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Photocatalytic activity of a hydrothermally synthesized γ-Fe2O3@Au/MoS2 
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A B S T R A C T   

This article reports on a hydrothermally synthesized γ-Fe2O3@Au/MoS2 heterostructure with excellent photo
catalytic properties for the degradation of Methyl blue dye under green light at room temperature (300 K). The 
bandgap of the heterostructure was estimated from the Tauc plot and found as 0.91 eV (indirect) and 2.23 eV 
(direct). The optical and electrical activity of the heterostructure was revealed by the Raman spectra. The 
photocatalytic properties of γ-Fe2O3@Au/MoS2 heterostructures were investigated by degrading Methyl Blue 
(MB) dye under green light (8 W) at various catalysis concentrations and pH values. Within 4 h, 98 % efficiency 
was achieved using a low amount of 0.01 gm catalyst with 1 ml H2O2 at a pH of 12. The pseudo-first-order 
reaction rate constant (Kapp) revealed that no reaction occurred between MB and catalyst. Density functional 
techniques (DFT/B3LYP) with the LANL2MB basis set were used to calculate the energies, geometric structure, 
and vibrational numbers of MoS2 and γ-Fe2O3@Au. DFT was used to extract the basic vibrational wavenumbers, 
intensities, and the shifting of energy levels for each step in the photodegradation reaction. A good agreement 
was found between the experimental and theoretical results.   

1. Introduction 

To improve living standards, various fields, such as medicine, agri
cultural, and industry are being developed. With 130 million newborns 
worldwide each year, obtaining clean water will be a significant chal
lenge in the future. During the development process, a large number of 
perilous pollutants were arbitrarily discharged into the water in order to 
induce ecological contamination.[1] Toxic organic pollutants from do
mestic use and industrial activity are primarily responsible for the 
environmental problem. Harmful substances in industrial wastewater 
include engineered pigments and other natural pollutants. Every year, 
more than 1,000,000 business pigments(~7 × 105 tons) are produced 
for use in industries like paper, material, restorative, printing, food, and 
pharmaceutical.[2] 8–20 % of unutilized dyes have been discharged 
directly into the water.1 It causes cancer in humans and harms the 
environment. To obtain clean water, various techniques have been uti
lized to remove pigments from water.[2] At atmospheric pressure and 
temperature, photocatalytic degradation for water purification has 

piqued the interest of researchers because it has the potential to convert 
hazardous dyes and organic contaminants in an aqueous solution into 
harmless CO2, H2O, or inorganic anions.[3] Photocatalyst has used 
Fenton oxidation, photocatalytic oxidation, photo-Fenton oxidation, 
and other advanced oxidation processes (AOPs)[4], to produce radicals 
such as superoxide radical (O⋅−

2 ),[5] hydroxyl radical (⋅OH), singlet ox
ygen (1O2) and reactive oxygen species (ROS).[6] Radicals were found 
to be responsible for the degradation of carbonic pollution in water.[7] 
Photo-Fenton and Fenton reaction occurs in photocatalysis due to 
magnetic compound, which is responsible for increasing the number of 
radicals.[8] On the other hand, plasmonic and semiconductor-based 
heterojunction can facilitate fast charge separation.[9]  Because of 
surface plasmonic behavior, Au nanoparticles enhanced the rate of 
photo-Fenton reaction. The modification of metal nanoparticles (Ag, Au, 
Pt) can increase the activity in the visible region.[10]  
. 

In this study, a new heterostructure nanomaterial i.e. γ-Fe2O3@Au/ 
MoS2 was synthesized using the hydrothermal method. Various 
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advanced techniques were used for characterization including Fourier 
transform infrared spectroscopy (FTIR), Raman spectroscopy, UV–vi
sible spectroscopy, X-ray diffraction (XRD), transmission electron mi
croscopy (TEM), field emission scanning electron microscopy (FE-SEM), 
energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spec
troscopy (XPS), and dynamic light scattering (DLS). The photocatalyst 
was used in the presence of green light to degrade the methyle blue (MB) 
dye from water. The theoretical study was used to validate MB dye 
degradation based on changes in the HOMO-LUMO bandgap and mo
lecular vibrations. 

2. Computational analysis 

The density functional theory (DFT)[11] was used to calculate the 
theoretical parameters of MoS2/γ-Fe2O3@Au core–shell according to 
Becke’s three parameters and the Lee-Yand Parr[12–14] functional 
(B3LYP) with LAND2MB basis set. Gaussian 09 package was used to 
calculate all the theoretical calculations.[15,77]. 

