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A B S T R A C T

Metal organic framework (MOFs) have been attracted a great attention as a new type photocatalysts due to their
unique properties. In this work, the new hybrid photocatalyst based on fabrication hybrid structures between
MIL-100(Fe) and Bi2S3 (MIL-100(Fe)@Bi2S3) were synthesized via simple hydrothermal method. The
photocatalytic degradation of Rhodamine B (RhB) over the as-prepared samples showed that the hybrid
photocatalyst samples had higher photocatalytic performance compared to the individual components (MIL-
100(Fe) and Bi2S3). The higher photocatalytic performance of the hybrid photocatalysts was proved by
electrochemical and photoelectrochemical analysis such as electrochemical impedance spectroscopy (EIS) and
also photocurrent measurement. In addition, the possible photocatalytic mechanism based on the optical,
photoelectrochemical and quenching tests was proposed.

1. Introduction

Today, human societies need to overcome two main problems in
environmental issues and shortage of energy resources. To defeat these
problems and sustained development of the human societies, the
improvement of pollution-free technologies for environmental reme-
diation and alternative clean energy supplies are critical task [1,2].
There are different types of the water pollutant materials such as
pathogens, inorganic compounds, organic material and macroscopic
pollutants which can influence the water quality and cause various kind
of problems to public health [2–6]. To decreasing the concentration of
these water pollutants, many methods and technologies were used. One
of the most promising technologies for solving environmental and
energy shortage problems, is semiconductor photocatalysis technology
since it signifies a convince pathway to utilize solar energy for pollutant
remediation and conversion to common energy type such as electrical
and chemical energies [7].

Many types of semiconductor materials such as metal oxide, metal
nitride, metal sulfide, graphitic carbon nitride (g-CN) and metal
organic frameworks (MOFs) have been introduced as a semiconductor
materials and have been used as a photocatalyst in various type of

applications [8–24]. Among these different types of photocatalyst
materials, MOFs have attracted much attention during recent years.
MOFs are periodic porous materials which are prepared by chemical
reaction between linking inorganic and organic units [25–27]. The
precise choice of MOFs components can produce MOFs with ultrahigh
porosity and high thermal and chemical stability [25,28–30]. The
superior properties make MOFs to be an excellent candidate for many
applications such as gas adsorption/separation, catalyst, photocatalyst
materials, drug delivery, heat transfer, supercapacitors, solar cell and
lithium ion batteries [31–42].

The first evidence of semiconductor behavior of MOFs was reported
by Garcia et al [43]. In many of the MOFs (e.q MOF-5, MIL-125(Ti),
UIO-66(Zr)) the prominent mechanism consists of absorption of the
light with organic linkers and transfer the photoexcited charge carriers
to the central clusters known as a linker-to-metal-cluster charge-
transfer (LCCT) mechanism, although recently a ligand-to-ligand
charge transfer (LLCT) process is suggested over bismuth-based
MOFs [44,45]. However, in MOFs with Fe as central metal, (e.g.
MIL-100(Fe), MIL-53(Fe), MIL-88B(Fe)), the Fe-O clusters can be
directly excited and make the electron transfer from O2- to Fe3 + to
form Fe2 + which can participate in the photocatalytic reaction [46].
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The photocatalytic performance of various kinds of MOFs such as
MIL-100(Fe), MIL-53(Fe), NH2-MIL-101(Fe), NH2-UIO-66(Zr), Co-
ZIF-8 has been reported by researchers [47–51]. However, pure MOFs
show lower photocatalytic performance compared to traditional inor-
ganic semiconductor NPs due to fast electron-hole recombination. On
the other hand, MOFs have ultrahigh surface area and narrow pore
distribution that does not exist in traditional inorganic semiconductors
[52–54]. Therefore, by decreasing the electron-hole recombination rate
in the MOFs, the photocatalytic performance of the MOFs can be
improved and it is possible to reach a new type of photocatalysts with
large surface area and also low electron-hole recombination rate.

Newly, to improve the photocatalytic performance of the MOFs,
researchers have fabricated various type of composite and hybrid
materials based on making hybrid and composite materials between
MOFs and other kind of semiconductor materials such as metal oxides,
metal sulfides, C3N4 [50,55–60]. These composite and hybrid materials
based on MOFs with other types of semiconductors showed enhanced
photocatalytic performance compared to pure components which can
be related to efficient interaction between electronic band structures in
MOFs and the other semiconductors that can be a good method for
improving the free electrons and holes life time in the structure of the
hybrid and composite materials [53].

