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Single-crystal BiOCl nanosheets, with high {001} facets exposed, were synthesized through a facile hydrolysis reaction under general
atmospheric pressure, without adding any organic surfactant or agent. The thickness of the BiOCI nanosheets is about 20 nm, and
the diameter is arranged from 200 to 400 nm. The structure of the BiIOCI nanosheets was characterized by X-ray diffraction, energy
disperse X-ray spectrum, transmission electron microscopy, and selective area electron diffraction. Moreover, three different dyes
were used as model molecules to test the photocatalytic activity of BIOCI nanosheets under visible light. It was found that the BiOCl
nanosheets possess selective photocatalytic behavior as their activity over RhB is much higher than that over MO or MB. Based on

the analysis of the experimental results, the potential mechanism was discussed.

1. Introduction

With the development of modern industrial society, environ-
mental pollution and energy shortage have evolved into a
global crisis. As a green method, photocatalytic technology
has the advantages of low cost and high efficiency and does
not produce secondary pollution, which has broad potential
application prospect in solving the environmental prob-
lems [1]. The structural design and catalytic mechanism of
semiconductor photocatalytic materials have attracted much
interest of chemistry and materials researchers [2, 3]. Most
semiconductor photocatalytic materials can only be induced
by UV light, which accounts for only a small part of the
sunlight. The exploration of catalysts with high activity under
visible light is a hot research area [4-6].

However, some ultraviolet light photocatalysts could
degrade dye solution under visible light because of dye-sen-
sitized photocatalytic process [7-9]. Liu et al. did much
research about the catalytic mechanism of TiO, in degrading
different dye solution. After the particle surface of TiO,
nanoparticles was treated by fluorine, the dye adsorption and

degradation effects have obvious difference [10]. They also
used many kinds of measurements to detect the intermediate
active substances and degradation products [11, 12]. In addi-
tion, the relevant research about photosensitized catalytic
activity of other UV light photocatalytic materials under
visible light is not common.

Bismuth oxide chloride (BiOCI) is a highly anisotropic
layered structure of semiconductor [13-16]. The crystal struc-
ture is derived from a tetragonal matlockite structure, in
which one bismuth atom coordinates with four oxygen atoms
in one base and four chlorine atoms in another. One oxygen
atom coordinates with four bismuth atoms and so does the
chlorine atom, thus forming the BiOCI crystal [17, 18]. The
tetragonal [Bi,O,] structure is combined by two chlorine
slabs to get a “sandwich” layer and different layers are
stacked together by the nonbonding interaction (van der
Waals). It is the indirect transition band gap semiconductor,
with the band gap of about 3.27eV. In most literatures,
the photocatalytic activity was tested under ultraviolet light
because of its large band gap width.



In this work, a facile hydrolysis method, without any
capping agent added, is explored to synthesize BiOCl single-
crystal nanosheets. The most highly exposed facet was
detected to be {001} facets. Three different dyes were used to
discuss the photocatalytic activity under visible light. It was
found that degradation efficiency of RhB is much higher than
MO or MB under visible light. Because the BiOCl material
belongs to large band gap photocatalysts, it cannot be excited
by visible light. The mechanism of BIOCI nanosheets degrad-
ing the dyes solution was concluded by visible light sensitized
photocatalytic process. More interestingly, the degradation
efficiency of these BiOCIl nanosheets over RhB is much
higher than that over MB or MO, showing high selective
photocatalytic activity. It should be emphasized that till now
there are some researches on the selective photocatalysts
under UV light [19-21] and rare report on the selective photo-
catalysts under visible light [22, 23]. The investigation of
selective activities of semiconductors is important for better
understanding of the mechanism of photocatalytic process,
which also better direct the exploring of more efficient visible
light induced photocatalysts.

2. Experimental Section

2.1. Materials. Bi(NO;);-5H,0, NaCl, ethanol, RhB, MO, and
MB were of analytical grade and purchased from Shang-
hai Chemical Reagent Ltd. 5,5-Dimethyl-1-pyrroline-N-oxide
(DMPO) was purchased from Sigma-Aldrich Chemical
Company.

