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ABSTRACT

Constructing excellent heterojunction to improve the photocatalytic performance of materials is critically im-
portant. Herein, we report an effective simple, easy preparation method for a-Fe;O3;@MoS,QDs nanocomposite
via two two-step process, including hydrothermal and ultrasonication approaches. The as-prepared materials
were characterized using X-ray diffraction (XRD), Transmission electron microscope (TEM), TGA, X-ray fluor-
escence (XRF) and photoluminescence spectra (PL). The refined PXRD patterns of a-Fe,O3 photocatalyst confirm
the formation of a single trigonal phase of Fe,O3 without another phase impurities. When the MoS, QDs were
coupled with a-Fe;Os3, the phase was changed to a single monoclinic phase with C 2/C space group and no peaks
observed for MoS, QDs. Morphological analyses reveal the successful formation of Fe,O3@MoS,QDs nano-
composites with uniform distribution of MoS, QDs on the Fe,O3 surface. The XRF analysis confirmed the pre-
sence of Mo, S, and Fe elements indicating the nanocomposite formation. The Uv-vis results revealed the en-
hancement of absorption capability of the a-Fe,O;@MoS,QDs material, particularly in the white light region.
Very noticeably, the as-prepared a-Fe,O;@MoS,QDs exhibit high photocatalytic activity performance (84%)
toward methylene blue (MB) in 1 min under visible light irradiation. The superior photocatalytic performance of
the prepared material can be attributed to the enhancement of the light absorption and the high separation
efficiency of photogenerated electron-hole pair in Fe,O3@Mo0S,QDs structure, which confirmed by PL analysis.
The mechanism of photocatalytic degradation of MB over Fe,O3@MoS,QDs nanocomposite was suggested. This
work provides a new, low-cost and straightforward idea for enhancement of the degradation performance of
organic pollutants in water.

1. Introduction

owing to a-Fe;O3; has a low bandgap of 2-2.2 eV, it is a promising
visible-light material since, it absorbs the most of visible light and thus,

Hematite (a-Fe,03) is an attractive material because of has several
features, for instance, the most stable iron oxides, cheap cost, non-toxic,
abundance, and the production is simple [1-5]. a-Fe;O3 has numerous
applications in several aspects, such as in magnetic materials, water
purifications, catalysts, sensors, pigments, molecular imaging, biome-
dical applications including drug delivery systems, and energy storage,
particularly Lithium-ion batteries as a cathode material [6-10]. Besides,

it can utilize as a photocatalyst [11-14]. Nevertheless, it is challenging
to separate the photo-induced electron-hole pairs in a-Fe;O3, which
limits their further use as an active photocatalyst. Currently, several
routes utilize to synthesize a-Fe,O3, for instance, sol-gel, hydrothermal,
microwave-assisted solvothermal, and combustion method [15-17].
With the change of the preparation method, the shape, size, and mor-
phology of the particles can be changed [18]. The morphology and size
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of a-Fe,03 have an essential role in the performance of a photocatalyst
[19]. It is worth mentioning that the pristine a-Fe,O3 has a low effi-
ciency of photocatalytic in the visible range irradiation, low specific
surface area, fast recombination, and short lifespan of light-generated
electron-hole pairs, so many studies were carried out to improve the
separation efficiency of photogenerated electron-hole pairs [12,15].

To enhance the photocatalyst activity via improving the separation
of photogenerated electrons and holes, Peng et al. [20] prepared the
heterostructures of Fe,O3/TiO, photocatalysts with different loading
ratios of Fe** on the surface of TiO,. They claimed that the Fe,03/TiO,
heterostructures have high an efficient degradation for Orange II
compared to pure TiO, and Fe,O3 and they attributed these results to
the high separation for the electron-hole pair generation in the Fe,O3/
TiO, photocatalyst. In the same way, Zhu et al. [21] obtained photo-
catalytic activity of the a-Fe,O;@SnO, core—shell structure much
higher than the pristine a-Fe;O3 or SnO, for Rhodamine B. Zhang and
co-works [22] found that the coupling of RGO and a-Fe,O5; enhanced
the photocatalytic activity of the RGO -a-Fe,O3 heterostructure and this
can be ascribed to the good charge carrier transfer in the hetero-
structure and the large active sites of RGO for dye degradation.