3. Results and discussion 

The synthesis method and advanced instrumentation information are 
described in the Supporting information section (SIS) 1. TEM was used 
to examine the combination of MoS2 nanoflakes and γ-Fe2O3@Au cor
e–shell as shown in Fig. 1. The γ-Fe2O3@Au core–shell nanoparticles 
were submerged or soaked inside the MoS2 nanoflakes as illustrated in 
Fig. 1(a-d). Au and γ-Fe2O3 have (111) crystal faces with d-spacing 
0.26 nm and 0.53 nm respectively as illustrated in Fig. 1 (d).[16] The 
particle size of γ-Fe2O3@Au/MoS2 was calculated by using ImageJ 
software.[17] The thickness of MoS2 nanoflakes around the core–shell 
increased the size of γ-Fe2O3@Au core–shell in the heterostructure. 
MoS2 nanoflakes were found to be surrounding the γ-Fe2O3@Au cor
e–shell (Fig. 2 b). As a result, the nanoarchitecture was named nano
flakes γ- Fe2O3@Au/MoS2. The surface morphology of the synthesized 
compound has been analyzed by using FE-SEM and described in Fig. 2. 
The nanoflakes of the synthesized compound were visible in Fig. 2 (a-b) 
at the scales of 1 µm and 200 nm. The core–shell was completely covered 
with MoS2 nanoflakes as shown in Fig. 2. Nonetheless, EDX mapping 
was used to investigate the presence of all possible elements, as shown in 
Fig. 2 (c). This showed that the synthesized compound has very high 
purity and no additional elements were found as illustrated in Fig. 2 (d- 

h). 
XRD spectra of γ-Fe2O3@Au/MoS2 were examined in detail and 

compared to JCPDS data as illustrated in Fig. 3. The sample’s less sharp 
and broader diffraction peaks indicate relatively poor crystallinity of 
γ-Fe2O3@Au on the MoS2 support.[18,19] The presence of broader 
peaks at 35.5◦, 44.36◦, and 77.76◦ corresponding to (006), (009), and 
(001), respectively, confirms the presence of the rhombohedral and 
hexagonal crystal structures in MoS2 nanoflakes. The peaks at 33.28◦, 
35.74◦, 39.4◦, 43.82◦, 54.23◦, and 38.23◦, 44.69◦, 77.76◦ were indicated 
by their Miller indices (104), (110), (006), (113) and (200), (220), 
(311) and (111), (200), (311) were identified as γ-Fe2O3 and Au 
respectively. γ-Fe2O3 was covered by Au, therefore, iron oxide’s peaks 
were very poor. The SIS-4 Table 1 describes the explanation of each XRD 
peak and its comparison with the JCPDS data in detail. 

In Fig. 2(d-h) the coexistence of molybdenum (Mo), sulfur (S), gold 
(Au), iron (Fe), and oxygen (O) was revealed by the EDX spectrum of 
γ-Fe2O3@Au/MoS2, which was also confirmed by the XPS study (Fig. 4). 
The binding energies of iron oxide were calculated to be 706.7 eV, 709.6 
eV, 710.8 eV, and 712.1 eV.[20,21] The binding energies of Fe 2p3/2, O 
1 s, and Au 4f7/2 were 708 eV (Fig. 4 e), 529.8 eV (Fig. 4 d), and 84 eV 
(Fig. 4 b). The sulfur 2 s region is strongly overlapping with the Mo 3d 
state. The binding energies of Mo 3d (229.09 eV, 232.07 eV) and S 2p 
(162.085 eV) are depicted in Fig. (4c). Mo 3d XPS spectrum revealed 
excited states 3d5/2 and 3d3/2 at 229.09 eV and 232.07 eV respectively, 
whereas S 2p1/2 and O 1 s1/2 have only excited states at 162.085 eV and 
530 eV respectively. In stoichiometric MoO3, 435.9 eV binding energy 
corresponded to Mo+6.[22] In Fig. (4b), the peaks at 37.25 eV, and 
63.69 eV represent the Mo 4p and Mo 4 s. SIS-4 Table 2 mentions new 
oxidization and shifting XPS peaks with a good comparison. Peak 
shifting due to core–shell oxidation of outer sulfur (S–O) of MoS2 flakes. 
[23] This could be due to the defects in the MoS2 outer layers. As a 
result, a combination of S vacancies and metallic Mo clusters was 
formed.[23] According to the XPS result, the oxidation processes of Mo 
and S occurred. This was also one of the reasons why the radical quantity 
in the photocatalysis chemical reaction was increased. 

