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Abstract: A novel two-dimensional photocatalyst BiOCI/MOF-5 was successfully synthesized via a facile ultrasonic assisted

solvothermal method. The X-ray diffraction, Scanning Electron Microscope, Transmission Electron Microscope, Brunauer-Emmett-

Teller, UV-Visible diffuse reflectance spectrum and photoluminescence were employed to characterize and investigate its unique

structure and property. In this photocatalytic system, MOF-5 was chosen as a substrate and combined with BiOCl catalyst to achieve a

fire-new two-dimensional composite. The results showed that the synthesized BiOCI/MOF-5 composite photocatalyst all present a good

two-dimensional morphology, and the specific surface area (110.16 m2~g’]) is significantly higher than that of single BiOCl (3.15

m’ gfl). Comparing with the pure BiOCl, the composite photocatalyst exhibits outstanding photocatalytic activity in the degradation of

organic pollutants. Due to the unique structure and characteristics of MOEF-5, the problem of composite catalyst aggregation and the

small specific surface area is well solved. In addition, relative large specific surface area and appropriate energy band gap are beneficial

for the photocatalytic reactions by providing more active sites and efficient transport paths for reactants. The photocatalytic properties of

catalysts are closely related to their specific surface area and pore volume. Hence, the photocatalytic activity is obviously improved.

Key words: 2D photocatalyst; ultrasonic assisted solvothermal; BIOCI/MOF-5; photocatalytic performance

CLC number: 0643.36 Document code: A

In the process of industrialization development, the
environmental pollution has seriously affected people’s daily
life, and at the same time, the demand for energy consumption
is also increasing. As a green, efficient and clean technology,
photocatalytic technology has an important application prospect
in the field of energy and environment with its advantages of
direct utilization of solar energy ' As one of the most
significant components of photocatalytic technology, the
photocatalyst developments have been the focus of public
attention and research.

BiOCl, a novel 2D layered ternary oxide semiconductor,
has been found to be potential photocatalytic ability. However,
the photocatalytic activity of pure BiOCl is limited due to its
low efficiency of light absorption, low adsorption capacity, and
high recombination rate of photoinduced electron-hole pairs[H].
To overcome these problems, an effective strategy is
incorporating them with other functional species to form BiOX-
based composites[H]. Hence, there are two methods to improve
the potential of BiOCl for photocatalytic application, one is the
effective separation of the photogenerated electrons and
holes'"’ "?!. For instance, Mokhtari ef al. successfully prepared
W-doped BiOCIl nanosheets, and it shows that excellent
photocatalytic performance for the degradation of RhB
compared with pure BiOCl in both UV and visible light. This is
attributed to gap and expanded light absorption region'”.
Zhang et al. have been synthesized Fe-doped BiOCl to degrade
levoflo-xacin. The results show that the pholocatalyst has
excellent photocatalytic degradation performance and excellent
reuse performance. The photocatalytic degradation efficiency
can reach 95% within 60 min""*, The other is the increase
of accessible surface area for more contact of target
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molecules!” " Metal-organic frameworks (MOFs), which are
built by the coordination of metal ions and organic linkers,
showing a variety of strengths such as various species,
designable and adjustable structure, low crystal density and
high specific surface area compared with porous molecular
sieve and acticarbon ""* 7%, At present, it has become a research
frontier and hot point in the material field. These factors render
it an ideal candidate for the development of BiOX nanosheet-
based heterogeneous composite to improve the photocatalytic
performance of the catalyst a2

In this study, a novel two-dimensional photocatalyst
BiOCI/MOF-5 was prepared by ultrasonic assisted solvo-
thermal method. Herein, MOF-5 was chosen as a substrate,
combined with the novel BiOCI catalyst to achieve a fire-new
composite. Comparing with some recent research materials e
the prepared composite exhibits an outstanding photocatalytic
activity in degradation of organic contaminant. Benefiting from
the unique structure and characteristics of MOF-5, the problems
of composite catalyst aggregation and the small specific surface
area are improved reduced. Hence, compared with the pure
BiOCl, the photocatalytic activity of BIOCI/MOF-5 is obvious-
ly enhanced.

1 Experimental

1.1 BiOCIl synthesis

BiOCI was synthesized following the procedure described.
Firstly, 10 mmol of Bi (NO;);-5H,0 and 10 mmol of KCI were
added to 20 mL solvent of water, respectively. Then, KCl
solution was slowly dripped into Bi(NOs);-5H,0O solution under
ultrasonic condition and stirred for 1 h subsequently. Following
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one hour of stirring, the final solution was heated at 160 °C for
12 h in a Teflon-lined stain-less autoclave. Washed the white
powder with water and ethanol for three times and dried at
80 C. Finally, BiOCl nanoparticles were prepared.