It is clear for us that graphene has several characteristics that pos-
sess distinctive physical and chemical properties, and the molybdenum
disulfide (MoS,) has a similar layered structure [23,24]. Owing to a
small bandgap 1.7 eV and high active sites, the nanoscale MoS, is re-
cognized as a potential photocatalyst and adsorbent material [25-28].
The incorporation of MoS, in metal oxide nanoparticles can reduce the
bandgap, which will effectively facilitate the transport of light-emitted
electron-hole pairs. Besides, the MoS, and noble metals have a similar
role, since the sheets of MoS, can serve as electron collectors, which can
be used to separate electron-hole pairs. Furthermore, two-dimensional
layered structure MoS2 leads to increased surface area and strong in-
tegration with oxide materials [29,30].

Compared to bulk-MoS, or MoS, nanosheets, MoS, quantum dots
(MoS, QDs) have received more attention because of its high stability in
aqueous media and more number of active edge atoms. MoS, QDs can
be prepared via several methods, including liquid exfoliation [31],
hydrothermal [32], and lithium intercalation [33]. However, in some
preparation techniques, the preparation can involve complicated pro-
cedures and be time-consuming. Therefore, developing a fast, simple,
nontoxic, and one-step solution method to synthesize MoS, QDs re-
mains a challenge. The coupling of MoS, QDS with semiconductors and
catalyst materials can enhance the photocatalytic performance. For
example, Sun and co-authors [34] reported an enhancement in the
photocatalytic H, production when CdS decorated with MoS, QDS,
compared to CdS and Bulk MoS>—CdS photocatalyst.

Presently, we shine a light for the first time on the enhancement of
the photocatalytic performance of a-Fe;O3@MoS, QDs heterostructure
fabricated by ultrasonication techniques. The structural properties of
the prepared materials were studied by XRD before and after the pho-
tocatalytic experiment and there is only one phase of a-Fe,O3; was
observed. The coating of a-Fe,O3 by MoS, QDs investigated by TEM.
The optical absorption capability and the electron and hole generated
pairs separation of the Fe,O;@MoS, QDs photocatalyst were sig-
nificantly enhanced. In order to evaluate the possibility of treatment of
polluted water in this work, the photocatalytic degradation experiments
toward MB were carried out. We demonstrated that owing to the above
obtained structural and optical results, the Fe,O3;@MoS, QDs material
exhibits superior photocatalytic efficiency.

2. Experimental section
2.1. Materials
Ammonium molybdate ((NH4)>Mo00O,4), Thiourea (CH4N,S), were

used to prepare Molybdenum disulfide (MoS,) as chemical reagents.
Iron nitrate (Fe (NO;),), starch (C¢H;¢Os) used to prepare a-Fe,O NPs.

Ceramics International xxx (XXxXX) XXX—XXX

3. Materials preparation
3.1. Preparation of a-Fe;O NPs

Iron oxide powder synthesis was performed by means of a solid-
state combustion method: metal nitrate salt; iron nitrate used as an
oxidant in the combustion reaction and starch (C¢H;00s) was used as a
fuel for combustion. The synthetic technique is based on the reaction of
oxidation 5 g of starch used as a fuel, was added to one male of Fe
(NOs),, and grinded together and placed on a hot plate in an oven at
60 °C for 24 h. The resulting samples were evaporated to dryness at
80 °C for 2 h and had very high foam content. The foam was decom-
posed at 600 °C for 3 h to eject carbon in the form of CO, resulting from
the combustion of starch — nitrate mixture.