Among this type of MOFs hybrid and composite photocatalysts, the
composite and hybrid structures with metal sulfide show a promise for
developing efficient photocatalyst, but in recent years researcher focus
on synthesis CdS composite with MOFs and a few works used
other types of metal sulfides in order to made composite with MOFs
[53,61–64]. Therefore, the investigation of influence of making com-
posite of MOFs with other types metal sulfides like Bi2S3 can be an
effective way to developed efficient hybrid and composite photocata-
lysts.

This study was carried out to use advantages of MOFs (MIL-
100(Fe)) and urchin-like Bi2S3 in order to fabricate a new hybrid
photocatalyst, MIL-100(Fe)@Bi2S3, which can show better photocata-
lytic performance compared to pure MIL-100(Fe) and Bi2S3.

2. Experimental section

2.1. Materials

Benzene tricarboxylic acid (H2BTC) (98%), bismuth nitrate penta
hydrate (Bi(NO3)3·5H2O (98%), L-cysteine and poly (sodium-p-styre-
nesul-fonate) (PSS) (98%) were purchased from Sigma Aldrich
Company. Iron(III) chloride hexahydrate (FeCl3·6H2O) (98%),
1-hexanol (99%), 2-propanol (99%) and ethanol (98%) were purchased
from Merck Company.

2.2. Methods

2.2.1. Bi2S3 synthesis
The urchin-like structures of Bi2S3 were synthesized according to

the literatures with some modifications [65]. In order to synthesize the
urchin-like structures of Bi2S3 0.3 g Bi(NO3)3·5H2O, 0.12 g L-cysteine
and 0.15 g poly (sodium-p-styrenesul-fonate) (PSS) were added to
30mL distilled water and stirred for 20min. The resulted suspension
was transferred to a 100mL Teflon-lined stainless steel autoclave. The
autoclave was placed in a furnace and heated to 120 °C and 6 h. The
resulted black powder was washed with distilled water and ethanol
several times and dried in vacuum oven at 70 °C overnight.

2.2.2. MIL-100(Fe) synthesis
The MIL-100(Fe) nanostructures were synthesized using common

method reported in the literature with some modification [53]. In
typical synthesis, 1.63 g FeCl3·6H2O and 0.85 g H2BTC were added to
30mL distilled water and stirred for 30min. After that, 0.213mL HF
and 0.163mL HNO3 were added to above suspension and the resulted

suspension was transfer to a 100mL Teflon-lined stainless steel
autoclave, and finally heated at 150 °C for 20 h. Then, the resulted
orange solid washed with hot water and ethanol several time and dried
at 120 °C in vacuum oven overnight.

2.2.3. MIL-100(Fe)@Bi2S3 synthesis
The certain amounts of the MIL-100(Fe) (0.05, 0.1, 0.2 and 0.3 g)

were dispersed in 30mL distilled water and and treated by ultrasound
for 15min then 0.0375 g Bi(NO3)3·5H2O, 0.015 g L-cysteine and
0.018 g poly (sodium-p-styrenesul-fonate) (PSS) were added to the
resulted suspension and stirred for 20min. The final suspension was
transferred to a 100mL Teflon-lined stainless steel autoclave and heat
at 120 °C for 6 h. The as-prepared hybrid named as 1-MIB, 2-MIB,
3-MIB and 4-MIB contain 0.05, 0.1, 0.2 and 0.3 g MIL-100(Fe),
respectively.

2.3. Characterization

The powder x-ray diffraction (PXRD) analysis were recorded by
Diffractometer XPERT PRO with monochromatized Cu Kα radiation
(η = 0.15418 nm) source at 40 kV and 40mA. The morphology of the
samples was observed by MRIA 3 TESCAN (SEM HV= 15 kV). The
Fourier transform infrared spectra (FTIR) were recorded by Bruker
Alpha spectrometer. The Brunauer–Emmett–Teller (BET), specific
surface area, porous structure and Nitrogen adsorption-desorption
isotherms of the samples were determined with BELSORP–mini II
(Japan), the samples being degassed at 140 °C in a vacuum oven for
10 h before starting the test.