4. Optical property analysis 

4.1. Molecular vibration based on FT-IR 

The FTIR spectra of γ-Fe2O3@Au/MoS2 as well as the theoretically 

Fig. 1. (a-d) High-magnification cross-sectional TEM image of MoS2 nanoflakes agglomerated with γ-Fe2O3 clearly shows the layered structure of MoS2 nanosheets 
and core–shell of γ-Fe2O3. 
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calculated spectrum using DFT/B3LYP/LAN2MB are illustrated in Fig. 5 
and agree well with the experimental spectra. The total energy distri
bution (TED), showed the relative contributions of the redundant in
ternal coordinates to each normal vibrational mode of the molecule and 

thus allowed numerically defining the nature of each mode. Peaks Below 
700 cm− 1 belong to the Mo-O deformation mode, which could be caused 
by the sulfidation vibration.[24] The different experimental and theo
retical vibrational peaks have been shown in Table 1. The comparison in 
transmission between γ-Fe2O3, γ-Fe2O3@Au, and γ-Fe2O3@Au /MoS2 
was explained in the SIS-4 Table-2. 

4.2. UV–Visible absorbance spectra 

In the previous study, it has been found, that MoS2 has different 
optical UV–vis spectra, due to the 1 T,[25] 2H[26], and 3R modes.[27] 
The Brillouin Zone K point in 2D MoS2 has been assigned as 454 nm and 
400 nm.[28] These bands originated due to interband transition be
tween the occupied d2

z orbit and unoccupied dxy dx2 − y2 and dxy,yz orbitals. 
[29]. In the UV–vis spectra, the Au peak at 560 nm[30,31] (Fig. 6a) has 
good absorbance. Au peaks disappeared in the heterostructure, and two 
excitons (smooth) peaks at 545 nm and 719 nm (Fig. 6b) were found. 
The region colored blue, yellow, and red colors represents the γ-Fe2O3, 
Au, and MoS2 optical absorbance spectra Fig. 6 (a-b). The absorbance 
shifting in the UV–vis spectra of γ-Fe2O3@Au/MoS2 has been assigned 
by γ-Fe2O3@Au. Using UV–visible spectra, the direct/indirect bandgaps 
of γ-Fe2O3@Au and γ-Fe2O3@Au/MoS2 were calculated and found to be 
3.07 eV/0.94 eV and 2.23 eV/0.91 eV respectively, as illustrated in 
Fig. 6 (c-d). Nonetheless, the direct/indirect bandgap of heterostructure 
was reduced when compared to γ-Fe2O3@Au. The heterostructure has a 
lower bandgap than visible light. As a result, the excited electron can 
easily move from the valance band to the conduction band. Dielectric 
constant decreases with an increase in the bandgap for nanoparticles. 
[32] This compound has dielectric confinement and can absorb photons 
quickly without being disturbed.[33,34] As a result, it may lead to po
tential optoelectronic and nanoelectronic applications.[35–37] Absor
bance shifting demonstrated quantum confinement, dielectric 
confinement, and edge effect.[38]. 

Fig. 2. (a-c) The morphological and (d-i) EDX mapping analysis of γ-Fe2O3@Au/MoS2-based products by FE-SEM.  

Fig. 3. XRD spectra of MoS2 nanoflakes agglomerated with γ-Fe2O3@Au.  

Table 1 
Experimental FTIR and computed vibrational wavenumber (cm− 1) along with 
the assignment of Fe2O3@Au/MoS2.  

Wavenumber in cm− 1 Assignment 

Experimental Theoretical  

415 415 S-Mo stretching 
421, 425, 450 423 S-Au stretching 
465 467 In-plane MoS2 streching 
551 554 Fe = O out of plane blending 
674, 690 683 O = Fe = O stretching 
1223 1219 Fe = O stretch of Au  
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5. Anomalous lattice vibrations analysis 

The absolute Raman intensities were calculated using the intensity 
theory of Raman scattering and the Raman activities (Si) acquired with 
the Gaussian 09 software, 

Ii =
f (v0 − vi)

4Si

vi[1 − exp
(
− hcvi

KT

)] (1)  

where v0 and vi are the laser exciting wave number and vibrational 
wavenumber of ith mode in cm− 1, and Raman scattering activity of 
normal mode was represented by Si with f as a normalizing factor. The k, 
h, c, and T have been denoted as Boltzmann, Plank constants, speed of 
light, and temperature, respectively. Fig. 7 depicts the experimental and 

Fig. 4. (a-e) X-ray photoelectron spectroscopy (XPS) Mo, S, Au, and Fe in the different excited states.  