3.2. Preparation of MoS; nanoflowers

The MoS, nanoflowers were prepared via one-step through [27].
Specifically, 1.811 g of Ammonium molybdate and 0.557 g of thiourea
were dissolved in 44 ml of distilled water under stirring for several
minutes. The mixture was put into Teflon-lined stainless steel autoclave
with filling ratio of 44% and heated at temperature 180 °C for 20 h. The
mixture was then cooled suddenly. The precipitate was then collected,
centrifuged, and washed several times by methanol and distilled water,
then dried at 80 °C for 24 h.

3.3. Preparation of MoS2 QDs

For preparation MoS, QDs, the ultrasonic mixing method was used
[35]. 50 mg of the obtained black MoS, nanosheets were then added
into 50 ml of distilled water and sonicated for 2-3 h until a good sus-
pension was obtained. To separate the supernatant (MoS, QDs), the
obtained suspension was centrifuged at 18,000 rpm for 80 min. The
supernatant obtained was referred to as 1T-MoS, QDs.

3.4. Fabrication of a-Fe;03@MoS,QDs nanocomposite

Photocatalysts a-Fe,O3@MoS,QDs was fabricated through ultra-
sonic mixing techniques. First, 50 mg of a-Fe,03; was dispersed into 30
distilled water for several mints. After that, 10 ml of MoS, QDs
(0.004 g) were added to the a-Fe,O3 solution and the mixture was
sonicated for 1h. Then, the obtained mixture was centrifuged, washed,
and dried for 24 h at 60 °C to give a-Fe,O3@MoS,QDs material.

3.5. Characterization techniques

X-ray powder diffraction (XRD) measurements were conducted
using X-ray diffractometer Bruker D2 Phaser and recorded with a 20
range of 5-90 and 0.01 steps. The morphology analyses were char-
acterized using transmission electron microscopy (Tecnai G2 Spirit Bio
TWIN) operating at 120 kV. The chemical compositions of the prepared
materials were determined using X-ray fluorescence spectrometer
(SPARK-1-2M). Photoluminescence spectra (PL) spectra were in-
vestigated using Agilent Cary Eclipse optical fluorescence spectro-
photometer. Thermogravimetry and differential scanning calorimetry
were analyzed STA 449 F5 Jupiter. NANO-flex determined the particle
size of the prepared materials based on the dynamic light scattering
(DLS) effect. The optical properties of the prepared samples were con-
ducted through spectrophotometer Shimadzu UV-2600. The absorbance
spectra were operated in the 190-900 nm range with the air reference.

3.6. Photocatalytic experiment
The photocatalytic experiments of the prepared materials were

conducted by degrading MB in an aqueous solution (10 ppm) at room
temperature and under white light illumination. 10 mg catalyst dosage
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Fig. 1. The XRD pattern for (a) pristine a-Fe,O3 and (b) a-Fe,03@MoS,QDs materials.

wad added to the dye solution. Under dark condition, the solution was
stirred to eliminate the dark adsorption. After that, the solution was
then irradiated by tungsten lamp. Afterward, 5 ml of the solution was
taken out at regular intervals and centrifuged at 3000 rpm for 5 min to
remove the material and then analyzed via UV-Vis spectrometer.

4. Results and discussion
4.1. Crystal structure

The refined PXRD patterns of pure Fe,O3 and Fe;O5 coated by MoS,
QDs materials are shown in Fig. 1a and b. It is clear that Fe,O3 exhibits
a single trigonal phase without any contaminations by another phase
and has a space group of R -3c according to crystallography (Cod:
9015964). The peaks of diffraction were clearly seen at 24.09°, 33.31°,
40.85° 49.4° 54.05° 57.5% 62.4° 64.24° and 72.11° and corre-
sponding to (012), (104), (110), (113), (024), (116), (214) and (300)
planes. Otherwise, Fig. 4b shows that the a-Fe;O3@MoS,QDs nano-
composite has a single monoclinic phase with C 2/C space group, which
is in agreement with the crystallography database (Cod: 2108027).
Besides, no peaks are detected for MoS, QDs, which can due to the
ultrasmall MoS, QDs size and the low amount of it MoS, QDs, which
will be confirmed by XRF analysis.