Avantes (AvaLamp-DH-S Avaspec 2048-Tec) spectrometer was
used for analysing UV–Visible adsorption and diffuse reflectance
spectra of the samples. The photoluminescence spectra of the as-
prepared sample were recorded by The Perkin-Elmer LS50B
Luminescence Spectrometer. The electrochemical examinations were
carried out using Autolab PGSTAT302N (Netherland). The X-ray
photoelectron spectroscopy (XPS) measurements were performed with
a Fisons/VG Scientific ESCALAB 200X xp-spectrometer.

2.4. Photocatalytic analysis

The photocatalytic degradation of RhB was performed to investi-
gate the photocatalytic performance of the as-prepared hybrid photo-
catalyst samples. The Xenon lamp was used as a visible light source
(equipped with a UV Cut-Off filter (wavelength < 420 nm)), and a
200mL cylindrical Pyrex reactor with quartz window (ambient tem-
perature, open air) was used as a photocatalytic reactor. The standard
visible light source (100mW/cm2) was maintained during all photo-
catalytic experiments. Typically, 50mg photocatalyst was added into
100mL RhB aqueous solution (10 ppm, pH = 7.0), the suspension was
stirred at dark condition for 40min in order to achieve adsorption/
desorption equilibrium. After complete adsorption/desorption equili-
brium, the Xenon lamp was turned on and certain amount of the
suspension was withdrawn at every 10min until 60min. The photo-
degradation of RhB was determined by UV–Visible instrument via
intensity measurement for peak maximum at 554 nm.

2.5. Electrochemical measurements

For investigation of the electrochemical and photoelctrochemical
behavior of the as-prepared samples, a standard three-electrode system
with Ag/AgCl, Pt foil and the samples coated on FTO glass electrode
were used as a standard electrode, a counter electrode, and a working
electrode repecively, and Na2SO4 (0.5M) solution was used as an
electrolyte. The Xenon arc lamp (500 W) with a UV Cut-Off filter
(wavelength < 420 nm) was used as a visible light source. The intensity
of the Xenon arc lamp in a quartz window of the photocatalytic reactor
was set at 100mW/cm2 (standard test condition). In order to prepare

S. Abdpour et al. Journal of Solid State Chemistry 266 (2018) 54–62

55



the working electrode, 10mg of the samples were dispersed in 200 µL
of acetylacetone solution (20%) and hexanol solution (8%) in ethanol.
The resulted suspension was sonicated for 20min. After sonication,
this suspension was dropped on the surface of a clean and dry FTO
glass and was placed in a vacuum oven overnight at 120 °C.

The chronoamperometry measurements were performed at light
and dark condition (set the potential of 0.4 V). The resulted photo-
current responses were measured at 220 s and duration of light and the
dark period was 10 s. The dark and light Electrochemical Impedance
Spectroscopy (EIS) tests were carried out using at open circuit potential
over the frequency range between 105 and 10-1 Hz.

3. Result and discussion

3.1. Characterization

The PXRD patterns of the samples are shown in Fig. 1. The six main
peaks were observed in the PXRD patterns of the hybrid photocata-
lysts, two peaks are around 2Ɵ = 4◦ and 13◦ which corresponded to
MIL-100(Fe) and peaks at 2Ɵ = 16.5°, 18°, 25°, 29°, 33°, 42° and 47°

which corresponded to (200), (101), (310), (320), (400), (421) and
(501) plane of Bi2S3, respectively. All the peaks can be indexed to a
orthorhombic phase Bi2S3 with the standard pattern (JCPDS card No.
17-0320) [65,66]. As shown in Fig. 1 by increasing the percentage of
MIL-100(Fe) in the structure of the photocatalysts, the related peaks of
MIL-100(Fe) were sharped and intensity of the Bi2S3 peaks were
decreased.

The nanoparticles of MIL-100(Fe), urchin like structures of the
Bi2S3 and hybrid structure of the as-prepared photocatalysts were
shown in Fig. 2a, b, c and d, e, respectively. As shown in Fig. 2d,e, the
nanoparticles of MIL-100(Fe) with particle size about 84–90 nm were
decorated on the surface of Bi2S3 urchin like structures. The energy
dispersive X-ray elemental mapping of the 2-MIB surface is shown in
Fig. 3 which also confirm uniform distribution of nanoparticles of MIL-
100(Fe) on the surface of urchin like Bi2S3.

