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Abstract. The MIL-53(Fe)/BiOCl composite catalyst is triumphantly man-made by two-step
solvothermal method. The MIL-53(Fe) which possesses nanoscale polyhedral structure is loaded to
the surface of BiOCI microspheres. 2,4-DCP is regarded as a simulated pollutant in environmental
wastewater, at the same time, H,O, is added into the reaction vessel. The photo-Fenton performance
of the composites has been tested. Making use of photo-Fenton effect of H,O, and iron ions under
visible light, photo-Fenton effect is used to investigate the photocatalytic degradation efficiency of
higher concentration of 2,4-DCP under different conditions. And the photochemical properties of
XRD, DRS and SEM as well as the electrochemical properties of PL, PC and EIS are measured.
The catalytic mechanism is analyzed by photo-Fenton effect.

Introduction

In the last few years, the semiconductor photocatalysis research is becoming a hot topic which
has been applied in wastewater treatment!>™. It is used in the photocatalytic degradation on organic
pollutant in the wastewater and air handle. TiO, is acted as a representative photocatalytic material
which possesses the low utilization efficiency for solar energy. At the same time, its optical
absorption range is very narrow. So it is only used in photocatalytic degradation in ultraviolet
region[5'8]. Besides, TiO, have a lower quantum efficiency by reason of the rapid recombination
between electron-hole pai rs9. So exploiting the new type photocatalytic materials, broadening its
optical absorption scope and improving the separation efficiency of electron-hole pairs have been
becoming a noticeable spot 19,

MOFs materials are composed of metal ions and organic linkers. It is a new-style material
having tunable structure properties and functionalities. MOFs exhibit the potential application of
gas storage, catalysis and drug delivery ¥, MIL-53(Fe) is a new photocatalytic crystalline
material, transition metal is acted a bridge connected by organic linkers, its application in
photocatalytic filed has been widely concerned ™ M| L-53(Fe) is athree-dimentional porous organic
framework. It provides a good carrier for other semiconductors. In particular, organic linker can
absorb photon, resulting in the migration from metal to organic linker and making MIL-53(Fe)
become an adjustable multifarious metal organic framework ¢, Researchers'” reported
g-C3sN4/MIL-53(Fe) composite material has displayed the photocatalytic performance on the
degradation of Cr®*. Some researchers %8 showed a novel CdS/MIL-53(Fe) photocatalyst displayed
an outstanding photocatalytic activity on RhB in water treatment. In the last few years, bismuth
semiconductor applied in photocatal ytic degradation had caused many attentions among researchers.
In these materials, BiOCI is regarded as the more vibrant photocatalytic material than titanium
dioxide due to its layered structure and higher stability[lgl. Hower, BiOCI is still facing a challenge
because of narrow light absorption range. Many researchers have made great efforts to make
BiOCl-based visible-light composites by loading metal or matching with other semiconductor
materials ?” Now we have synthesised a novel MIL-53(Fe)/BiOCI material that exhibited superior
photo-Fenton performance under the visible-light irradiation. MIL-53(Fe)/BiOCI-10 composites
with adding the MIL-53(Fe) have been successfully man-made via two-step solvothermal method.
The composite materials could take advantage of photo-Fenton to degrade the 2,4-dichl orophenol[21].
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The photo-Fenton activity of composite material has been assessed by degradation performance of
2,4-dichlorophenal.

Experimental

Materials

Solvents and reagents are purchased from mercantile suppliers without any purification.
[ron(l1l) chloride hexahydrate (FeCls-6H,0), terephthalic acid (H.BDC), N,N-dimethylformamide
(DMF), H20,(30%), ethanol (EtOH), ethylene glycol (EG), bismuth pentahydrate (Bi(NOs)3-5H,0),
potassium chloride (KCI), HCl and NaOH are purchased from Shanghai Chemical Plant or Tianjin
Chemical Plant. Delonized water (DI) isaso used in all experiments.