From refinements via Fullprof program, the Lattice parameters,
volume, and the space group of the prepared materials are obtained and
reported in Table 1. We noted the phase changed for a-Fe,O:;@
MoS,QDs after a-Fe,O3 coating by MoS, QDs. This change refers to the
method of coating since the sonication is utilized to help to exfoliate the
nanoparticles and decreased the size. Moreover, this change is an in-
dication of the successful formation of a-Fe;O;@MoS,QDs nano-
composite.

4.2. Synthesis mechanism of a-Fe;0O3@MoS,QDs nanocomposites

Fabrication of a-Fe,0;@MoS,QDs nanocomposites were obtained
through the growth of MoS, QDs on the a-Fe,O3 surface, as shown in
Fig. 2. First, the MoS, QDs were prepared via a combination of a hy-
drothermal method at 180 °C and sonication treatment. MoS, na-
nosheet was obtained by adjusting the molar ration of Mo to S to 1:4
and the filling ratio of the autoclave to 45%. Then, 50 mg of MoS, was

Table 1
Lattice parameters (a, b, and c), volume and space group of a-Fe,O3; and a-
Fe,03@Mo0S,QDs samples.

Sample a (A) b (A) c (&) v (A)? Space group
a-Fe,03 5.03200 5.03200 13.74207 301.345 R -3¢
Fe;0;@MoS, 9.61720 5.02901 13.74149 200.994 Cl2/c1

sonicated for several hours and centrifuged for 90 min to remove the
precipitate. The obtained suspension is named MoS, QDs. The MoS QDs
have several advantages, such as good dispersion and ultrasmall par-
ticle size, allowing them to deposit on the a-Fe,Os3 surface. After that,
50 mg of the a-Fe,O3; was added to 10 mg of MoS QDs (0.004 g) and
sonicated for around 1 h until wholly mixed and form a-Fe,O;@
MoS,QDs nanocomposites.

4.3. Morphology analysis

To visualize the microstructure and the size of the a-Fe203 NPs and
a-Fe;03@MoS,QDs materials, TEM measurements were performed at
different ad magnifications, as shown in Fig. 3 a-d. It is noticeable that
the MoS, QDs are uniformly distributed with no evident agglomeration
(Fig. 3 a, b). For a-Fe,03@Mo0S-QDs sample (Fig. 3 ¢, d), it can be seen
that the hematite a-Fe,O3 is in nanoscale, however, the nanoparticles
are seemed agglomerated and exhibit large particles size. Moreover, the
TEM images of a-Fe;0;@MoS,QDs nanocomposites, illustrate that the
MoS, QDs are successfully attached into the a-Fe,O3 surface, which is
helpful for the charge carrier transferee in the heterostructures and thus
could increase the photocatalytic efficiency of the a-Fe,O3@MoS,QDs.
Fig. 3 e, f demonstrates the particle size distribution of the MoS, QDS
and a-Fe;03@MoS,QDs samples. Obviously, the MoS, QDs exhibit
homogenous ultrasmall size distribution in the range of 2-7 nm with an
average diameter of 4.5 nm. Also, the a-Fe,O3@MoS,QDs material has
an average particle size of 149.5 nm.

4.4. X-ray fluorescence

The chemical composition of the a-Fe,O3;@MoS,QDs samples was
investigated using XRF analysis. Table .2 displays the chemical com-
positions of the prepared material. It is noteworthy that the main
constituents of the a-Fe,O3;@MoS,QDs material are Fe, Mo, and S with
an atomic mass ratio of 95.07%: 1.08%: 1.59%., respectively. In addi-
tion, some residues of calcium, chlorine, and titanium as chemical
impurities with very low percentages are present. These results de-
monstrate that the MoS, QDs are successfully attached to the surface of
a-Fe,03. The obtained percent mass ratios of Fe: Mo: S obtained by XRF
is consistent with the amounts used initially to prepare the a-Fe;O3;@
MoS,QDs composites.

