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ABSTRACT: Visible-light-driven photocatalysts attract great interest because they
can utilize more sunlight for reactions than conventional photocatalysts. A novel
visible-light-driven photocatalyst AgI/Bismuth oxychloride (Bi12O17Cl2) hybrid was
synthesized by a hydrothermal-precipitation method. Several characterization tools,
such as X-ray powder diffraction (XRD), scanning electron microscopy (SEM),
high-resolution transmission electron microscopy (HRTEM), X-ray photoelectron
spectroscopy (XPS), and UV−vis diffuse reflectance spectroscopy (DRS) were
employed to study the phase structures, morphologies, and optical properties of the
fabricated photocatalysts. These characterizations indicated that AgI nanoparticles
were evenly distributed on the surface of Bi12O17Cl2, and heterostructures were
formed. The photochemical characterizations demonstrated that the promoted
separation of carrier transfer in the AgI/Bi12O17Cl2 heterojunction was achieved.
The degradation rate of sulfamethazine (SMZ) by AgI/Bi12O17Cl2 was about 7.8 times and 35.2 times higher than that of pristine
Bi12O17Cl2 and BiOCl under visible-light-driven photocatalysts, respectively. It was also found that the amount of AgI in the AgI/
Bi12O17Cl2 composites played an important role in photocatalytic activity, and the optimized ratio was 25%. The AgI/Bi12O17Cl2
shows good catalytic stability and maintains similar reactivity after four cycles. Furthermore, the degradation intermediates of
SMZ were identified by HPLC-MS, and the photocatalytic mechanism was proposed. These findings highlight the role of
Bi12O17Cl2 on contaminant elimination and open avenues for the rational design of highly efficient photocatalysts.
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■ INTRODUCTION

Chemicals such as pharmaceuticals (e.g., antibiotics, antide-
pressants, analgesics) and personal care products (e.g.,
shampoos, hair dyes, and soaps) have caused a new water
quality issue.1−6 Recently, sulfonamide antibiotics were
classified as a priority risk group due to their high toxicity to
bacteria at low concentrations, combined with their potential to
cause resistance among natural bacterial populations.7−9 Many
studies found that a conventional wastewater treatment plant
can only partially remove antibiotics (20−90%).10 A number of
physical adsorption,11−16 chemical reactions,17−20 and bio-
logical degradation21,22 methods have been applied to remove
contaminants in wastewater. Pollutants can be migrated by
physical adsorption but cannot be completely eliminated.
Biodegradation usually takes a long period of time and is often
used to treat low concentrations of contaminants. Chemical
reaction outcomes can also be considered as contaminants.23

There is even some evidence that these degradation products
can be as active and/or toxic as their parent.24

In response to the increasing pollution issues, semiconductor
photocatalysis as a green technology has garnered particular
attention. A lot of photocatalysts like TiO2,

25,26 g-C3N4,
27,28

CdS,29 and SrTiO3
30 were explored for photocatalysis.

Recently, bismuth-based materials are widely applied for the
degradation of pollutant and water splitting.31 Bismuth
oxychloride (BiOCl), a wide band gap (about 3.3 eV)
photocatalyst, has recently attracted considerable attention
due to its good activity.32−34 Especially, the layered structure
feature of BiOCl can promote the effective separation of the
photoinduced electron−hole pairs, which is an important factor
for photocatalysis.35,36 The BiOCl photocatalyst exhibited high
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activity on pollutant degradation under UV light. Zhang has
explored facet-controllable BiOCl, which offered superior
activity on indirect dye photosensitization degradation under
visible light.37 Although many achievements have been
reported, it is difficult to further narrow the band gap of
BiOCl. Therefore, the strategy to reduce the band gap still
needs to be explored.
Density functional theory (DFT) calculations suggest that an

effective measure to decrease the band gap is to change the
relative atomic ratios of BiOCl, such as Bi12O17Cl2.