The FT-IR spectra of the samples are shown in Fig. 4. The peaks
located at 3445, 1629, 1450, 1378 and 711 cm-1 corresponded to
v(OH), stretching v(C˭O), bending O-H, v(C-O) and vas(Fe3O), respec-
tively [67]. Compared to pure MIL-100(Fe), in the hybrid samples,
with decreasing the amount of MIL-100(Fe), the intensity of the MIL-
100(Fe) peaks were decreased.

The N2- adsorption-desorption isotherms (Fig. 5) are of Type-I for
the samples which are attributed to microporous structures. The
specific surface area, pore size diameter and total pore volume of the
samples are shown in Table 1. The BET data reveal that, by increasing
the amount of the MIL-100(Fe) in the structures of the samples, the
surface area of the samples was increased which can be attributed to
increase the portion of the component with higher surface area (MIL-
100(Fe)) in the structure of hybrid samples. The higher surface area of
the hybrid structures compared to pure Bi2S3 can enhance photocata-
lytic performance of the hybrid photocatalysts compared to pure urchin
like Bi2S3 with low surface area.

The survey spectrum of XPS analysis (Fig. 6a) showed the presence
of iron, bismuth, sulphur, oxygen, carbon in the structures of the 2-
MIB which confirm the presence of the MIL-100(Fe) and Bi2S3 in the
structures of final hybrid photocatalyst. The high resolution spectrum
of the S2s core level located at 226 eV is shown in Fig. 6b [65,68–70].
Fig. 5c shows a superposition of four main peaks, the two peaks at 161

Fig. 1. PXRD patterns of the as-prepared samples.

Fig. 2. SEM Images of (a) MIL-100(Fe), (b,c) urchin like Bi2S3 and (d, e) 2-MIB.
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and 162 eV can be related to S2p3/2 and S2p1/2, respectively and the
two peaks at 157 and 163 eV can be attributed to Bi 4f7/2 and Bi 4f5/2
[65,68–73]. The Fe 2p3/2 and Fe 2p1/2 spectra of MIL-100(Fe) were
appeared at 712 and 725 eV, respectively, and the peaks at 716 eV and
714 associated to satellite peak for metal transition (Fig. 6d) [66,74].
The high-resolution XPS spectrum of C1s (please see Fig. S1) decon-
voluted into two main peaks at 284.7 and 288.9 eV correspond to sp2

carbon in benzene rings of H2BDC linkers and the carboxylate groups
(C˭O) of H2BDC linkers, respectively [48,75–77]. The high-resolution
spectrum of O1s (please see Fig. S2), at 532.5 eV, is attributed to the
and the Fe-O-C bands of MIL-100(Fe) [66].

In the Fig. 7a, the UV–visible diffuse reflectance spectra (DRS) of
the as-synthesized samples is shown. The П- П* transition of ligand
was appeared at UV region and the absorption band in visible region
attributed to ligand to metal charge transfer transition (LMCT) from
ligand to Fe3+ centre while Bi2S3 showed strong absorption over the
whole visible light region. The MIL-100(Fe) showed low UV–visible
light absorption but the as-prepared samples showed significant
improvement in UV–visible light absorption which contributed to the
presence of Bi2S3 in the structure of the hybrid samples that can
improve light harvesting in the final products compare to pure MIL-
100(Fe).

To determine the band gap of the samples, the intercept of the
tangents of (αhv)1/2 vs photon energy (hv) of the samples was used.

Fig. 3. EDX mapping elemental analysis of the 2-MIB.

Fig. 4. FT-IR spectra of the as-prepared samples.

Fig. 5. N2 adsorption-desorption of the as-prepared samples.

Table 1
BET surface area, pore size distribution and total pore volume of the as-prepared
samples.

Samples SBET (m2/g) Pore size
distribution (nm)

Total pore volume
(cm3/g)

MIL-100(Fe) 1394 2.60 0.90
Bi2S3 7 29.7 0.05
1-MIB 218 3.78 0.20
2-MIB 404 3.2 0.32
3-MIB 531 3.34 0.25
4-MIB 702 3.04 0.51
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The following equation is used for determination the band gap energy
position:

A(hv − Eg) = αhvn

where A, h, v, Eg, and α are constant, Plank constant, light frequency,
and optical band energy, respectively. The band gap potentials were
1.4, 1.6, 1.65, 1,70, 1.75 and 1.80 for Bi2S3, 1-MIB, 2-MIB, 3-MIB, 4-
MIB and MIL-100(Fe), respectively (Fig. 7b). The obtained band gap
potentials revealed that by increasing the amount of Bi2S3 in the
structure of hybrids the band gap were decreased which cause
increasing electron hole recombination rate and finally decline photo-
catalytic performance of hybrid sample in higher ratio of Bi2S3 [78].

