthesize identical spherical-shaped Fe3O4 nanoparticles 
(Fig. 1a, b), and the MoS2 was successfully deposited on the surface of 
Fe3O4 nanoparticles (Fig. 1c, d), resulting in a flower-like structure [37]. 
After treatment with PVP and HAuCl4, gold nanoparticles were reduced 
and decorated on the surface of Fe3O4@MoS2 nanoparticles [38]. The 
gold nanoparticles fully cover the particle surface to form a spherical 
Fe3O4@MoS2@Au nanoparticle (Fig. 1e, f). The chemical elements of 
Fe3O4@MoS2@Au were characterized by EDS of FE-SEM. The EDS 
mappings in Fig. 1(g-l) illustrate the spatial distribution of Fe (Fig. 1h), 
O (Fig. 1i), Mo (Fig. 1j), S (Fig. 1k), and Au(Fig. 1l) elements in the 
Fe3O4@MoS2@Au nanoparticles. The central region of the particle ex-
hibits higher concentrations of Fe and O atoms, indicating a core-like 
structure. Mo and S elements align with lighter contours on the sur-
face, while Au distribution closely follows the particle’s shape. These 
findings support the conclusion that Fe3O4@MoS2@Au exhibits a 
layered encapsulation structure, with elemental distribution providing 
insights into the nanoparticle’s internal composition. 

The lattice space and structural parameters of Fe3O4@MoS2@Au 
nanoparticles were determined by X-ray Diffractometer (XRD) (CuKα 
radiation). The comparative XRD spectra of Fe3O4@MoS2@Au nano-
particles before use and after use in photocatalysis are shown in Fig. 2 
(a). The diffraction peaks of Fe3O4 at 35.1◦, 43.5◦, 53◦, and 62.6◦ can be 
attributed to the planes of (311), (400), (422), and (440) respectively, 
and were compared and analyzed with the JCPDS file No. 65-3107. The 
diffraction peaks of MoS2 were found at positions 35.11◦, 44.7◦, 56.78◦, 
and 62.6◦, with the planes of (102), (006), (106), and (107) respec-
tively, and were compared and analyzed with the JCPDS file No. 06- 
0097. The presence of Au was confirmed by comparing and analyzing 
the diffraction peaks with the JCPDS file No. 04-0784, where the peaks 
at positions 37.7◦, and 64.4◦ with the planes of (111), and (220) 
respectively, were observed. The XRD peaks obtained for both scenarios 
(original and recycled materials) were found at identical positions, 
indicating the stability of Fe3O4@MoS2@Au nanoparticles. This obser-
vation suggests that the nanoparticles remained unchanged and did not 
undergo any reactions with methylene blue during the degradation 
process. The sharpness and high intensity of XRD peaks indicate the high 
crystallinity of Fe3O4@MoS2@Au nanoparticles. The XRD signals of the 
recycled material exhibit a slight broadening, which may result from 
minor damage to the crystallinity of the sample during the recycling and 
cleaning process [39]. The transmission electron microscope (TEM) re-
sults revealed the spherical morphology of Fe3O4@MoS2@Au, as shown 
in Fig. 2(b). The surface of Fe3O4 was covered with MoS2, while MoS2 on 
the iron oxide was covered with gold, as shown in Fig. 2(c). The struc-
ture description of the synthesized core–shell nanoparticles is given in 
Fig. 2(d). MoS2, and Au exhibit crystal faces with (002) and (111) 
orientations, accompanied by corresponding d-spacing values of 0.64 
nm, and 0.269 nm. Otherwise, clear lattice lines cannot be observed by 
TEM for Fe3O4 deep in the structure. 