38−42

Bi12O17Cl2 has the nanosheet structure with Bi12O17
2+ and

Cl2
2− layers.43 With a relative small band gap (2.2−2.4 eV),

Bi12O17Cl2 can absorb visible light and be applied to degraded
organic contaminants in water.44 Nevertheless, the photo-
catalytic activity of Bi12O17Cl2 is limited due to the high
recombination rate of the photogenerated electron−hole pairs.
Coupling Bi12O17Cl2 with other semiconductors to form a
heterojunction is an effective method to enhance the
photocatalytic property of Bi12O17Cl2. On the other hand,
silver iodide (AgI) is a photosensitive material used in the
photography field. Recently, AgI has attracted wide attention
due to its excellent photocatalytic property. But the micro-sized
AgI is unstable and can be reduced to Ag0 in light
irradiation.45,46 It has been found that a good substrate to
disperse AgI could improve the stability and photoactivity of
pure AgI, such as AgI/Bi2O2CO3,

47 AgI/BiOI,48 and AgI/
CeO2.

45 Furthermore, the corresponding conduction band of
AgI is suitable for producing super oxygen species and
enhancing the photooxidation ability. Therefore, the AgI/
Bi12O17Cl2 hybrid materials are expected to make up the
shortcoming of the pure AgI and Bi12O17Cl2. In addition, to the
best of our knowledge, there has been no report about AgI/
Bi12O17Cl2 hybrid materials and their application in the
environment treatment field.
In this work, AgI/Bi12O17Cl2 hybrid photocatalysts were

fabricated via a deposition−precipitation process. Different wt
% (14%, 25%, 40%) of AgI were loaded on Bi12O17Cl2, and the
samples were denoted as x% AgI/Bi12O17Cl2 (where x% = wt %
of AgI from initial concentration of Bi12O17Cl2). Sulfamethazine
(SMZ), which belongs to the sulfonamide group of antibiotics,
was chosen as the target pollutant. The morphology structures,
optical properties, photoelectrical properties, and photocatalytic
activities of photocatalysts were fully validated. Furthermore,
the possible degradation mechanism by the AgI/Bi12O17Cl2
composite was proposed. This work provides insight into the
guideline of photocatalytic AgI/Bi12O17Cl2 design and lays the
groundwork for the application of AgI/Bi12O17Cl2 as an
efficient, stable, and low-cost visible light photocatalyst in
wastewater treatment.

■ EXPERIMENTAL SECTION
Materials. The bismuth nitrate pentahydrate (Bi(NO3)3·5H2O),

ammonium chloride (NH4Cl), ethylene glycol (EG), sodium
hydroxide (NaOH), silver nitrate (AgNO3), and potassium iodine
(KI) were purchased from Sinopharm Chemical Reagent Corp, P. R.
China. All chemicals were analytical grade and used as received
without further purification. These aqueous solutions were prepared
with ultrapure water (18.25 MΩ cm−1) obtained from Millipore
system.
Preparation of Catalysts. The Bi12O17Cl2 was fabricated by a

previously reported method with minor modifications.49 In a typical
procedure, 0.97 g (2 mmol) Bi(NO3)3·5H2O was dissolved in 10 mL
EG. After 5 min stirring and 5 min sonication, the homogeneous
solution was obtained. Then, 0.32 g (6 mmol) NH4Cl and 0.80 g (20

mmol) NaOH were added to 60 mL distilled water under vigorous
stirring for 10 min. The mixture was then poured into a 100 mL
Teflon-lined stainless autoclave and heated at 140 °C for 12 h under
the autogenous pressure. The resultant precipitate was collected and
washed consecutively with deionized water and ethanol to remove
residual ions. The final product was dried at 80 °C in air.

The AgI/Bi12O17Cl2 heterojunction was fabricated by an in situ
deposition−precipitation procedure. Typically, 0.70 g of Bi12O17Cl2
was dispersed in 50 mL of deionized water under ultrasonic
processing. Then, 0.17 g (1 mmol) AgNO3 was added into the
solution with the AgI amount in the composite set at 25%. After the
solution was stirred in dark for 1 h, a stoichiometric amount of KI was
slowly added into the suspension above. The suspension was stirred
for another 1 h to synthesize the samples. The resulting precipitates
were washed with deionized water and absolute ethanol several times
and then dried at 70 °C. A series of AgI/Bi12O17Cl2 composites with
different mass ratios of AgI and Bi12O17Cl2 were prepared by changing
the amounts of AgI and marked as 14%, 25%, and 40%. As a reference,
the pristine AgI was prepared without adding Bi12O17Cl2 under the
same conditions.