Therefore, the hybrid structure should have optimum ratio of Bi2S3
that shows highest photocatalytic performance.

3.2. Photocatalytic measurement

The photocatalytic activity of the as-synthesized samples was
determined by photocatalytic degradation of an aqueous solution of
RhB under visible light irradiation. As shown in Fig. 8a the photo-
catalytic degradation of RhB under hybrid photocatalysts was greater
than pure MIL-100(Fe) and Bi2S3 that can be attributed to three main
parameters: increasing the surface area in the hybrid structures
compared to Bi2S3, enhances light harvesting ability in the hybrid

Fig. 6. XPS spectra of as-prepared 2-MIB, (a) survey spectra. (b) high resolution spectrum of S2S, (c) high resolution spectrum of Bi 4f7/2 and 4f5/2 (d) high resolution spectrum Fe S
2p3/2 and S 2p1/2.

Fig. 7. (a) UV–Visible DRS spectra, (b) plots of (Ahv)2 vs. photon energy of the as-prepared samples.
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structures compared to MIL-100(Fe) and finally more separated
electrons and holes in the surface of the as-prepared hybrid photo-
catalysts due to efficient transformation of electron from the conduc-
tion band of MIL-100(Fe) to conduction band of Bi2S3 and hole
transfer from valance band of Bi2S3 to valance band of MIL-100(Fe).
The reaction kinetics of the RhB photocatalytic degradation in the
presence of the pure MIL-100(Fe), Bi2S3 and also 2-MIB showed
pseudo-first-order equation (Fig. 8b). The rate constant (k) value of the
hybrid structure 2-MIB (k = 0.0456min-1) is larger than that of pure
MIL-100(Fe) (k = 0.0177min-1) and Bi2S3 (k = 0.0236min-1) and this

indicate more effective function to photocatalytic degradation of RhB in
presence of 2-MIB compared to other samples. The higher photocata-
lytic performance of the 2-MIB sample compared to other samples
indicate that this sample has the optimum amount of Bi2S3.

All the hybrids showed better photocatalytic performance compared
to individual components, and the 1-MIB and 2-MIB almost showed
the same photocatalyctic performance more than other samples.
Therefore, the 2-MIB was selected as a representative hybrid sample
for further experiments and the exact percentage of each element in the
2-MIB structures was determined by elemental quantitative analysis
with XPS (please see Table S1 in supporting information).

To investigate the effect of dye concentration on photocatalytic
degradation efficacy, different amounts of dye concentration 20, 30, 40,
50 ppm RhB, were placed in the photocatalytic reactor under 50mg 2-
MIB and all the conditions were kept the same as in the first
experiment. As shown in Fig. 9a, the photocatalytic performance of
the 2-MIB was gradually decreased with increasing the RhB concen-
tration which could be attributed to shielding effect of dye molecules at
the high concentration [79].

In addition, the effect of catalyst dosage on the photodegradation
performance was investigated. As shown in Fig. 9b, by increasing the
photocatalyst dosage up to 150mg, the degradation of the RhB was
increased but higher dosage of the photocatalyst led to decreasing the
photodegradation of RhB. The decrease of photocatalytic performance
at high dosage can be ascribed to shielding effect of the photocatalyst
particles which restrict the access to visible light for all photocatalytic
particles in the solution [80].

Fig. 8. Photodegradation of RhB in the presence of the as-prepared samples (a), kinetic study of the photodegradation of RhB in presence of as-prepared samples.

Fig. 9. (a) effect of dye concentration, (b) effect of photocatalyst dosage on photocatalytic performance of 2-MIB.

Fig. 10. Reusability of the photocatalyst after 4 cycles.
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3.3. Reusability of the photocatalyst

To determine the Reusability of the photocatalyst after photocatalytic
reaction, the 2-MIB was washed several times with water and ethanol
and reused for next reaction. Fig. 10 shows that the photocatalyst
reusability after 4 cycles reaction was decrease about 9% which could be
attributed to leaching of the Fe3+ from MIL-100 (Please see Supporting
information, table ICP.). Moreover, the PXRD and FTP-IR patterns of
the photocatalyst did not show any significant changes after photo-
catalytic reaction (Please see Supporting information Figs. S3 and S4)

which confirm appropriate stability of the hybrid sample during photo-
catalytic reaction.