The absorption behaviors of the synthesized materials were analyzed 
with the UV–Vis spectrometer (JASCO U-550). Fig. 3(a) illustrates that 
the Fe3O4@MoS2 exhibits three MoS2 peaks [37,40] at 385 nm, 445 nm, 
and 696 nm. Moreover, Fe3O4@MoS2@Au nanoparticles possess a broad 
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absorption spectrum in the range of 400 nm–850 nm, and a specific 
absorption peak of MoS2 was revealed at 681 nm. This broad absorption 
occurred because of the plasmonic behavior of Au. The absorption 
spectra of Fe3O4@MoS2@Au showed a redshift in the Au peak, which 

can be attributed to the surface plasmonic behavior of the gold shell 
[31,32]. The atomic vibrations and structural properties of the synthe-
sized materials were studied using Raman spectroscopy (NANOSCOPE/ 
NS220). The Raman active vibration modes of Fe3O4@MoS2@Au and 

Fig. 1. The morphological characteristics of Fe3O4 (a, b), Fe3O4@MoS2 (c, d), and Fe3O4@MoS2@Au (e, f) were examined using FE-SEM. EDS mapping analysis of 
Fe3O4@MoS2@Au by FE-SEM (g-l). 

Fig. 2. (a) XRD spectra of original and recycled materials, and (b, c) high-magnification cross-section TEM images of Fe3O4@MoS2@Au. (d) Schematic structure of 
Fe3O4@MoS2@Au nanoparticles. 
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Fe3O4@MoS2 nanoparticles were presented in SI-Fig. 2(a) The Raman 
vibration of Fe3O4@MoS2@Au was observed to be higher intensity than 
that of Fe3O4@MoS2. The Raman active phonon modes for MoS2, which 
were observed, included 169 cm− 1(A1g-LA(M)), 380 cm− 1 (E1

2g), 441 
cm− 1 (2LA(M)). Meanwhile, the peaks for iron oxide were recorded at 
290 cm− 1(T1g), 674 cm− 1(A1g), and 1387 cm− 1(2LA(M)) [36]. The peak 
around 1596 cm− 1 belongs to Au enhancement [36,41–43]. The MoS2 
Raman signals seem to be a little weak because it was fully covered by 
Au nanoparticles. The JASCO-FT-IR 4600 instrument was used to record 
the Fourier transform infrared (FTIR) spectrum. SI-Fig. 2(b) illustrates 
the FTIR spectrum of Fe3O4@MoS2@Au and Fe3O4@MoS2. Analysis of 
the FT-IR vibrations of Fe3O4@MoS2@Au revealed that peaks between 
350 and 430 cm− 1 correspond to Fe-O stretching, while those at 458 
cm− 1 and 609 cm− 1 correspond to Mo-S vibrations [36,44,45]. How-
ever, the peaks at 552 cm− 1, 740 cm− 1, and around 969 cm− 1 are 

attributed to Fe-O stretching and bending vibrations. Nonetheless, the 
vibration 1107 cm− 1 is determined to be the stretching vibrations of the 
MoS2. 

To investigate the luminescence properties of Fe3O4@MoS2@Au 
nanoparticles, photoluminescence (PL) measurement was conducted 
with an excitation wavelength of 352 nm, as shown in Fig. 3(b). Two 
luminescence bands were observed, with the stronger one at 2.82 eV 
(440 nm) and the other at 3.23 eV (384 nm). The spectrum at 3.23 eV 
corresponds to the bandgap of iron oxide [46], while the signal at 2.82 
eV arises from nano-sized gold [47]. Due to the signal amplification 
generated by surface plasmon resonance, signal overlap occurs, result-
ing in a broader bandwidth. This phenomenon implies that the presence 
of nano-sized gold facilitates electron transitions at lower energy levels. 
Consequently, we deduce that the incorporation of nano-sized gold into 
the Fe3O4@MoS2 material enables photocatalytic processes with light 

Fig. 3. (a) Optical properties of Fe3O4@MoS2@Au and Fe3O4@MoS2 at room temperature. UV light absorbance spectra. (b) PL spectra of Fe3O4@MoS2@Au.  