2.2. Synthesis of BiOCI Nanosheets. All samples were pre-
pared via a hydrolysis process. As for the synthesis of BiOCI
nanosheets, 0.0585 g (1 mmol) of NaCl was dissolved in 15 mL
deionized water in a three-neck flask and heated to 90°C.
Then 0.4858 g (1 mmol) of Bi(NO;);-5H, 0O was dispersed into
20 mL ethanol by ultrasonation to get a suspension which was
then added to the above NaCl solution under 90°C dropwise.
The reaction was maintained at the same temperature for
3h and then cooled to room temperature naturally. The
precipitation was separated by centrifugation and washed
with deionized water and absolute ethanol several times,
respectively. Finally, the as-obtained product was dried under
vacuum at 60°C for further characterization.

2.3. Characterization. XRD patterns of samples were mea-
sured on a Bruker D8-advance X-ray diffractometer with Cu
Ko radiation (A = 0.154056 nm) (Germany), using a voltage
0f 40 kV; a current of 40 mA, and a scanning rate of 0.02°/s, in
20 ranges from 10° to 70°. The cell lattice constants of samples
were calculated and corrected by MDI Jade (5.0 edition)
software. SEM images were acquired on a Hitachi S-4800
scanning electron microscope (SEM). Transmission elec-
tron microscopy (TEM, JEM-2100, JEOL) with fast Fourier
transformation (FFT) and selected area electron diffraction
(SAED) was measured at an accelerating voltage of 200 KV.
UV-visible diffuse reflectance absorbance (DRS) and Raman
spectra were obtained with UV-vis diffuse reflectance spec-
trometer (BWS003, Newark, DE) and a Raman spectrom-
eter (inVia, Renishaw), respectively. The EPR results were
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obtained on electron paramagnetic resonance spectrometer
(EPR, ER200-SRC-10/12, Bruker), with an in situ irradiation
system.

2.4. Photocatalytic Degradation Measurement. The photo-
catalytic degradation experiments of the obtained BiOCI
products for the decomposition of 20 mg/L RhB (or 10 mg/L
MB, 10mg/L MO) in aqueous solution were performed
in XPA-Photochemical Reactor (Xujiang Electromechanical
Plant, Nanjing, China). A 500 W Xenon lamp with a filter
(A > 400 nm) was used to obtain visible light, and the near-
infrared light was removed by condensate water around the
lamp. A mixture of 40 mL of 20 mg/L RhB aqueous solution
and 40 mg of BiOCI powder was transferred into a quartz
tube with a capacity of 50 mL. The above suspension was
treated by ultrasonation for 10 min and then magnetically
stirred in dark for 1h to reach adsorption equilibrium of RhB
with the catalyst. Then the mixture was continuously agitated
throughout the experiment and irradiated by the visible light.
After a given irradiation time, about 3mL of the mixture
was withdrawn and immediately centrifuged to remove the
catalyst. The concentration of dye solution was determined by
measuring its absorption in the main absorbance with UV-vis
spectrophotometer (Agilent 8453).

3. Results and Discussion

The general morphology of the as-prepared BiOCl nanosh-
eets was characterized by SEM and TEM as shown in
Figure 1, which is irregular nanosheet structure. The size
of the nanosheets is about 200-400 nm, and the thickness
is about 20 nm. Further analyses of BiOCl nanosheets have
been characterized by high resolution transmission electron
microscope (HRTEM) and selected area electron diffraction
(SAED). The HRTEM image for a single nanosheet is showed
in Figure 1(d) and we got corresponding SAED spot patterns
at the according part of the nanosheet, showing that each
nanosheet is single-crystal and owns high crystallinity. The
main exposed surface of the BiOCl nanosheets could be
confirmed to be {001} facets based on the analysis of SAED
results. The interplaner spacing of 0.275 nm well corresponds
with the (110) plane of tetragonal BiOCI crystal.