Table 2 
A comparative study of photocatalytic properties for degradation of MB Dyes 
with those reported in the literature.  

Composition Name Source Degradation efficiency % Reference 

Fe2O3-TiO2/SF – 94.2 % [56] 
Ag/AgCl 443 nm laser 90.8 [57] 
n-SnO2/p-CFO Sun light 87 [58] 
TiO2/AC-(L) UV 99.43 [59] 
MoS2/graphene 10 w white LED 97.8 [60] 
MoS2/SA-Fe3+ Infrared laser 98 [61] 
γ-Fe2O3/SrTiO3 Visible light 84.91 [62] 
Co-α-Fe2O3 Visible light 91.8 [63] 
γ-Fe2O3@Au/MoS2 Green LED 98 This work  

Fig. 5. Theoretical and experimental FTIR spectra of Fe2O3@Au/MoS2.  
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theoretical Raman investigation of γ-Fe2O3@Au/MoS2. The comparison 
of Raman peaks between γ-Fe2O3, γ-Fe2O3@Au, and γ-Fe2O3@Au/MoS2 
has been explained in SIS-3, additional standard orientation and Dis
tance matrix (angstroms). The shifting of Raman peaks could be seen in 
Fig. 7. MoS2 exhibits atomic vibration at 192 cm− 1, ZA (M); 278 cm− 1, 
E1g (Γ); 332.8 cm− 1, E2u (M); 377 cm− 1, E1

2g(M); 449 cm− 1, A2u (Γ); 656 
cm− 1,A1

1g − LA(M)h; 820 cm− 1, and 2*A1g (Γ)0.991 cm− 1.47,48 [39] 
γ-Fe2O3 has Raman active modes at 355 cm− 1 (E1g), 381 cm− 1 (T2g), 510 
cm− 1 (T2g) and the peaks around 600 cm− 1 to 805 cm− 1 also represent 
the Raman vibration for γ-Fe2O3.[40,41] The lower energy of Raman 
laser has been used which is comparable to the bandgap of the MoS2 and 
responsible for the excitation.[42,43]. 

The most strongly observed Raman active phonon modes for MoS2 
were 374 cm− 1 (E), 405 cm− 1 (A1g), 453 cm− 1 (2LA), while iron-oxide 
peaks were 223.86 cm− 1, 183 cm− 1, 628 cm− 1. Au Raman peaks 
around 1560 cm− 1 have been identified.[30] The unusual behavior of 
the longitudinal acoustic mode (LA) occurs near the midpoint of the 

Brillouin zone.[44] The enhancement in 2LA mode has occurred due to 
coupling resonance.[45] The similarity between the experimental data 
and theoretical data for Raman’s peaks is shown in Fig. 7. A1g phonons 
were stronger than the E1

2g phonons because of excited d2
z state. There

fore, the intensity of A1g has been optimized more intense compared to 
the E1

2g. The atomic vibration between the inner and outer layers 
determoines the structure of any compound. Therefore, the structural 
change was caused by the highly active A1g mode. This indicates the 
presence of anomalous lattice vibrations,[43] anisotropic properties, 
higher energy excitation transition, thermal effect,[46] optical absor
bance, and Vander-Waals force. In the previously reported data,[43] the 
difference between E1

2g and A1g modes has been found to be 3 cm− 1 for a 
single layer of MoS2.[43] As a result, the energy difference between E1

2g 
and A1g vibration modes of Mo-S was ~ 29 cm− 1 corresponding to 5–8 
nanosheets.[47] The broader peak of E1

2g indicates that a simple har
monic motion (SHO) in a plane covered a large displacement, which 
increased the effective restoring force acting on the atoms due to the 
long-range Coulbombic interlayers Van der Waals interaction.[43] The 
increase and decrease in the broadening of E1

2g and A1
g peaks belong to 

anomalous behaviors. Therefore, it implies that this compound has a 
flexible behavior.[43] The coupling of phonon in an interlayer plane 
belongs to small sensitivity to thickness of the E1

2g mode. LSPR property 
was observed due to enhancement in the intensity of the A1

g and 
anomalous behaviors of E1

2g. [48] As a result, 2LA vibration was found 
with good intensity. The application and synthesis methods of some 
MoS2 compositions have been organised in SIS-3. 