1.2 BiOCI/MOF-5 synthesis

MOF-5 was synthesized following the procedures
described. Firstly, Zn(CH;COO),-2H,0 and H,BDC were
dissolved in 30 mL of DMF at a molar ratio of 3 : 1. Following
several minutes of stirring, the obtained mixture was sealed in a
closed vessel by ultrasonic instrument. After ultrasonic 80 min,
the mixed solution was heated at 120 °C for 24 h in a Teflon-
lined stainless autoclave. Centrifugation was done for the
collection of the product proceeding to repeated washing with
DMEF. Later on, the final product was dried out at 80 °C in
vacuum conditions. Finally, two-dimensional MOF-5 crystal
was obtained.

Based on the as-prepared materials, a certain amount of
MOF-5 and BiOCl were respectively dispersed into 20 mL
DMEF by ultrasonic instrument. Afterwards, MOF-5 suspension
was slowly introduced into BiOCl suspension. Following
several minutes of stirring, the mixture was transferred into a
Teflon-lined stainless steel autoclave. After heated at 120 °C for
24 h, the product was cooled down to room temperature in air.
Later on, the samples were collected and washed several times
and then dried at 80 C.

2 Results and Discussion

2.1 XRD Analysis

The crystallographic structures of the as-synthesized MOF-
5, BiOCl and BiOCI/MOF-5 composites were determined by
XRD analysis, as shown in Fig. 1. It shows that the pristine
BiOCl sample was well crystallized and the diffraction peaks
can well be indexed to the tetragonal BiOCI (JCPDS Card No.
06-0249)"". Interestingly, the intensity of the diffraction peaks
in the BIOC/MOF-5 system differs from that of BiOCI. Thus,
it is expected that MOF-5 may influence the exposed
percentage of crystal planes of BiOCI. Otherwise, no other
diffraction peaks appear in the composite structure BiOCI/MOF-
5, indicating no other impurities in the XRD test range.
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= ——MOF-5
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Fig.1 XRD patterns of different samples

2.2 SEM and TEM analysis

The morphologies of the as-synthesized BiOCl and
BiOCI/MOF-5 were characterized by SEM analysis. The
sample of BiOCl (Fig. 2(a)) exhibits the representative sheet-
like structure. Fig. 2(c) displays the SEM images of BiOCl/
MOF-5 materials. Compared with BiOCl, a similar sheet-like

morphology can be observed. In Fig. 2(b), the pristine MOF-5
that developed by the ultrasonic-assisted solvothermal method
consisted of plenty of two-dimensional sheet-like structures,
rather than the common cubic structure. In the wake of the
further introduction of MOF-5, Fig. 2(c)shows that, compared
with the pure BiOCI, the surface roughness and thickness of
BiOCI/MOF-5 was increased, but still shows a distinct two-
dimensional morphology. These results indicate that the major
morphology of the BiOCI sample was not significantly altered
by the introduction of MOF-5. The microstructures of the
BiOCI/MOF-5 composites were further investigated by TEM.
The TEM images (Fig. 2(d)) confirmed the 2D structure of the
BiOCI/MOF-5 composites clearly.

SOHm

Fig.2 SEM((a) BiOCI; (b) MOEF-5; (c) BiOCI/MOF-5) and
TEM ((d) BiOCI/MOE-5) images of different samples

2.3 BET analysis

Fig. 3 illustrates the adsorption-desorption isotherms and
pore diameter distribution curves of BiOCI and BiOCI/MOF-5.
Table 1 summarizes the BET surface area and pore volume of
as-synthesized samples. The specific surface area is increased
from 3.15 to 110.16 m2~g_1 after recombination. We can find
that after modification of BiOCl by MOF-5, the surface area
and pore volume of BiOCI/MOF-5 were higher than those of
pure BiOCIl, which is beneficial for the photocatalytic reactions
by providing more active sites and efficient transport paths for
reactants. The photocatalytic properties of catalysts are closely
related to their specific surface area and pore volume. Thus, the
large specific surface area and pore volume of BiOCI/MOF-5
might play a role in enhancing the photocatalytic activity.
2.4 UV-Vis DRS and PL spectra analysis

Fig. 4 shows in the UV-Vis DRS and PL spectra of
different samples. As shown in Fig. 4(a), the optical absorption
properties and the band gap energy of as-prepared samples were
investigated by using UV-Vis diffuse reflectance spectroscopy.
It is well known that the bandgap of semiconductors can be
calculated by the following formula ahv = A(hv — Eg)"/z, where
a, h, v, E, and 4 are absorption coefficients, Plank constant,
light frequency, bandgap and constant, respectively[m, n
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semiconductor. In this system, n value is equal to 4. Therefore,
the band gaps of BiOCl and BiOCI/MOF-5 were estimated to
be approximately 3.2 eV. The BiOCI/MOF-5 composite
showed greater absorption intensity in the illustrated area
compared to bare BiOCl, which is beneficial to the
photocatalytic activity of the composite. Moreover, it can be
seen that the composite structure mainly improves the specific
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Fig.4 (a) UV-Vis DRS and (b) PL spectra analysis for the optical properties of different samples

surface area of the composite structure in the specific surface
area of the lifting material, and has no obvious damage to the
electronic structure of a single structure.