Characterization Methods. The crystal phase of the samples was
determined by a D/max-2500 X-ray diffractometer (XRD; Rigaku,
Japan) using Cu Kα radiation (λ = 0.15406 nm) in the region of 2θ
from 5° to 80°. X-ray photoelectron spectrum (XPS) of the samples
was obtained by using an ESCALAB 250Xi spectrometer (Thermo
Fisher, USA) with Al Kα radiation (hv = 1486.6 eV). The UV−vis
diffuse reflectance spectra (DRS) were performed on a UV−vis
spectrophotometer (Cary 300, USA) with an integrating sphere. The
photoluminescence (PL) spectra were recorded with an Hitachi F-
7000 fluorescence spectrophotometer at an excitation wavelength of
365 nm. Their morphology was examined by a transmission electron
microscope (TEM, JEOL JEM-2100F). The total organic carbon
(TOC) was applied to analyze the mineralization degree of organic
contaminants on Analytik Jena AG (Multi N/C 2100). The electron
spin resonance (ESR) signals of radicals spin-trapped by spin-trapping
reagent 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) and 2,2,6,6-tetra-
methylpiperidinooxy (TEMPO) were examined on a Bruker ER200-
SRC spectrometer under visible light irradiation (λ > 420 nm).

Photocatalytic Experiments. In order to evaluate the photo-
catalytic activity of prepared samples, photocatalytic removal of SMZ
was carried out under visible light irradiation using a 300 W Xe lamp
(CELHXF300, China) with a 420 nm cut filter. Typically, the
photocatalyst (50 mg) was suspended in 50 mL water containing SMZ
(10 mg L−1). Subsequently, the solution was magnetically stirred for 1
h in the dark to ensure the establishment of equilibrium between
adsorption and desorption. After that, the mixture was exposed to
visible light, and 1 mL of solution was taken out at given time interval,
centrifuged, filtrated by 0.22 μm membrane filter, and analyzed. The
SMZ concentration was determined using an HPLC Series 1100
(Agilent, Waldbronn, Germany) equipped with a UV detector. The
column was a C-18 column (4.6 mm × 250 mm) at a temperature of
30 °C. The mobile phase was water−acetonitrile (80:20, v/v) with
0.1% acetic acid at a flow rate 1 mL min−1. The sample volumes for
injection were all 20 μL, and the wavelength of detector was 270 nm.
A liquid chromatography mass spectrometry (LC−MS) (Agilent
1290/6460, Triple Quad MS, USA) was used to determine the
intermediate products from SMZ degradation. The isocratic mobile
phase was prepared by using 0.1% acetic acid and acetonitrile with the
ratio of 70:30 (v/v), which was set at a flow rate of 0.1 mL min−1. The
gradient mobile phase was the combination of acetonitrile and 0.1%
acetic acid. The gradient elution was programmed as follows: 0−1 min,
10% acetonitrile; 1−12 min, 10−90% acetonitrile; 12−15 min, 90%
acetonitrile; 15−20 min, 10−90% acetonitrile.

Electrochemical Measurements. To prepare the electrodes, the
catalyst was dispersed in a Nafion solution (0.5 wt %) to form a 10 mg
mL−1 solution. Here, 100 μL of the resultant solution was then dip-
coated on the pretreated fluorine-doped tin oxide (FTO) surface and
allowed to dry in a vacuum oven for 24 h at room temperature. The
photocurrent measurements were conducted on an electrochemical
workstation (CHI660D Instruments) in a standard three-electrode

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b04584
ACS Sustainable Chem. Eng. 2018, 6, 4174−4184

4175

http://dx.doi.org/10.1021/acssuschemeng.7b04584


system with the catalyst-coated electrode as the working electrode, a Pt
electrode (40 mm × 0.55 mm, 99%) as the counter electrode, and an
Ag/AgCl electrode as the reference electrode. The 300 W xenon lamp
with a 420 nm cutoff filter was utilized as the light source for the
photocurrent (I-t) measurements. The electrochemical impedance
spectroscopy (EIS) was also performed in a Na2SO4 aqueous solution
with the above three-electrode system.

■ RESULTS AND DISCUSSION
Catalysts Characterization. The XRD patterns of

investigated samples were shown in Figure 1. The patterns of

pristine Bi12O17Cl2 and AgI agreed well with the standard phase
of Bi12O17Cl2 (JCPDS card no. 37-0702) and the standard
cubic phase of AgI (JCPDS card no. 09-0374), respectively.46,50

Characteristic peaks at 22.32°, 23.71°, 39.13°, and 46.31°,
which, respectively, corresponded to lattice plane (100), (002),
(110), and (112) of AgI, were all observed on AgI/Bi12O17Cl2.