Prepar ation of materials

Synthesisof MIL-53(Fe)

MIL-53(Fe) is man-made by a facile method according to the previous literaturd®. In a
representative procedure, 0.674 g FeCl3+6H,0O and 0.415g H,BDC are dissolved in 56 mL DMF.
Then it is mixed and stirred until it becomes a clear solution. The mixture is transferred into a
Teflon liner which has the 100 mL capacity and heated at 170°C for 24 h. After cooled down to
indoor temperature naturally, the products are filtered, rinsed with DMF and C,HsOH several times,
respectively. The yellow powder is collected and dried at 100°C for 10 h.

Synthesis of M1L-53(Fe)/BiOCI-10 and BiOCI

We have manufactured the MIL-53(Fe)/BiOCI materials using a simple solvothermal method.
In a representative technology, the calculated amount of MIL-53(Fe) powders are dissolved in 40
mL ethylene glycol solvent and suspended with the aid of ultrasonication until it becomes a
homogeneous solution. Then 2.6044g Bi(NO3)3*5H,0 is added into the above solution under
magnetic stirring until it is dissolved completely. A 40 mL ethylene glycol solution containing
0.7456 g KClI is added by drowise into the forming mixture. And the resulting mixture is stirred for
1 h. Finally, it istransferred into a 100 mL Teflon liner and heated at 160°C for 12 h. The product is
filterd, rinsed with C;HsOH once time, distilled water three times and dried at 60°C overnight. The
product is named as MIL-53(Fe)/BiOCI-10. The pure BiOCl is man-made under the similar
procedure in the short of MIL-53(Fe)'?.

Characterization techniques

X-ray diffraction (XRD) patterns of products are carried out using D8 Advance purchased by
German Bruker Co. using Cu Ka radiation at 40 kV and 40 mA in the 2o range of 5-80°with a scan
speed of 4%min. The morphology characteristic and structure of the products are observed by
scanning electron microscope( Nano SEM 230) purchased from American FEI. The UV-vis diffuse
reflectance spectra (DRS) of products are carried out in the scope of 200-700 nm with Varian Cary
500U V-vis spectrophotometer purchased from Ameican Varian Company and BaSO, is employed as
the blank standard. The photoluminescence (PL) spectra of samples are tested with Hitachi 4500.
Photocatalytic evaluation

The photo-Fenton performance of catalysts are assessed by the degradation curve of 2,
4-dichlorophenol with the aid of H,O, (30%). The degradation tests are carried out in a reactor
which has a water circulation installation. A 300W Xe arc lamp with 420nm cutoff filter is applied
to form the reaction system. In order to accomplish adsorption-desorption balance, 0.05g samples
are added into 50 mL 20 mg/L 2,4-dichlorophenol keeping under dark for 4 h before irradiation.
Then H,0, (30%) is also added into the system. After irradiation, the suspension samples of 3 mL
are taken out, centrifuged and analyzed immediately. The absorbance at 284 nm of pollutant is
measured by a UV-vis spectrometer (lambda35, USA) to obtain the concentration of 2, 4-DCP. The
photocatalytic performance is shown by C/Cy, where Cyis origina 2,4-dichlorophenol and C is
remaining concentration of it at the time.

Electrochemical tests
The electrochemical impedance spectroscopy (EIS) and the photocurrent (PC) are tested on the
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CHI 760E electrochemical workstation purchased from Chenhua Instrument Company. The sample
liesin atraditional three-electrode. Photocurrent (PC) istested by a 300 W Xe arc lamp (A> 420 nm)
in 0.1M PBS agueous solution. The EIS has been measured under the dark condition in the mixture
solution (2.5mmol/L potassium ferricyanide, 2.5mmol/L potassium hexacyanoferrate and 0.1mol/L
editpotassium cyanide).