Fig. 4. XPS spectra of Fe3O4@MoS2@Au. (a) a full-scan spectrum of Fe3O4@MoS2@Au. (b-e) high-resolution spectra of (b) Au, (c) Mo, (d) S, (e) Fe, and (f) O.  
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sources of longer wavelengths, thereby yielding energy-efficient out-
comes. The energy levels of several elements were analyzed using X-ray 
photoelectron spectroscopy (XPS) spectra as shown in Fig. 4 and 
compared with the literature; the results showed consistency with 
metallic gold, MoS2, and Fe3O4. The signals for Au at 87.4 eV (4f5/2) and 
83.75 eV (4f7/2) match the energy distribution of metallic gold, indi-
cating that the formation of gold nanoparticles did not involve chemical 
bonding with other materials [48]. The binding energy with the highest 
peaks of Mo was observed at 228.3 eV (3d5/2) and 231.6 eV (3d3/2), 
whereas S 2p1/2 and 2s have excited states at 161.2 eV and 226 eV, 
respectively [49]. The O1s peaks appear at 530.7 eV as the main peak 
representing the bonding energy of Fe-O, and a smaller peak at 531.8 eV 
corresponding to surface-adsorbed OH functional groups [50]. The sig-
nals for Fe and O also align with Fe3O4, with peaks at 710.7 eV and 724 
eV for Fe 2p3/2 and Fe 2p1/2, respectively [36,51]. The asymmetric peak 
shapes [51] indicate a distribution of charges, including Fe3+ and Fe2+. 

3.2. Photocatalysis characterization 

In the following experiment, the photodegradation of MB was per-
formed under UV light (8 W) and green light (8 W) at neutral conditions 
(pH = 7) and room temperature (300 K). The UV–Vis absorption spectra 
of MB during its photodegradation by Fe3O4@MoS2 and Fe3O4@Mo-
S2@Au nanoparticles were shown in SI-Fig. 3(a-d). The photocatalytic 
characterizations of Fe3O4@MoS2 and Fe3O4@MoS2@Au nanoparticles 
were analyzed based on the major absorbance peak of MB at 661 nm. 
The photocatalytic kinetics of Fe3O4@MoS2 and Fe3O4@MoS2@Au 
nanoparticles were illustrated in Fig. 5, showcasing the findings of the 
degradation ratio, efficiency, and pseudo-first-order reaction constant. 
After 9 hrs of exposure to UV light, the absorption peak of MB at 661 nm 
decreased more significantly in the Fe3O4@MoS2 treatment than in the 

Fe3O4@MoS2@Au treatment. The calculated MB degradation effi-
ciencies of Fe3O4@MoS2 and Fe3O4@MoS2@Au were 96.57 % and 
79.75 %, respectively (Fig. 5a). Moreover, the kinetic properties of the 
MB degradation followed the pseudo-first-order reaction (Fig. 5b). The 
experiment results showed that the concentration ratio of MB was only 
0.01 after the 9 hrs treatment of Fe3O4@MoS2, which was 27 times less 
than that of the treatment of Fe3O4@MoS2@Au. The pseudo-first-order 
reaction constant for the Fe3O4@MoS2 treatment was 3.75 × 10− 3 

min− 1, which was 1.73 times higher than the Fe3O4@MoS2@Au treat-
ment. The results suggest that no reaction occurred between MB and 
photocatalysis. Under UV exposure, Fe3O4@MoS2 nanoparticles have 
better degradation efficiency for MB. However, the use of UV treatment 
may not be an environmentally friendly solution for water pollution 
treatment. The UV light of type A in the range of 315–400 nm is also 
responsible for skin cancer, retinal burn, etc. [52]. Compared with UV 
light, the use of visible light in photocatalysis can be more environ-
mentally friendly and energy-saving. The plasmonic property of gold 
can be effectively excited by the green light, and thus the photocatalytic 
performance of Fe3O4@MoS2@Au nanoparticles was enhanced. In 
contrast, the Fe3O4@MoS2@Au treatment exhibited a more pronounced 
decrease in the absorbance peak of MB at 661 nm compared to 
Fe3O4@MoS2 under green light exposure, as shown in Fig. 5(c,d). After 
9 hrs of exposure to green light, the concentration ratios of MB were 0.27 
and 0.01 for Fe3O4@MoS2 and Fe3O4@MoS2@Au treatments, respec-
tively (Fig. 5c). Meanwhile, Fe3O4@MoS2@Au and Fe3O4@MoS2 
exhibited degradation efficiencies of 98.97% and 72.78 % for MB, 
respectively. The behavior of the pseudo-first-order [36] reaction con-
stant rate was linear as shown in Fig. 5(d). It also indicated that there 
was no reaction between MB and photocatalysis. The pseudo-first-order 
reaction constant for Fe3O4@MoS2@Au under green light was 3.8 ×
10− 3 min− 1, which was 2.7 times higher than that of Fe3O4@MoS2. The 