4.5. Uy—vis analysis

In order to study the influence of MoS, QDs on the optical properties
of the a-Fe,0O3 NPs, the Uv-vis spectrum was investigated for the pure
a-Fe203 NPs and a-Fe,03@MoS»QDs nanocomposites. Fig. 4 a. shows
the ultraviolet-vis absorption spectrum of pristine a-Fe203 NPs and a-
Fe,03@MoS,QDs composites, respectively. The absorption spectrum of



G. Khabiri, et al.

/__,___/—;“5?2_
‘ 1:5,45%
180°C/2ah  “SRAIpipietely.
PRAAAAAA
MoS2 nanosheets
(NH,)sMo,0,,
+
CH4N,S

60 °C
Fe203/MoS2 aDs

50 ml
—)

Drying/ 24h Sonication
L ﬁ A—

Ceramics International xxx (XXXX) XXX~-XXX

Sonication

€
o
—

50 mg

1h
Fe.Os

Fig. 2. Schematic description of the fabrication route the a-Fe,O3@Mo0S,QDs nanocomposites.

pristine a-Fe,O3 was in UV region. However, the spectrum of a-Fe,0;@
MoS,QDs exhibits high absorption in the Ultraviolet and visible region,
implying the MoS,-QDs enhances the absorption spectrum, particularly
in the visible light region of 400-600 nm. The enhancement of light
absorption may be attributed to the loading of MoS, QDs on the surface
of pristine a-Fe;O3. This is consistent with the change of color of
samples, as shown in the insert image in Fig. 4.b. The bandgap (Eg) of
the prepared materials was calculated using Tauc's equation [36] (Fig. 4
b). The a-Fe;03@MoS,QDs shows a bandgap of about 2.22 eV, which is
lower than pure a-Fe,O3 (2.54 eV). The bandgap results show that the

Fe,O; @MoS, QDs

combination of a-Fe,Os; with MoS, QDs causes the narrowing of the
bandgap of the a-Fe,0s3, indicating that MoS, QDs plays a significant
role in the prepared composites. The improvement of the absorption
ability of the a-Fe;O3;@MoS,QDs nanocomposites in the visible light
could increase the photo-electron holes pairs generation that partici-
pates in the reaction, which is desirable for the photocatalytic process
[37].

MoS, QDs a|MoS; QDs

c Fe,0; @MoS, QDs

304 Bl oS, QDs e
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= 201
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c 154
@
=]
o
@ 10
w
54
04
2 10 12

8
Pamcle size (nm)

Intensity (%)

Il o-Fe.0,@Mos, QDs
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Fig. 3. TEM images of (a, b) MoS, QDs-, (c, d) a-Fe,O;@MoS, QDs sample, and (e, f) the corresponding particle size.
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Table 2

Chemical composition of a-Fe,03;@MoS,QDs material
using XRF analysis.

Element Percentage (100%)
Fe 95.07

Mo 1.08

S 1.59

Cl 0.87

Ca 0.61

Ti 0.66

4.6. PL analysis

Photoluminescence (PL) analysis is commonly applied to investigate
carrier migration, trapping, and transition. The emission PL comes from
the recombination of photogenerated electron-hole pair; thus it can be
used to explain the effectiveness of the charge carries and as well as
determined the charge carrier lifetime in the heterostructures [38,39].
The peak intensity indicates the transfer capability of the photo-
generated electrons and holes [40]. The higher PL intensity reflects the
higher recombination rate of the electron-hole pairs, and therefore, the
lowers photocatalytic performance. Fig. 5 displays the PL spectra of the
studied materials. It can be seen that the PL intensity of the a-Fe,O3 is
much higher than that of a-Fe;O3;@MoS,QDs nanocomposites sug-
gesting the high lifetime of the electron-hole pair of the a-Fe;O;@
MoS,QDs nanocomposites. Combined with the morphology examina-
tion of the Fe,O3;@MoS,QDs nanocomposites, the heterojunctions