Fig. 4(b) displays PL spectra of BiOCl and BiOCI/MOF-5.
We can see that the BIOCI/MOF-5 exhibit peaks at similar
positions, but the intensity of the composite peaks is lower than
that seen for bare BiOCl. Lower PL intensities point to slower
recombination of electron - hole pairs, suggesting more photo -
excited holes and electrons can participate in redox reactions,
thereby enhancing photocatalytic performance.
2.5 Photoreactivity

In order to further explain the effect of BIOCI/MOF-5 on
the degradation of RhB in the reaction system, the degradation
rate and TOC in the reactive solution at different reaction time
were detected. As shown in Fig. 5(a), with the increase of
reaction time, the degradation rate of RhB solution and the
removal rate of TOC increase gradually. It can see that pure
BiOCl has limited photocatalytic activity, and the RhB
degradation ratio is 59.9% after simulated solar light
irradiation. As for BIOCI/MOF-5 composites, they universally
possessed better photocatalytic performance than the pure

photocatalyst. The RhB degradation ratio increases to 83.5%
when BiOCl combines with MOF-5. And after 5 h visible-light
irradiation, about 95.5% of the TOC were removed by using
BiOCI/MOF-5 as photocatalyst. The result indicates that
BiOCI/MOF-5 photocatalyst could effectively mineralize RhB
molecules into CO,, H,O and other inorganic products.
Accordingly, the as-prepared ultrathin BiOCI/MOF-5
composites showed high degradation rate and TOC removal
efficiency of RhB.This may be attributed to MOF-5 which can
increase the accessible surface area and contact more RhB
molecules, and the ZnO node of the framework can promote
the effective separation of the photogenerated electrons and
holes.

The photocatalyst stability is a very important parameter
for practical applications. The as-prepared BiOCI/MOF-5
composite photocatalyst was also evaluated, as shown in
Fig. 5(b). It can see that the photocatalyst exhibited excellent
reusability for up to four consecutive cycles, indicating that the
samples were highly stable during the photocatalytic oxidation
of the organic contaminants, which ensured its application in
practical fields.
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Fig.5 Photodegradation of different samples for RhB

2.6 Simulated formation process

Fig. 6 shows the simulated formation process. First place,
Bi(NO;);-5H,0 and KCI were reacted in solution to generate a
large number of BiOCl nuclei. In liquid reaction, the formation
is due to the layer structure and low surface energy of the {001}
facets of BiOCl. The surface atoms structure reveals that the
{001} facets of BiOX contain terminal oxygen atoms, and
{001} facets are expected to be more negatively charged.
Therefore, when the solvent is water, H  binds to the O atom of
the (001) crystal surface of BiOCl to reduce its surface energy,

H,0

resulting in the (001) crystal surface of BiOCl becoming stable,
and finally grows into a BiOCl nanosheet with a high exposure
(001) crystal surface. Then, the MOF-5 suspension was slowly
dropped into the BiOCl solution, and the BiOCl was slowly and
uniformly dispersed on the MOF-5 surface, slowly spreading
from the relatively aggregated state. Finally, with the
introduction of MOF-5, a new two-dimensional nanolamellar
structure was formed. To some extent, the composite with 2D
structure increases its active surface area, providing more active
sites and thus fully catalyze the degradation of pollutants.
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Fig.6 Simulated formation process of BIOCI/MOEF-5 catalyst

2.7 Photocatalytic mechanism

On the basis of the experimental studies, the possible
reaction mechanism of the photocatalytic procedure is proposed
and illustrated in Fig. 7. After sunlight begins the irradiation,
the photoelectrons on the surface of BiOCl can easily migrate
to MOF-5 because the CB of BiOCl is lower than the LUMO of

0

c RhB
CO,+H,0+...

h+
RhB

. +CO+H,0

Fig.7 The possible reaction mechanism of the photocatalytic procedure

MOF-5. Similarly, the h' located in MOF-5 can also migrate
into the VB of BiOCI. Then, the photoelectrons are trapped by
oxygen, reduced to generate active species (°027) and the h' left
in BiOCl reacts with pollutants to produce H,0 and CO,.
Subsequently, h” and e migrated to the surface of BIOCI/MOF-
5 photocatalyst, thus the recombination of photogenerated
electron-hole pairs can be effectively inhibited and the corres-
ponding photocatalytic properties would be greatly improved.

3 Conclusions

In this study, we used a novel method to synthesize two-
dimensional composite photocatalyst via a simple hydrothermal
route with the aid of ultrasonic assistance. Compared with pure
BiOCl, the specific surface area of the BiOCI/MOF-5 is
increased from 3.15 to 110.16 m’™ g_l, when MOF-5 coupled
with BiOCl. The results show that BiOCI/MOF-5 sample
exhibited a remarkably higher photocatalytic activity for
degrading RhB than BiOCl sample. This 2D structure of
BiOCI/MOF-5 can provide efficient transport paths for
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reactants and more active sites for the photocatalytic reaction.
These results would not only provide appropriate reference for
the new development of MOF-based hybrid materials, but also
facilitate the reasonable design and performance enhancement
of photocatalysts.
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