Fig. 5. Photocatalytic degradation of MB. Concentration ratio Ct/C and degradation efficiency (a, c); pseudo-first-order reaction rate constant (min− 1) for the 
absorbance peak of MB at 661 nm with time (b, d). 
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experimental data indicates that the photocatalytic activity of 
Fe3O4@MoS2@Au nanoparticles was superior to that of Fe3O4@MoS2 
under green light. Additionally, it achieved equivalent degradation ef-
ficiencies under green light photocatalytic conditions as Fe3O4@MoS2 
under UV light, demonstrating its remarkable practicability. The recy-
cling of the Fe3O4@MoS2@Au nanoparticles has been performed three 
times, as illustrated in SI-Fig. 4, and has been thoroughly described in 
the supporting information. A small difference in the absorbance ratio 
(SI-Fig. 4a) and efficiency (SI-Fig. 4b) was seen in the original to 3rd 
round of the recycling test. During the original to 3rd round, the 
degradation efficiencies were calculated as 85.74%, 84.3%, 82.6%, and 
79.23% respectively after 5 hrs. These results indicated that this mate-
rial has good stability for photocatalytic and can be used for the recy-
cling process. 

Greenlight is the main component of natural sunlight. Therefore, an 
experiment was also conducted on the morning of a sunny day under 
natural sunlight to investigate the photocatalytic properties of 
Fe3O4@MoS2@Au and Fe3O4@MoS2 nanoparticles in degrading MB. To 
simulate the common conditions, this experiment was conducted on a 
table next to an unobstructed window one morning. The kinetic 
behavior such as absorbance, efficiency, degradation ratio, and the 
pseudo-first-order reaction constant curves of the photocatalysts have 
been shown in Fig. 6. Fe3O4@MoS2@Au exhibits better photocatalytic 
activities than Fe3O4@MoS2 under exposure to natural sunlight. Within 
3 hrs, the degradation efficiency of Fe3O4@MoS2@Au and Fe3O4@MoS2 
for MB reached 78.0% and 70.2%, respectively (Fig. 6a). The pseudo- 
first-order reaction constant for Fe3O4@MoS2@Au under sunlight was 
6.3 × 10− 3 min− 1, which was 1.6 times higher than that of Fe3O4@MoS2 
(Fig. 6b). The experimental data indicated that the photocatalytic per-
formance of Fe3O4@MoS2@Au nanoparticles was better than that of 
Fe3O4@MoS2 under natural sunlight. As shown in Table 1., different 
heterojunction-based photocatalysis has been focused on in order to 
increase the degradation efficiency of organic compounds. 

3.3. Charge transfer analysis based theoretical analysis 

To investigate the impact of gold nanoparticles on Fe3O4@MoS2, 
simulation experiments were conducted using VASP 6.1.1 software, as 
shown in Fig. 7. In this model, crystalline Fe3O4 was combined with a 
two-dimensional MoS2 material. Subsequently, a comparative analysis 
of the changes in electronic charge resulting from the integration of two 
interconnected gold nanoparticle structures was performed, as depicted 
in Fig. 7(a). 