—=— o-Fe,0,@MoS, QDs

—s—a-Fe,0,

Intensity (a.u)

530 535 540
Wavelenght (nm)

545

Fig. 5. PL spectra of a-Fe,O3 and a-Fe,O3;@Mo0S,QDs nanocomposites.

formed between a-Fe,03 and MoS,QDs leads to an improvement in the
electron-hole pair separation [41], in which the MoS, QDs, can act as a
good electron acceptor during the photocatalytic process and therefore,
the migration of the electrons is increased. In light of the above ana-
lysis, the obtained results demonstrate that the long electron-hole life-
time and the high light absorption can enhance the photocatalytic ac-
tivity of the Fe,O3@MoS,QDs nanocomposites, which confirms the
photocatalytic results. The bandgap of the prepared materials was
calculated from the PL spectroscopy (Fig.SI2). For a-Fe,O3@MoS,QDs
the bandgap was found be smaller than pure a-Fe,O3, which consistent
with Uv-vis results.

4.7. BET specific surface area

To investigate the porous properties and the surface area of the
prepared samples a nitrogen adsorption—desorption isotherm is studied
(Fig. 6). It is clear that the materials have typical IV isotherms with
hysteresis loop, indicating the existing of the mesoporous structure. The
BET surface area of the a-Fe;O3@MoS,QDs (5.8518 mz/g) samples was
found to be slightly larger than a-Fe,Os (5.3898 m?/g). The slightly
enhancement of the surface area can be ascribed to the emerging mi-
cropores formed at the interface between the MoS, QDs and a-Fe,;03
material.

20

—=— o-Fe,0,@MoS, QDs

—s—o-Fe,0,

16 -

12 -

Quantity Adsorbet (cm3/g STP)

0.0 02 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)

Fig. 6. Nitrogen adsorption-desorption isotherm curve of a-Fe,O; and a-
Fe,03@Mo0S,QDs
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4.8. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

In order to study the thermal stability of the studied materials, the
TGA and DSC analysis of the a-Fe203 NPs and a-Fe,O3;@MoS>QDs
samples have been simultaneously conducted in the temperature range
up to 800 °C (Fig. 7). From DSC analysis, the peak observed at 100 °C
for both samples could be ascribed to dehydration phenomena [42].
Moreover, the observed exothermic peak in the range of 350-700 for a-
Fe,03@MoS,QDs samples, reflect the influence of MoS, QDs. As shown

in TG analysis, the total weight loss in the a-Fe203 NPs and a-Fe,O;@
MoS,QDs samples is 1.06 wt % and 3.04 wt %, respectively. The losses
at 100 °C for both samples are corresponding to the small endothermic
peak on the DSC curve. Also, there is no notably mass loss above 650 °C
for a-Fe,03 and 750 °C for a-Fe,03@MoS,QDs, revealing that under air
atmosphere the appropriate cancelation temperature is 650 and 750 for
a-Fe;03 and a-Fe,03@MoS,QDs, respectively.
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Fig. 9. (a) Degradation efficiency (C/Cy) of the prepared samples, (b) Second-order kinetics of MB photocatalytic degradation, and (d) Rate constant plots (K min b
for a-Fe,03 and a-Fe;0;@MoS,QDs.

The photocatalytic activity performance of pure a-Fe;Os; and a-
Fe,03@MoS,QDs nanocomposites was investigated by quantifying the
degradation of MB aqueous solution under visible light irradiation at
room temperature as shown in Fig. 8a—c. It is clear that the pure a-
Fe,03 (Fig. 7a) showing relatively low photocatalytic efficiency with a
degradation rate of 55% within 120 min. The low photocatalytic ac-
tivity of the pure a-Fe;O3; towards different dyes such as MB and MO
and RhB was reported previously [43-46] and can attribute to the in-
sufficient photogenerated charge separation and low transferability.