Results and discussion

Characterization
Fig.1 shows the typical XRD patterns of the BiOCIl, MIL-53(Fe) and MIL-53(Fe)/BiOCI
composites that have been prepared. Obviously, the clear diffraction peaks have implied the
well-crystallization property of the MIL-53(Fe). And it has the good consistency with the relevant
references (%24 More importantly, the MIL-53(Fe)/BiOCI-10 displays the alike XRD patterns as
that of the BiOCI. It is indicated that the addition of MIL-53(Fe) has slight impact on the structure
of BioCl . It could put down to the low content and high dispersion of it in the
MIL-53(Fe)/BiOCI!? While for pure BiOCI, these remarkable diffraction peaks can match with the
literaturé?®!. The XRD result indicates the structure of pure BiOCIl sample is intact. The results of
XRD analysis prove clearly the compsite material is consisted of MIL-53(Fe) and BiOCI.
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Fig.1 XRD patterns of BiOCl, MIL-53(Fe) and MIL-53(Fe)/BiOCI-10.

Fig.2 shows the SEM images of the BiOCl, MIL-53(Fe)/BiOCI-10 and MIL-53(Fe) samples.
Asisdescribed in Fig.2(a), the alone MIL-53(Fe) shows the well-defined polyhedrone shape whose
diameter is approximately 200 nm and length is roughly 500 nm. As is seen in Fig.2(b), it can be
inferred that the polyhedron structure of the MIL-53(Fe) is covered closely on the surface of BiOCI
micrometer structure. However, MIL-53(Fe) is dispersed inhomogeneously on the surface of BiOCl
because the part of MIL-53(Fe) is wrapped by BiOCI micrometer structure. Fig.2(c) shows the pure
BiOCI is composed of flower-structure microballoon with 1-2um. It is coincident with the relevant
literature’®?,

il

Fig.2 SEM images of MIL-53(Fe) (a), MIL-53(Fe)/BiOCI-10(b) and BiOCI(c)
The optical performance of MIL-53(Fe)/BiOClI composite materials have been tested using
UV-vis diffuse reflectance spectra. Asis exhibited in Fig.3(a), all samples show stronger absorption
within the range of 200-460 nm. The absorption edge positions of MIL-53(Fe) in the ultraviolet
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district are due to transitions of ligands. While, the absorption edge under visible light belongs to
the LMCT phenomenon from H,BDC ligands to Fe* centerd?” 2. After MIL-53(Fe) is embedded
into BIOCI, the absorption edge of the composites can be red shift by improving the mass of
MIL-53(Fe). Obviously, the tangent line of absorption boundary of MIL-53(Fe€) is roughly situated
at 456 nm, according to the formula of Eg = 1240/\? . 1t can be calculated to a 2.72 eV of band gap.
The band gap of BiOCI is 3.14 eV. The Fig.3(a) indicates the MIL-53(Fe)/BiOCI-10 shows higher
absorption range than single BIOCI, it is implied that composite material is a promising
photocatalyst in the visible light. The PL demonstrates the lower recombination efficiency of the e-
h* pairs of MIL-53(Fe)/BiOCI-10. As is displayed in Fig.3(b) , a wide band at 300-575 nm with a
peak at 280 nm is aroused. The alike peaks are exisited in the MIL-53(Fe)/BiOCl composites. It
could also be observed that the PL intensity of the composites follows the sequence: MIL-53(Fe) >
BiOCl > MIL-53(Fe)/BiOCI-10. It is indicated that the composite material has the lower
recombination efficiency. It is proved that the close touch between the MIL-53(Fe) and the BiOCI
has reduced the recombination efficiency of the electron-hole. The lower recombination efficiency
of the composite material would make it more efficient for photo-Fenton applications.
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Fig.3 (a) UV-vis diffuse reflectance spectra (UV—vis DRS) and (b) photoluminescence spectra (PL)
of the samples.
Photocatalytic performance of 2,4-DCP under H,0,-MIL-53(Fe)/BiOCI-10 system