From SIS-3 it was found that broadening in the peaks of Raman 
spectra and lower bandgap of the material make them suitable for 
photocatalysis. According to the above characterizations like TEM, 
Raman, and XPS, it can say that γ-Fe2O3@Au /MoS2 was promising for 
catalysis application. This is the first paper to describe a multi-layered 
core–shell γ-Fe2O3@Au/MoS2 with multiple photocatalysis and long- 
term durability. 

Fig. 6. (a,b) UV light absorbance spectra of γ-F2O3@Au and γ-F2O3@Au/MoS2. (c-d) direct/ indirect band-gap of γ-F2O3@Au and γ-F2O3@Au /MoS2.  

Fig. 7. The Raman shifting at room temperature of MoS2 nanoflakes agglom
erated with γ-Fe2O3@Au characterized by Raman spectra. 
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6. Photocatalyst measurement 

The kinetic model[49] is useful to describe the pathways of the 
catalytic reaction. The catalytic reaction involves several reaction con
ditions, including the concentration of H2O2, the amount of catalyst, 
medium, and concentration of MB. 2 ml (0.0156 M) MB was mixed in 
200 ml DI. A small amount of 0.01 g γ-Fe2O3@Au/MoS2 was added to 
the solution. Before irradiation, the solution was mechanically stirred in 
dark for 60 min to ensure the formation of an adsorption–desorption 
equilibrium.[50] The above solution was then mixed with 35 %, 1 ml of 
H2O2 (pH 1.8), and the mixture was irradiated under a green LED light. 
The compound’s photocatalytic efficiencies were evaluated using the 
degradation of MB at room temperature and an 8-watt green LED light. 
These steps were repeated for different concentrations of (0.02 gm and 
0.03 gm) γ-Fe2O3@Au /MoS2 and pH (4.48, 7, 10 & 12). Otherwise, the 
conditions remained the same as the first trial. The solution was irra
diated continuously for three days after adsorption–desorption equilib
rium at 0.01 gm γ-Fe2O3@Au /MoS2 (pH 4.48) to learn about the 
behavior of catalyst for degradation of MB. The catalysis properties of 
γ-Fe2O3@Au/MoS2 were performed at 7 pH and without H2O2 as shown 
in SIS-5 Fig. 4. After adding γ-Fe2O3@Au/MoS2 catalyst, the reaction 
occurred, resulting in dye color removal. The degradation efficiency, 
ratio, and degradation rate of MB were calculated using Eqns. 2, 
[2,51,52] 3, 4,[53–55] and 5. The 1.5 µl solution and 2.5 µl DI were 
placed in a cuvette to determine the degradation effect over time. The 
kinetic properties were measured with a UV–Visible spectrometer at 
room temperature (300 K). 

(η)Efficiency % =

(
Ao − At

Ao

)

*100 %  

Ratio =
At

Ao  

log(Ao/At) = Kapp*t  

Degradation Rate =
Change in absorbance magnitude

Change in time  

where Ao is the initial absorbance magnitude of 2 ml MB in 200 ml DI, At 
is finial absorbance magnitude of MB, Kapp are pseudo-first-order reac
tion rate constant (min− 1) and t was the time in minute, respectively. 

7. Photocatalysis characterization 

The UV–vis. absorbance spectra of MB degradation were shown in 
Fig. 8(a & b). The absorbance magnitude of the pure MB absorbance 
curve decreased with time and has two major peaks 612 nm and 661 nm. 