3.4. Photoelectrochemical analysis

The EIS Nyquist plot (in dark condition) of the MIL-100(Fe), Bi2S3,
and 2-MIB are shown in Fig. 11a. The smaller radius of curvature of 2-
MIB compared to these MIL-100(Fe) and Bi2S3, demonstrates the
lower interface layer resistance creation at the surface of the 2-MIB
electrode which leads to more efficient charge separation over the
hybrid photocatalyst which was also confirmed by PL spectra (Fig. 12).
As shown in Fig. 12, the dropping the intensity of PL spectrum in
2-MIB compared to MIL-100(Fe) and Bi2S3 can be attributed to lower
electron-hole recombination rate in the hybrid samples. This lower
recombination rate in the hybrid samples could be attributed to
efficient interaction between valance and conduction bands of Bi2S3
and MIL-100(Fe) in the structure [81]. The light condition EIS Nyquist
plot of 2-MIB (Fig. 11b) also showed smaller radius of curvature
compared to that of dark EIS Nyquist plot which could be resulted from
photoinduced charge transfer in 2-MIB [82].

As seen in Fig. 13 shows the 2-MIB has a higher photocurrent
response than individual components (MIL-100(Fe) and Bi2S3) [83,84]
which corresponded to efficient electron transfer from conduction band
of MIL-100(Fe) to conduction band of Bi2S3 and also hole transfer
from valance band of Bi2S3 to valance band of MIL-100(Fe). This
electron-hole transfer in the structure of the hybrid lead to effective
electron-hole separation in 2-MIB sample and eventually enhance
photocatalytic performance of the hybrid sample that confirmed by
kinetic results of the photodegradation of RhB in the samples presence.

Fig. 11. (a) EIS spectrum of the Bi2S3, MIL-100(Fe) and 2-MIB under dark condition, (b) EIS spectra of the 2-MIB under dark and light condition.

Fig. 12. Photoluminescence spectra of the as-prepared samples.

Fig. 13. Photocurrent plot of the Bi2S3, MIL-100(Fe) and 2-MIB.

Fig. 14. Photocatalytic proposed mechanisms for visible light degradation of RhB under
2-MIB photocatalyst.
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3.5. Photocatalytic degradation mechanism

The active species such as superoxide radicals (O2•−), holes (h+)
and hydroxyl radicals (•OH), play an essential role in photocatalytic
reaction. In order to detect the active species generated during the
photocatalytic degradation of RhB over the 2-MIB, the radical scaven-
gers (BQ, EDTA, and TBA) were utilized for O2•−, h+ and •OH,
respectively [62]. The results (Fig. S5 Supporting information) showed
that adding BQ leads to significantly decrease in photocatalytic
degradation of RhB while adding the other radical scavengers (EDTA
and TBA) had a slight influence on suppressing the photocatalytic
activity. The results confirm the important role of O2•− in photocata-
lytic degradation of RhB over 2-MIB that come from direct interaction
between photogenerated electron and absorbed oxygen molecules on
the photocatalyst surface and such phenomenon was also reported by
other researchers [62]. The free electrons can react with absorbed
oxygen molecules and created O2•−which can react with dye molecules.

Based on the optical, photoelectrochemical and also quenching test,
the probable mechanism for photodegradation of RhB in the presence
of the hybrid photocatalyst MIL-100(Fe)@Bi2S3 is shown in Fig. 14.
The visible light irradiation of the phtotocatalyst leads to electron
excitation from the valence bands of MIL-100(Fe) and Bi2S3 and
transfer to conduction bands. The conduction band of MIL-100(Fe) has
more negative potential (-0.65 eV vs NHE) compared to Bi2S3 (-0.1 eV
vs NHE). Therefore, the exited electrons in conduction band of MIL-
100(Fe) can transfred to conduction band of Bi2S3. On the other hand,
holes can transfer from valance band of Bi2S3 with more positive
potential (1.4 eV vs NHE) to valance band of MIL-100(Fe) (1.15 eV vs
NHE) [53,85].