Fig.4(a) shows the evolution process of pollutant over time after 10uL H,O, is added. After 150
min, the concentration of 2,4-DCP in the short of the catalyst is no obvious change reflecting that
the 2,4-DCP is very steady. However, the existence of H,O, could improve the degradation
efficiency of 2,4-DCP reaching up to 10% by photo-Fenton degradation. The possible photo-Fenton
activity is lured by visible light (visible light+H,0,—+OH + OH)P. In the meanwhile, the
degradation efficiency of 2,4-DCP by MIL-53(Fe)/BiOCI-10 without H,O, is very small under
visible light, only reaching up to 5%. About 60% 2,4-DCP is degraded, mainly attributed to the
production of electron-hole pairs by MIL-53(Fe) after the addition of H,O, during the irradiation. It
manifests that the synthesized MIL-53(Fe) catalyst has the limited degradation property. And the
photocatalytic degradation efficiency of BiOCI can be roughly reached up to 30% under visible light
after the addition of 10uL H,O,. Surprisingly, photocatalytic degradation efficiency of
MIL-53(Fe)/BiOCI-10 can be reached up to nearly 100% under visible light after the addition of
10uL H,0, within 150 min. Fig.4(b) shows degradation rate constant k of photo-Fenton. As is
exhibited from the histogram, photocatalytic degradation rate constant k of the MI-53(Fe)/visible
light/H,0,, BiOCl/visible light/H,0,, blank/visible light/H,0,,10%/visible light/H,O,, blank/visible
light and 10%/H,0, are that 0.00282 min®, 0.00109 min™, 0.0004883 min™, 0.01112 min™,
0.000280 min™* and 0.000431min™,
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Fig.4(a) the degradation activity of 2,4-DCP over MIL-53(Fe)/BiOCI-10 composites in 150
min.(Reaction:50 mg catalyst, 50mL 20 mg/L2,4-DCP,10uLH,0,) and (b) pseudo-first-order rate
constant k of system under visible light irradiation.

Fig.5 shows effect of the volume of H,O, and effect of initial pH on the degradation of
2,4-DCP over MIL-53(Fe)/BiOCl-10/visible light/H,0, system. Fig.5(a) shows the degradation
picture of 2,4-DCP is surveyed by varying the volume of H,O, under a given environment. When
the volume of H,O; is added from 5uL to 50uL, the degradation efficiency is increased from 65% to
99%. The increasing degradation rate is attributed to the increasement of «OH with increasing the
the volume of H,O,. However, when the volume of H,O,is from 20uL to 50uL, the degradation
efficiency is increasing dlightly. It can be clarified that extra HO, molecules are acted as the
scavenger of «OH to produce perhydroxy radicals owning lower oxidation potential[3°]. Asis shown
in Fig.5(b), the pH of the solution which is adjusted by HCI or NaOH can influence the degradation
effect of 2,4-DCP. The original pH of the system is 6. Obviously, while the pH of the solution is
increased from 3 to 10, the photocatalytic activity of the composites is gradually decreasing.
Nevertheless, when the pH is 2, the photocatalytic degradation can only reach up to 50%. It is
ascribed to formation of oxoniumion (HsO,"). And it could strengthen the stability of H,O,
preventing the production of «OH radicals, furthermore, iron ion could be leached to the solution
from the composite materials while pH is inferior than 3%,
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Fig.5(a) Effect of the volume of H,O, on the degradation of 24-DCP over
MIL-53(Fe)/BiOCI-10/visible light/H,O, system. Experimental conditions: 2,4-DCP, 20 mgL *;
MIL-53(Fe)/BiOCI-10, 1gL™%; and initid pH6. (b) Effect of initid pH on the degradation of
2,4—1DCP. Experimental conditions. 2,4-DCP, 20mg L% H,0,, 10uL and MIL-53(Fe)/BiOCI-10, 1
oL .
M echanism for photo-Fenton system