The phase and composition of the BiOCl nanosheets,
which was prepared by the hydrolysis reaction, were inves-
tigated by XRD pattern (Figure 2). The intense and clear
diffraction peaks imply the good crystallinity of the as-
prepared BiOCl sample. All diffraction peaks can be indexed
to pure tetragonal phase (JCPDS 06-0249, space group:
P4/nmm, unit cell parameters: a = 3.893 A, b = 3.893 A, and
¢ = 7.363 A). There is no other diffraction peaks, showing that
the purity of BiIOCl sample prepared by this method is high.
A great increase in the relative intensity of (001), (002), (003),
(004), and (006) peaks can be found in the spectrum. The
peak (001) in BiOCI sample is obviously the strongest one,
contrary to 40% intensity in the standard spectrum. The rel-
ative intensities of all (001) series facets are higher than those
in the standard spectrum, indicating the highly exposed (001)
facets of BIOCl nanosheets, which is in good accordance with
the HRTEM and SEAD results in the previous discussion [18].



Journal of Nanomaterials

(c)

2_1/nm

FIGURE 1: Morphologies of the BiOCI nanosheets. (a, b) SEM images, (¢) TEM image, (d) HRTEM image, and (e) corresponding SEAD

pattern.
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FIGURE 2: XRD patterns of the BiOCl nanosheets.

The UV-vis diffuse reflectance spectrum (DRS) of the as-
prepared BiOCI nanosheets is shown in Figure 3. It has one
absorption peak located around 320 nm, which could be con-
tributed to the excitation band edge emission. It is reported
that BiOCl exhibits an indirect band gap. In Figure 3(b), plots
of (Ah)'/? versus the energy of absorbed light (hv) afford
the band gaps of as-prepared BiOCI nanosheets, where A is
the absorbance and hv is the discrete photon energy [13]. The
extrapolated value of hv at A = 0 gives an absorption edge

energy corresponding to the band gap. The band gap width
of BiOCl sample is about 3.22 eV belonging to ultraviolet light
region, and this is also consistent with the appearance of the
BiOCl sample which looks white.

The photocatalytic efficiency of BiOCl nanosheets under
visible light was studied using three kinds of dye (RhB, MO,
and MB, in Figure 4) as model molecules. From the changes
of dye concentrations in Figure 5, the BiOCl nanosheets
show good adsorption performance and photocatalytic effect
with RhB solution. About 43% of RhB molecules were
adsorbed under dark condition. With visible light treatment,
the concentration of RhB solution declined rapidly. 94% of
dye molecules were removed after 30 min, and the solution
becomes transparent in 45min. As for MB solution, the
BiOCI nanosheets show good adsorption property but bad
photocatalytic activity. The solution concentration under
adsorption equilibrium reduced to only 27% of the initial
value. After 2h of visible light treatment, the MB dye
concentration was basically unchanged. For the MO solution,
the BiOCl nanosheets show bad adsorption performance
and limited catalytic effect. The dye concentration is 92% of
the initial value under adsorption equilibrium. With visible
light irradiation, the MO concentration declined slowly, and,
after 2h of irradiation, the concentration reduced to 79%
of the initial value. We excluded the adsorption amount to
calculate the real photocatalytic activity in Figure 5(d), and it
could be found that the BiOCI nanosheets possess selective
photocatalytic behavior as their activity over RhB is much
higher than that over MO or MB.
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FIGURE 3: (a) UV-visible diffuse reflectance spectra of the BiOCIl nanosheets and (b) the according band gap calculated by the DRS results.
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FIGURE 4: The molecular structures of three different dyes.

Based on the adsorption and catalytic processes of three
different dyes, we could find that the BiOCI nanosheets per-
formed good adsorption effect over RhB and MB molecules,
and the reason is related to the crystal structure and surface
properties of BIOCI nanosheets. The BiOCl crystal easily dis-
sociated along [001] direction and so exposed the Cl atomic
layer with negative charge, which has stronger acting force to
RhB and MB molecules with the positive charge in solution
and has weak acting force to MO molecule with negative
charge. When irradiated by visible light, the concentration
of RhB solution decreased sharply with BiOCI nanosheets,
achieving rapid degradation efficiency, while, for the MB
molecular, the concentration was basically unchanged, and
it cannot be degraded by BiOCI nanosheets under visible
light. For MO molecule, BiOCl nanosheets have certain
photocatalytic effect, which is far weaker than that over RhB
solution.