Fig. 9 depicts the kinetic behavior of catalysis at different concentrations 
and pH values. Without H2O2, the MB degradation of catalysts was 
tested at 0.01 gm and 4.48 pH. In this condition, the degradation effi
ciency was reached at ~ 20 % after 10 hrs as illustrated in SIS-5 Fig. 5. 
The kinetic behavior of catalysts (0.01 gm & 4.48 pH) for both peaks was 
similar in the form of an exponential as shown in Fig. 9 (a & b). The 
degradation rate of the peak 661 nm was reached at 0.00156 from 
0.0034 in dark, indicating that the solution was in adsorp
tion–desorption equilibrium.[54] The degradation rate (0.155384) was 
increased within the next 30 min, which was 99 times faster than in 
dark. After adding H2O2, the kinetic properties of the MB degradation 
followed the pseudo-first-order reaction (Fig. 9b) and the pseudo-first- 
order reaction constant was 3.12 × 10–4 min− 1. As a result, no reac
tion occurred between MB and catalysis. Almost all dye color was 
removed after 24 hrs and the degradation efficiency was reached ~ 98 % 
at 0.01 gm catalysts and 4.48 pH. Different conditions, such as different 
concentrations of catalysis and pH, were used to improve degradation 
efficiency/time. 

As well as the concentration of catalysis was increased then the 
degradation rate and efficiency were increased. (Fig. 9c). Nonetheless, 
as shown in Fig. 9 (d), the pseudo-first-order reaction constant (min− 1) 
was also increased. The degradation rate, pseudo-first-order reaction 
constant, and efficiency were more effective at higher pH values as 
illustrated in Fig. 9 (e & f). At 12 pH, the degradation efficiency reached 
93.5 % after 360 min. Nonetheless, in a few hours, all blue color dis
appeared and the efficiency reached 98 %. The degradation result at 7 
pH and the recycling process have been discussed in SIS-5. This material 
has good stability for photocatalytic and can be used for the recycling 
process as illustrated in SIS-5 Fig. 10. γ-Fe2O3@Au/MoS2 showed 
slightly higher activity during the first-round test, and the degradation 
rate slightly declined after four test rounds. 

8. Mechanism 

The various pathways (Fig. 10) to degradation of MB were calculated 
by the simulation using Gaussian. MB’s degradation with various 
pathways was made possible by the follow-up reactions 6–14 involved in 
the chemical reaction.[52,54,64,65] The chemical activity of 
γ-Fe2O3@Au /MoS2 with MB in dark and light has been illustrated in 
Fig. 11. The mobility of the electrons increased as H2O2 was added,[66] 
resulting in more ions in the solution and faster degradation of MB under 
green light irradiation. The interaction of light and oxygen in presence of 
moisture produces oxidizing radicals and ROS.[67] Nonetheless, Au 
exhibits plasmonic behavior under green light and plays an important 
role in enhancing MB degradation. Au increased the number of holes- 
electrons pairs and promoted the breakdown of H2O2 into ⋅OH. 

Fig. 8. Time-dependent UV–Visible absorbance spectra of degradation of MB for 0.01 gm catalyst at pH values of (a) 4.48 and (b) 12.  
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Fig. 9. Photocatalyst degradation of MB a, c, e absorbance, and degradation efficiency; b, d, f absorbance At/Ao ratio, and are pseudo-first-order reaction rate 
constant (min− 1) at different concentrations of catalysis and different pH with time. 

Fig. 10. The degradation pathways of methyl blue reacting with photocatalytic oxidant.  
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MoS2 + hυ→MoS2 + h+ + e− (6)  

Au→Au+ + e− (7)  

Fe+2 ↔ Fe+3 + e− (8)  

O2 + e− →O.−
2 (9)  

H2O2 + e− →⋅OH +OH − (10)  

H2O ↔ H+ +OH− ↔ ⋅OH+ h+ (11)  

⋅OH+H2O2→⋅HO2 +H2O (12)  

⋅HO2 →O⋅−
2 +H+ (13)  

⋅OH + organic compound→Product+CO2 +HO2 (14) 

Small Schottky barriers were formed due to the contact of Au and 
MoS2 at the equilibrium state,[68] then the mobility of charge carriers 
were stopped. Therefore, the degradation rate became extremely low. 
When the green light was turned on, then Au quickly released electrons, 
due to which the mobility of charge carriers in γ-Fe2O3[69,70] and MoS2 
was increased. As illustrated in Fig. 11 (c), various photocarrier with 
distinct routes (1, 2 & 3 routes) were active in the system. The process by 
which plasmon-induced “hot electrons” are generated and reach the 
outer surface is known as plasmon-induced electron transfer (PIET) 
(route 1).[71] These electrons were quickly absorbed by oxygen and 
increased the number of ROS. Another plasmon-induced interfacial 
charge transfer to the conduction band of MoS2 via route 2. The number 
of electrons was generated as a result of surface plasmon decay and 
plasmon-induced interfacial charge-transfer transition (PICTT).[71] 
Enhanced light absorbance causes the formation of electron-hole pairs in 
MoS2, which can be extracted using a light source (route 3). The elec
tromagnetic field and localization’s enhancement increased the absor
bance of light surrounding MoS2.[68] ROS have been identified as the 
potential substance for destroying original pollutants in wastewater. In 
comparison to oxygen molecules, superoxide radical (O.−