As shown in Fig. 14, in the hybrid photocatalyst struture, the
transferred and exited electrons in conduction band of Bi2S3 can react
with absorbed oxygen molecules and create active O2•− radical which
can participate in the photocatalytic degradation of RhB. The following
are some of the photocatalytic reaction equations that may be occurred
duriong degradation of RhB over MIL-100(Fe)@Bi2S3:

MIL-100(Fe) + hv → h+ (MIL-100(Fe)) + e- (MIL-100(Fe)) (1)

Bi2S3 + hv → h+ ( Bi2S3) + e- ( Bi2S3) (2)

e- (MIL-100(Fe)) → e-( Bi2S3) (3)

e- + O2(adsorbed) → O2•− (4)

h+ + H2O →·OH + H+ (5)

O2•−+ (h+/·OH) + RhB → → → degradation products (6)

In addition, in Table 2, the comparison of photocatalytic degrada-
tion of Rh. B in the presence of as-prepared 2-MIB hybrid sample and
some previous reported photocatalysts were summarized. The results
demonstrate that the as-prepared 2-MIB hybrid structure have com-
petitive photocatalytic dye degradation activity. In addition, 2-MIB
hybrid sample shows greater photocatalytic performance in short time
compared to PCN@MIL-100(Fe) [86] and N-TiO2 @MIL-100(Fe) [87]
with same MOF component which confirm efficient interaction be-
tween of MIL-100(Fe) and Bi2S3 compared to interaction of MIL-
100(Fe) with N-TiO2 and protonated graphitic carbon nitride (PCN).

4. Conclusion

In summary, the MIL-100(Fe)@Bi2S3 urchin-like photocatalysts
were synthesized via simple hydrothermal method. The phtotocatalytc
degradation of RhB over as-prepared hybrid samples and photoelec-
trochenimcal properties of the samples were investigated. The photo-
catalytic and photoelectrochemical analysis showed which the hybrid
structures indicated enhanced performanance compared to pure MIL-
100(Fe) and Bi2S3 which attributed to several improved parameters in
the hybrid structures: fisrt: enhancement of the electron-hole separa-
tion in the hybrids due to effective electron-hole transfer between
conduction and valance band potentials of the Bi2S3 and MIL-100(Fe),
second: increasing the active surface area in the hybrids compared to
Bi2S3 and finally improvement in visible light absorption area in the
hybrid structures in comparision to MIL-100(Fe). The quenching test
data revealed that main important agent during photocatalytic reaction
is O2•−and other radical species have no significat role in photocatalytic
degradation of RhB over the photocatalyst. Based on the above result
making new hybrid and composite materials between Bi2S3 and
aproperiate MOFs can be a sutible route to fabricate efficint photo-
ctalysts for water purification and other photocatalyst application.
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Table 2
Comparisons of RhB photocatalytic degradation under visible light irradiation between the as-prepared 2-MIB and some previous reported photocatalyst.

photocatalyst Catalyst concentration (g/L) Rh.B concentration (ppm) Removal efficiency Irradiation time (min) Reference

2-MIB 0.5 10 94% 60 This work
S-C3N4 rod like 1 10 93% 120 [88]
N- SrTiO3@TiO2 0.5 10 40% 120 [89]
ZnO/GO – 10 98% 120 [90]
TiO2@rGO 0.5 20 81% 320 [91]
(Ni/Pt)-doped TiO2 03 10 65% 180 [92]
Fe2O3Ce2O3@SiO2@Ce- TiO2 1 10 90% 180 [93]
K2La2Ti3O10 1 20 95% 60 [94]
PCN@MIL-100(Fe) 1 10 84% 200 [86]
PPy@Ag29SiW12 0.5 10 48% 720 [95]
BiOI@MIL-88A(Fe)@g-C3N4 0.1 10 68% 180 [96]
Ag/AgCl/ZIF-8 (50%) 1 10 96% 60 [97]
MnOx /MIL-101 1.5 10 78% 60 [98]
MIL-88A(Fe)@GO 0.4 10 97% 80 [99]
Ag2CO3/UiO-66 0.5 2 97% 120 [100]
N-TiO2@MIL-100(Fe) 1 2 91% 180 [87]
Ag/AgCl@MIL-53-Fe 0.4 10 99% 45 [101]
g-C3N4/UiO-66 0.4 10 95% 360 [102]
1.5-CdS/MIL-53(Fe) 0.4 10 85% 120 [62]
Bi2MoO6/UiO-66(Zr) 0.5 10 93% 120 [103]
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