Fig. 7(b) depicts the variations of charge distribution for each atom 
after the addition of gold atoms. The red color represents positive 

charges, whereas the light blue color represents negative charges. The 
charge distribution and charge difference depiction demonstrate that 
the introduction of gold nanoparticle configurations causes observable 
electron migration from the outermost layer of gold and MoS2 toward 
the internal Fe3O4 matrix. Consequently, this results in an enhanced 
positive charge distribution (indicated in red) within the MoS2 constit-
uents, while simultaneously creating an additional negative charge 
reservoir (indicated in light blue) within the Fe3O4 substrate. According 
to electron valence calculations, iron atoms gained an average of 0.58 
electrons due to the presence of the gold structure. Whereas, oxygen 
atoms gain 2.06 electrons. In MoS2 materials, Mo atoms lose 2.05 
electrons, and S atoms lose 0.09 electrons. The electronic density of state 
(DOS) of Fe3O4@MoS2 and Fe3O4@MoS2@Au has been compared as 
shown in Fig. 7(c). It was observed that the inclusion of gold nano-
particles to the outer layer of the Fe3O4@MoS2 nanoparticles increased 
entire electron energy, causing their distribution to shift towards higher 
energy levels, as seen in Fig. 7(c). This observation suggests that the 
sample, when compared to its state before the addition of gold nano-
particles, exhibits a higher electron affinity and enhanced chemical 
reactivity [59]. 

3.4. Mechanism 

The photocatalytic mechanism of Fe3O4@MoS2@Au with MB in dark 
and light has been illustrated in Fig. 8. The molecular structure of MB is 
given in reference [60]. The possible reaction mechanisms during the 
photocatalytic processes were listed in equations 1 to 9 [36,61–65]. 
Oxidizing radicals and ROS were generated during a reaction due to the 
interaction of light and oxygen ions in the presence of moisture [66]. 
Superoxide radical (O−

2 ), hydroxyl radical (⋅OH), singlet oxygen (1O2) 

Fig. 6. Photocatalytic degradation of MB by Fe3O4@MoS2@Au and Fe3O4@MoS2 nanoparticles in the presence of natural light. Concentration ratio Ct/Co and 
degradation efficiency (a); pseudo-first-order reaction rate constant (min− 1) for the absorbance peak of MB at 661 nm with time (b). 

Table 1 
A comparative study of photocatalytic capabilities for MB dye degradation 
described in the literature.  

Composition Name Source Degradation 
efficiency % 

Reference 

C3N4/Fe3O4/Bi2WO6/ 
Bi2S3 

140 W LED 99.8 [53] 

Fe3O4@Ti-PDA Xenon lamp reactor 
(PLS-SXE300) 

92.4 [54] 

ZnO/Fe3O4 UV light 99.7 [55] 
G/Co/Fe3O4 UV light 78 [56] 
Fe3O4/PPy/C – 95.9 [57] 
MoS2 20 W halogen lamp 98 [58] 
Fe3O4@MoS2 UV light/Green light 96.57/72.46 This work 
Fe3O4@MoS2@Au UV light/Green light 79.74/98.95 This work  
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and ROS [36] are highly reactive molecules in comparison to oxygen 
molecules. The degradation rate of the reaction was dominated by the 
number of generated radicals [36]. Here, Au and MoS2 played an 
important role to generate the radicals on a large scale. Nonetheless, Au 
has plasmonic behavior at a green light and has an important role to 
enhance the degradation of MB. Gold-based catalysts can stimulate the 
breakdown of H2O2 into ⋅OH [67]. Under dark conditions, a small 
number of free charges on the surface of Fe3O4@MoS2@Au interact with 
oxygen and water molecules, leading to the generation of radicals, as 
illustrated in Fig. 8(a). Therefore, the degradation of MB was observed 
in the dark. The degradation of MB was halted when all free-charge 
carriers participate in the reaction, leading to a so-called 