The optical characterization have tested the visible-light responsiveness of the composite
material. To verify this assumption, the measurement of photocurrent over MIL-53(Fe), BiOCl and
MIL-53(Fe)/BiOCI-10 is carried out. It is clarified in Fig.6(a) that a sudden and stable photocurrent
response is tested for light-on and light-off during the samples of MIL-53(Fe), BiOCl and
MIL-53(Fe)/BiOCI-10. Asis given in Fig.6(a), MIL-53(Fe) shows a very low photocurrent density.
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The primordia BiOCI has a bit higher photocurrent than MIL-53(Fe) during the PC test. However,
the MIL-53(Fe)/BiOCI-10 implies the distinguished enhancement of photocurrent density than
MIL-53(Fe) and BiOCI, which verifies the efficient charge transfer between MIL-53(Fe) and BiOCl
and provides more survival time of electrons. For the sake of further studying the contact interface
charge transport performance of MIL-53(Fe), BiOCl and MIL-53(Fe)/BiOCI-10 composites, the EIS
measurements are tested. Asis given in Fig.6(b), the radius of the impedance indicates the reaction
speed happening on the surface of the electrode. The MIL-53(Fe)/BiOCI-10 has the smaller radius
of the impedance than MIL-53(Fe) and BiOCl demonstrating a rapid contact interfacial transfer. It
could aso prove valid separation efficiency of electron-hole pairs occurring in the materials. The
results are coincident well with the photocurrent test and photoluminescence spectra test. So the
photocurrent spectra, photoluminescence spectra test and EIS Nyquist plots prove the rapid
separation efficiency of electron-hole pairs in the MIL-53(Fe)/BiOClI composites, which is
promising for the intensive photo-Fenton activity.
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Fig.6(a) Transient photocurrent response of MIL-53(Fe), BiOCl and MIL-53(Fe)/BiOCI-10 in 0.1M
PBS agueous solution under intermittent visible light. (b) EIS Nyquist plots of the BiOCI,
MIL-53(Fe) and MIL-53(Fe)/BiOCI-10 under dark condition.

Obvioudly, the electron shift in MIL-53(Fe)/BiOCI-10 could be improved immensely by the
rapid separation efficiency of photoelectron-hole pairs. Therefore, the MIL-53(Fe)/BiOCI-10 also
shows more excellent photoelectochemical performance than BiOCI. Based on our study, a possible
oxidation mechanism is detailedly illuminated. The electron is transferred from the valence band of
MIL-53(Fe) to the conduction band of it under visible light. The electron would be combined with
Fe** to produce Fe**. The generated Fe** is actived by H,O, in an acidic environment producing
*OH. At the same time, Fe** is aso reduced by H,O, generating Fe**. Due to the rapid separation
efficiency of charge about composite material, it would generate more electron and accelerate the
prouduction rate of «OH. A series of reaction process makes the higher photo-Fenton degradation
effect.

Conclusions

In this work, an original MIL-53(Fe)/BiOCI-10 composites has been man-made by a simple
two-step solvothermal method, which displays excellent performance and good stability on account
of excellent photo-Fenton degradation activity under visible light. At the same time, the marked
improvement of photo-Fenton performance could be due to the synergistic effect of the MIL-53(Fe)
and BiOCI. 20 mg/L 2,4-DCP has been degraded completely by adding 10uL 30% H,O, after 150
min. In the meanwhile, the test of photo-Fenton degradation of H,O, dosage and pH value prove
that the MIL-53(Fe)/BiOCI photocatalyst could be put into use in the broad environment. The
photo-Fenton mechanism analysis for the performance reinforcement of the MIL-53(Fe)/BiOCI-10
has been proposed by illuminating the rapid separation efficiency of electron-hole pairs. This paper
results may provide a bright prospects for the photocatalytic degradation of stable pollutants in
practical applications.
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