The BiOCl nanosheets cannot be excited by visible light
due to its wide band gap based on the DRS analysis. There
are no photogenerated electrons and holes under visible light,
which is also confirmed by ESR results in Figure 6. The
electron trapping agent DMPO was used for detection of
active radicals in the BiIOCI dispersion under visible light or
ultraviolet light. The results showed that BiOCl nanosheets
only were excited by ultraviolet light and cannot produce
hydroxyl radical under visible light irradiation. However, the
BiOCI nanosheets have some catalytic effect over RhB and
MO. The photocatalytic mechanism could be attributed to
dye-sensitized degradation process.

The dye molecules as photosensitized substances can
stimulate the photocatalytic activity of catalysts. The dye-
sensitized photocatalytic process was usually described as
follows (Figure 7). Firstly, dye molecules absorbed photons
and formed excited singlet or triplet state under visible light
irradiation. Following the dye molecules in excited state
injected electron into the conduction band of semiconductor,
and simultaneously they became a positive carbon radicals.
Then the injected electrons were captured by O, on the
surface of semiconductor. So the superoxide radicals and
other reactive oxygen radicals formed. These active species
attacked carbon radicals, generated hydroxylated products,
and finally broke down the organic molecules into CO,,
H,O, and other small molecules. The electronic excitation
is obtained through the transmission between the adsorbed
dye molecules and the conduction band of semiconductor.
The mechanism of dye-sensitized photodegradation has been
recovered in the presence of TiO, by Wu et al. [8], but
the selective photocatalytic property of other photocatalysts
besides TiO, is rarely discussed in literatures. We also used
TiO, as photocatalysts under the same visible light but dye-
sensitized photocatalytic process did not happen.

In the presence of BiOCI nanosheets, three kinds of dye
molecules’ removal rates have the following sequence of RhB
> MO > MB. There are two main reasons. One is the charge
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FIGURE 5: (a) The concentration changes (C/C,, detected concentration/original concentration) of RhB in the presence of BiOCl nanosheets
under visible light. The concentration changes of MB (b) and MO (c). The photocatalytic activity of BIOCI nanosheets over the three dyes

(d).

of the dye molecules. Photocatalytic reaction occurs at the
surface of the semiconductor materials. The Zeta potential
result of BiOCI nanosheets dispersed in water (Figure 8)
shows that the BiOCl nanosheets are negatively charged
(-12.6 mV) on their surfaces. Since the RhB is positively
charged and it is easy to be absorbed by BiOCl nanosheets
because of electronic effect the electrons produced by dye
photosensitized transfer more easily between dye molecules
and photocatalysts, showing high catalytic efficiency. While
MO is not easy to be adsorbed, the occurrence rate of charge
transfer is smaller. The other reason is due to the structural
stability of dye molecules. Based on the molecular structure

analysis of three dyes, MB is the most stable molecule, in
which three rings are conjugated, and there are few reports
on the degradation of MB under visible light at present. The
conjugated structure of MO molecule formed by n-n bonds
is in the middle, and the conjugated degree of RhB molecule
is the weakest. That is why the BiOCl nanosheets preformed
selective photodegradation ability over the three different dye
molecules.

4. Conclusion

In summary, high {001} facets exposed BiOCl nanosheets
have been synthesized by a facile hydrolysis reaction under
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—126 BiOCl product shows high selective photocatalytic activity, as
2 its degradation efficiency over RhB is much higher than that
3 over MB or MO. Furthermore, the mechanism was analyzed
= and attributed to the charge and the structure stability of dye
S molecules. This work not only finds a facile method to obtain
0 ‘ ‘ single-crystal photocatalysts with high active facets exposed
-100 0 100 200 but also brings a bright prospect for the mechanism of dye-
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FIGURE 8: The Zeta potential result of BiOCI nanosheets dispersed
in water. It shows that the BiOCI nanosheets are negatively charged
(-12.6 mV) on their surfaces.

mild condition. Each BiOCl nanosheet was single-crystal
with tetragonal phase. The main exposed surface was con-
firmed to be {001} facets by TEM and SEAD results. The
BiOCl sample shows white color and has no absorption in vis-
ible light region. However, the BiOCl photocatalysts possess
good degradation effect over RhB solution under visible light.
The other two dyes MO and MB were also used as models
to investigate the photocatalytic efficiency. Interestingly, the

sensitized photocatalytic process under visible light.
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