B 1 min
1120 min

Table 3 4.9. Photocatalytic studies
Comparison of photocatalytic activity of Fe;O3; based materials.
Catalyst Dyes Reaction time Degradation rate (%) Reference
a-Fe203/MoS2 RhB 75 min 98 [15]
RGO-Fe,03-MoS, MB 50 min 929 [45]
GO-Fe;03-TiO, MB 150 min 98 [47]
Fe,03-RGO MB 180 min 100 [22]
Fe,03-RGO RhB 150 min 92 [48]
MoS,-RGO-Fe 04 MB 80 min 36 [49]
aFe;03@MoS,QDs  MB 1 min 84 Present work
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Fig. 10. (a) XRD pattern and (b) recycling tests of a-Fe,03@MoS,QDs material after photocatalytic experiment over MB.



G. Khabiri, et al.

MoS, QDs

ey
o
ko

MB VB F*h"h h h

OH™

Fig. 11. Schematic description for the mechanism of photoexcited charge
transfer in the a-Fe,O;@Mo0S,QDs photocatalyst.

Besides, the low efficiency of a-Fe,O3 can be arising from the low hy-
droxyl radicals produced during the reaction. By introducing the 1T-
MoS, QDs into the a-Fe,O3; to form a-Fe,O;@MoS,QDs hetero-
structures, the photodegradation activity of MB is drastically enhanced
(Fig. 8b), compared to pure a-Fe,O3 and the degradation rate reached
83% with only the first 1 min, revealing the excellent photocatalytic
activity of the a-Fe,O3;@MoS,QDs catalyst. Fig. 8.c depicts the ab-
sorption decay of MB for the a-Fe;03 and a-Fe,O3@MoS,QDs samples.
It is observed that the efficiency of the a-Fe,Os catalyst is 55% after
120 min, while the a-Fe,O3@Mo0S,QDs heterostructures exhibit an ef-
ficiency of 83% after only 1 min and 91% after 120 min. These results
reflect the role of the MoS, QDs in the photocatalytic activity of a-
Fe,03@Mo0S,QDs heterostructures. Fig. 9.a shows the degradation of
MB as a function of time. To identify the outstanding photocatalytic
activity of the prepared a-Fe,O3;@MoS,QDs heterostructures, our re-
sults are compared with some materials similar that reported previously
[15,22,45,47-49] (Table .3). As the results indicate, the a-Fe,Os;@
MoS,QDs nanocomposites are the most robust photocatalyst for dyes
removal compared with the published photocatalytic nanomaterials. As
a significant efficiency was obtained for the first 1 min, the photo-
degradation experiment was done two times and the same efficiency
degradation was obtained (Fig.SI1).

To better evaluate the photocatalytic performance of the prepared
materials, the first and second-order kinetic models were proposed to
investigate kinetics reactions of the photocatalytic degradation of MB as
follow:

In(C,/C,) = —Kt

where C, and C; and K are the initial concentration of dye, and at time t
(min) and Kis the rate constant (min 1), respectively. The rate constant
of reaction can be obtained from the slope of the In C/Cy — Time rela-
tion (Fig. 9b). As shown in Fig. 8c, the rate constants of a-Fe,Os is
0.00642 in 120 min, while for a-Fe,O3;@MoS.QDs catalyst the de-
gradation rate is very high (0.892 K1) in the first 1 min and then de-
crease to 0.0049 K~! . These results indicate that the rate constant of
Fe,O3@MoS,QDs samples is 28 times of a-Fe,O3, which also suggests
the superior photocatalytic efficiency of the a-Fe,O3@Mo0S,QDs.