2 )[72], hy
droxyl radical (⋅OH)[72], singlet oxygen (1O2) and ROS are highly 

reactive molecules. In presence of H2O2, a large no. of ROS were pro
duced in green light. Therefore, the degradation efficiency of MB was a 
more than 98 %. 

The photodegradation mechanism and shifting of energy level were 
also verified by theoretical calculations. In this analysis, we analyzed the 
change in the vibrational spectrum of the molecules during each 
degradation process and found that the results were very similar to our 
experimental results. 

From FTIR data, when the OH molecules interacted with MB, then 
oxygen and hydrogen get attached to the sulfur and the nitrogen 
respectively, resulting in the formation of no peak between 2200 and 
2600 cm− 1 (step 6). The molecule dissociates from the center due to the 
difference in the energy levels, as shown in Fig. 12. The presence of 
benzothiazole in the solution is indicated by a strong peak ranging from 
50 to 400 cm− 1. When methyl blue is dissolved in water, Cl is separated 
first. During the bombardment of the radical species, the N-CH3 link is 
initially broken and the –CH3 is oxidized into HCHO or HCOOH. As 

Fig. 11. Mechanism of degradation in dark and green light.  

Fig. 12. Theoretical FTIR analysis of degradation process.  
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shown in the FTIR spectrum of steps 3, 4, and 5 the C–S and C–N bonds 
on methylene blue’s core heterocycle are easily disrupted by the free 
radical attack, yielding 2,5-diaminobenzenesulfonic acid and 4-amino
catechol. The formaldehyde and 2,5-diaminobenzenesulfonic acid are 
used to make benzothiazole. These intermediates are eventually 
oxidized to a single ring structure, producing CO2 and H2O. 

The shifting of energy levels was analyzed by the HOMO (higher 
occupied molecular orbitals) and LUMO (lower unoccupied molecular 
orbitals) during each step and illustrated in Fig. 13. As it can be seen 
from Fig. 13, the energy gap of methyl blue is 3.04 eV based on the 
calculated HOMO (− 3.71 eV) to LUMO (− 0.67) molecular energy level. 
This study also demonstrates that when MoS2 ions interact with the 
methyl blue, the energy gap was grammatically reduced to 0.49 eV. This 
change in energy was responsible for the degradation of methyl blue in 
some non-toxic materials. HOMO-LUMO energies were important in 
governing a wide range of chemical interactions. [73–76]. The optical 
energy gap significantly influenced the photocatalytic degradation ef
fect of γ-Fe2O3@Au/MoS2. The calculated HOMO-LUMO energy gap 
reveals that the main π conjugation and electron density of the 
γ-Fe2O3@Au increases by introducing electron-donating substituent 
MoS2. As a result, the photodegradation rate of the degradation of MB 
was enhanced. 

9. Conclusion. 

In this study, the γ-Fe2O3@Au/MoS2 heterostructure was success
fully synthesized by the hydrothermal method and characterized. The 
presence of the new XPS peaks showed that this compound has a weak 
Van der Waals force and MoS2 defects, which made it easy to remove 
electrons from the surface. The direct/indirect bandgap 2.32 eV/0.91 eV 
was calculated. The enhancement in the 2LA Raman vibration mode was 
a good indication of the coupling of the resonance condition to the 
electronics associated with the excitonic state. Plasmonic behaviors, 
weak Van der Waals force, semiconductor property, and presence of 
MoS2 defects made it unique for photocatalysis to degradation. It has 
excellent catalyst properties for reducing the water pollution caused by 
dyes. At a low amount (0.001 g) of catalyst and (1 ml, 35 %) H2O2, the 
degradation efficiency was reached more than 98 %. The experimental 

characterization results and degradation phenomena were verified by 
the theoretical results using density functional techniques (DFT/B3LYP). 
The changes in the HOMO-LUMO energy gap of each degradation step 
reveal that the main π conjugation and electron density of the 
γ-Fe2O3@Au increases by introducing electron-donating substituent 
MoS2. 
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