adsorption–desorption equilibrium. At the equilibrium state in the dark, 
small Schottky barriers were formed due to the contact of Au and MoS2 
[67], and we speculate that it hinders the movement of electrons from 
the Au to the internal material. Therefore, the degradation rate is very 
small in the dark. As well as the light was opened, then Au nanoparticles 
exhibited the localized surface plasmon resonance (LSPR) effect and 
released hot electrons quickly, which affect the mobility of charge car-
riers in the Fe3O4 [68] and MoS2 (Fig. 8b and c). This phenomenon led 
to the excitation of “hot electrons” through LSPR, which subsequently 
moved to the outer surface of the particle, a process known as plasmon- 
induced hot-electron transfer (PHET) [55]. During PHET, a plasmon 
decays into a hot electron-hole pair within the metal through Landau 

Fig. 7. (a) Computationally model of Fe3O4@MoS2@Au structure. (b) Variations of charge distribution for each atom after the addition of gold atoms. (c) DOS 
comparison between Fe3O4@MoS2 and Fe3O4@MoS2@Au. 

Fig. 8. Degradation mechanism of Fe3O4@MoS2@Au nanoparticle in dark and green light. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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damping, followed by the transfer of the hot electron to adjacent 
semiconductors. These excited electrons accumulated on the outer sur-
face of Au (way 1) and also migrated to the conduction band of MoS2 
from Au (way 2) [26]. Additionally, the plasmon-induced interfacial 
charge-transfer transition (PICTT) effect also facilitated the transfer of 
hot electrons to the conduction band of MoS2 [55]. 

Meanwhile, MoS2 also gets energy from the light and generates 
electrons and holes (Eq. 1). As a consequence, the CB of MoS2 accu-
mulates a large number of electrons, and the surplus electrons are sub-
sequently transferred to the CB of Fe3O4. From the aspect of 
catalyzation, the PHET electrons on the particle surface quickly react 
with oxygen and H2O2 to generate a large number of ROS. The excess 
electrons on the CB of Fe3O4 via PICTT also enhance the Fenton reaction 
[18], which is the so-called photo-Fenton effect [69,70]. The Fenton 
effect is an effective way to produce highly reactive hydroxyl radicals 
(⋅OH) [69]. In summary, the Fe3O4@MoS2@Au nanoparticles can effi-
ciently produce a large number of ROS, because they can simultaneously 
trigger LSPR, PHET, and PICCT effects. ROS is known as the potential 
substance for destroying organic pollutants in wastewater. 

MoS2 + hυ→ MoS2 + h+ + e− (1)  

Au→Au+ + e− (2)  

Fe2+ ↔ Fe3+ + e− (3)  

O2 + e− → O.−
2 (4)  

H2O2 + e− → • OH + OH − (5)  

H2O ↔ H+ + OH− ↔ • OH + • h+ (6)  

2 • OH + 2H2O2→2 • HO2 + 2H2O (7)  

•HO2 → H+ + O.−
2 (8)  

•OH + organic compound → Product+CO2 + HO2 (9) 

To understand the role of ROS in charge transfer, we referred to the 
work of Wang et al. [62] and employed simulations to investigate the 
molecular charges and distribution changes during the photo-
degradation of MB. Fig. 9 shows the molecular charge distribution 
during each degradation pathway of the MB. MB gradually decomposes 
into shorter-chain molecules with lower toxicity, ultimately forming the 
end products CO2 and H2O. In every degradation step hydroxyl radical 
(⋅OH) reacts with carbonic molecules and continuously degrades it until 
the final step. From the simulation results, it can be observed that in the 
pristine MB molecule, the charges are mainly concentrated on the 
chlorine and nitrogen atoms. However, with the assistance of ROS, the 
charge distribution of the molecule gradually shifts towards the oxygen 
and sulfur atoms, causing certain bonds to break and leading to the 
gradual decomposition of the MB molecule. It can be understood that the 
photocatalysis efficiency is mainly dominated by the electron charge 
density [71], and ROS is the key to drive the redistribution of molecular 
charge. 