The enhanced photocatalytic efficiency of a-Fe,Os after loading
MoS, QDs is primarily attributable to the following reasons; in the a-
Fe,03@Mo0S,QDs heterostructures, the small size of MoS, QDs dots well
attached to the Fe,Og surface enables the movement of an electron from
Fe,03 to MoS, QDs in a small distance. Additionally, the high electrical
conductivity of MoS, QDs can quickly transfer an electron to the
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surface. Moreover, the considerable improvement in the visible light
absorption ability and the notable decrease of the bandgap of the a-
Fe,03@MoS,QDs heterostructures, which can be ascribed to the for-
mation of multiple interfacial states at the heterojunction between a-
Fe,03 and MoS,QDs, results in a considerable enhancement in the
photogenerated carriers’ separation and therefore high photocatalytic
activity. Also, the high abundant active sites of MoS, QDs and network
created with a-Fe;O3; quicken the transport of the photo-excited elec-
trons. The ultrasmall size of MoS, QDs can act as electron reservoirs
and, at the same time, can provide effective reaction sites for dyes
degradation. Fig. 10a shows the XRD of a-Fe,O3;@Mo0S-,QDs material
after the reaction toward MB. It can be seen that the crystal structure is
similar to that before the reaction, and no peaks were observed for MB.
The recycling experiments were performed by repeating the photo-
catalytic process for 3 cycles as shown in Fig. 10b. The results indicate
that the a-Fe,O3;@MoS-,QDs photocatalyst exhibit good degradation
efficiency in the three successive cycles. These results revealed that the
a-Fe;03@MoS,QDs has good photostability stability for removing MB
from water during the photocatalytic experiment.

Based on the analysis above, we can infer that the loading of MoS,
QDs on the a-Fe,O3 surface can strongly enhance the photocatalytic
efficiency of the a-Fe,Os;. A schematic description of the proposed
mechanism is presented in Fig. 11. Under visible light irradiation, an
electron-hole pairs are generated in a-Fe;Os. The electrons (e —) in the
valence band (VB) of a-Fe,O; and MoS, QDs are excited to the con-
duction band (CB), leaving a hole (h *) in the valence of Fe,O3 and
MoS, QDs respectively. Due to the good contact between Fe,O3 and
MoS; QDs, and the CB of Fe,Oj3 is more positive than MoS,, the photo-
exited electrons fastly transfer from the CB of MoS, QDs to the lower CB
of Fe,O3 and then migrated immediately to the surface of the catalyst
through the interfacial states. Also, the generated holes in the Fe;O5
valence are transferred to the MoS, VB. The ultrasmall size of MoS, QDs
that are well connected to the Fe,O3 surface supports the electron
transfer between MoS, QDs and the Fe,O3. Moreover, the good elec-
trical conducting of MoS, QDs will easily and quickly help the electrons
to transferee to the surface. In the meantime, a superoxide anion radical
(.07) can be creating through trapping the electrons by absorbed O,
[50]. While the holes in the VB can react with HO forming highly
reactive hydroxyl radicals (.OH). The superoxide radical and hydroxyl
radicals are considered the principal active species for the organic dyes
degradation [51] and consequently can efficiently decompose MB into
COs.

5. Conclusion

It is extremely important to develop excellent heterojunction to
enhance the photocatalytic performance of the materials. In this work,
a-Fe,03;@MoS,QDs photocatalyst was prepared using two-step ap-
proaches, including hydrothermal and ultrasonication approaches. The
prepared materials were thoroughly characterized by X-ray diffraction
(XRD), Transmission electron microscope (TEM), TGA, X-ray fluores-
cence (XRF) and photoluminescence spectra (PL). Structural analysis
showed the formation of a single trigonal phase of Fe,Os; with high
crystalline nature and upon introducing the MoS, QDs; the phase was
changed to single monoclinic. Morphological and XRF measurements
indicated the formation of Fe,O;@MoS,QDs nanocomposites with a
good distribution of MoS, QDs on the Fe,O3; surface. The superior
photocatalytic degradation of Fe,O3@Mo0S>QDs photocatalyst for MB in
1 mint was observed. The high photocatalytic degradation of the na-
nocomposite material may due to the formation of heterojunctions
between Fe,O3 and MoS,QDs, resulting in strong light absorption and
high efficiency separation of carriers as demonstrated in PL analysis. An
illustration mechanism of the photocatalytic degradation for MB was
proposed. The present work provides a low-cost, developed hetero-
structure and straightforward photocatalyst fabrication method for
water treatment.
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