3.5. The role of H2O2 

From the reaction equation, it can be observed that the hydroxyl 
radicals (·OH) generated from the decomposition of H2O2 play a crucial 
role in the degradation process of MB. To investigate the effect of H2O2 
during the photocatalysis of Fe3O4@MoS2@Au, the degradation of the 
MB experiment was conducted under the exposure of green light. From 
the experimental results as illustrated in SI-Fig. 5, it can be observed that 
in the reaction without the addition of H2O2 for the 7 h, the concen-
tration of MB was only reduced by approximately 36%. In contrast, with 
the addition of 1 mL of H2O2 (35% v/v), the degradation efficiency 

significantly improved, and the concentration of MB decreased by 93% 
within 7 h. Furthermore, it can be also observed that, with the addition 
of H2O2, there is a noticeable accelerating trend in the photodegradation 
rate of MB after illumination. Conversely, in the absence of H2O2, there 
is no apparent acceleration in the photodegradation rate of MB after 
illumination. This experimental result indicates that H2O2 plays a 
crucial role as a precursor for generating hydroxyl radicals (·OH) 
throughout the entire photocatalytic process. It is also a key factor 
influencing the overall photocatalytic efficiency. 

4. Conclusion 

In this study, we successfully employed gold nanoparticle-modified 
Fe3O4@MoS2 for efficient MB photodegradation under low-energy 
green light conditions. We synthesized Fe3O4@MoS2@Au core–shell 
nanoparticles by modifying the surface of hydrothermally synthesized 
Fe3O4@MoS2 with gold nanoparticles using the reduction method. FE- 
SEM analysis demonstrated that Fe3O4@MoS2@Au has a spherical 
configuration. Our results indicate that Fe3O4@MoS2 nanoparticles are 
more active in UV light for the degradation of MB in wastewater, 
exhibiting an efficiency of 96.57%, which was 1.21 times higher than 
Fe3O4@MoS2@Au nanoparticles within 9 hrs. Furthermore, we found 
that Fe3O4@MoS2@Au exhibits better photocatalytic activity for the 
degradation of MB at longer wavelengths than UV light. The degradation 
efficiency of Fe3O4@MoS2@Au was 1.36 times higher than Fe3O4@-
MoS2, with a value of 98.97% in the presence of green light. A linear 
Pseudo-first-order reaction rate constant curve was observed, indicating 
that Fe3O4@MoS2@Au was inactive with MB. We calculated a Kapp 

Fig. 9. Degradation pathways of MB depicted with the electron surface density 
from the total SCF density (isovalue = 0.02 and 0.0004) mapped with ESP. The 
color scale ranging from higher positive values to negative values is represented 
by the blue, green, yellow, and red regions. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of 
this article.) 
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pseudo-first-order reaction rate constant of 3.8 × 10− 3 min− 1 for 
Fe3O4@MoS2@Au nanoparticle under green light, which was 2.7 times 
higher than the value of Kapp of Fe3O4@MoS2 nanoparticle. We also 
found that Fe3O4@MoS2@Au exhibited a degradation efficiency of 78% 
in natural light, which was 1.1 times higher than Fe3O4@MoS2 after 3 
hrs. The DFT computational results demonstrate that the LSPR of gold 
nanoparticles amplifies the charge transfer from the external Au to the 
internal Fe3O4, resulting in an enhanced degradation efficiency. The 
introduction of plasmonic gold nanoparticles causes a shift in the DOS of 
material towards higher energy levels, inducing a more active chemical 
reactivity in Fe3O4@MoS2@Au samples, thereby generating radicals 
more efficiently. In conclusion, the Fe3O4@MoS2@Au nanoparticles 
exhibit exceptional solar-driven photocatalytic performance for 
degrading MB. The excellent solar light harnessing ability, coupled with 
the magnetic recyclability of this nanocomposite, signifies its immense 
potential as an eco-friendly and sustainable photocatalyst for practical 
water purification. 
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