With the increase in the AgI amount, the diffraction peaks
(115), (117), (200), and (220) of Bi12O17Cl2 are also present in
the pattern of AgI/Bi12O17Cl2 and gradually get weaker. These
results indicate that the growth of Bi12O17Cl2 has been
restrained by AgI in the formation of the crystals.51

The composition and chemical status of the as-prepared
samples were also confirmed by XPS technique. As shown in
Figure 2a, Ag 3d, I 3d, Bi 4f, O 1s, and Cl 2p were detected in
the spectrum of 25% AgI/Bi12O17Cl2. The doublet peaks of Ag
3d5/2 and Ag 3d3/2 could be divided into two individual peaks.
The peak of Ag 3d was unsymmetrical, which indicated that
there were two different valence states of silver in the catalysts.
The peaks at 367.6 and 373.5 eV were attributed to Ag+ in AgI,
and those at 368.6 and 374.5 eV were assigned to Ag0 species
(Figure 2b).52 The reason for the negative shift of Ag 3d XPS
on going from 0 to +1 was that Ag+ was partially reduced to Ag0

during the synthesis process for AgI.53 The peaks at 618.6 eV (I
3d5/2) and 630.9 eV (I 3d3/2) in the I 3d region are assigned to
I− in AgI (Figure 2c).48 The binding energies of Bi 4f5/2 and Bi
4f7/2 are 164.2 and 158.9 eV for pristine Bi12O17Cl2, respectively
(Figure 2d). However, AgI/Bi12O17Cl2 exhibits two distinct
peaks of Bi 4f5/2 and Bi 4f7/2 separately locating at 164.9 and
159.3 eV, respectively. Compared with pristine Bi12O17Cl2, a
slight binding energy left-shift of Bi 4f peaks (164.2 shifts to
164.9 eV; 158.9 shifts to 159.3 eV) occurred over AgI/
Bi12O17Cl2, indicating that the chemical coordination environ-
ment of Bi3+ ions may be changed.51,54 Figure 2e shows the Cl
2p peak of Bi12O17Cl2. It exhibits two main peaks with binding
energies at 199.1 and 197.3 eV, which can be ascribed to Cl
2p1/2 and Cl 2p3/2, respectively.

36 The O 1s fit well with the
peak at 529.5 eV, which belongs to the bismuth oxygen bond in
Bi12O17Cl2 (Figure 2f). The obtained results were in good
agreement with the XRD analysis.
The SEM images of morphology and EDS mapping of

Bi12O17Cl2, and AgI/Bi12O17Cl2 are shown in Figure 3. The
SEM images (Figure 3a) reveal that the sample possessed a
nanolayer structure. The nanoparticles of AgI homogeneously
disperse on the layer of Bi12O17Cl2 (Figure 3b and c), which

Figure 1. XRD patterns of samples AgI, Bi12O17Cl2, and AgI/
Bi12O17Cl2 (14%, 25%, and 40%).

Figure 2. XPS spectra of 25% AgI/Bi12O17Cl2 (a) survey spectra, (b) high resolution Ag 3d, (c) high resolution I 3d, (d) high resolution Bi 4f, (e)
high resolution Cl 2p, and (f) high resolution O 1s.
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was further confirmed by TEM. The EDS data shown in Figure
3d−h confirm that the existence of Ag, I, Bi, O, and Cl were in
the AgI/Bi12O17Cl2.
The structures of AgI, Bi12O17Cl2, and AgI/Bi12O17Cl2 were

further studied by TEM and HRTEM (Figure 4). It is shown in
Figure 4a that pristine AgI is composed of large-scale
nanoparticles with diameters ranging from 50 to 200 nm. As
shown in Figure 4b, the as-prepared pristine Bi12O17Cl2 sample
reveals a clearly flat layer structure. The nanolayer has width
and length ranges of 50−100 nm and 0.2−1.0 μm, respectively.

As shown in Figure 4c, a batch of nanoparticles developed from
AgI are deposited on the surface of the Bi12O17Cl2 nanosheets
in AgI/Bi12O17Cl2. In Figure 4d, the d-spacings of the lattice
spacing of Bi12O17Cl2 are 0.306 and 0.271 nm, corresponding to
the (117) and (200) interlayer spacing, respectively, indicating
there is no change in the lattice structure of Bi12O17Cl2 after
loading AgI.42 Also, the d-spacing of AgI is 0.231 nm in AgI/
Bi12O17Cl2, corresponding to the (110) plane. HRTEM and
SAED of single AgI and single Bi12O17Cl2 are depicted in Figure
S1. The results indicated that the heterojunction was
constructed between AgI and Bi12O17Cl2 in AgI/Bi12O17Cl2
with interaction interfaces.

Optical Absorption Properties and Photoelectrical
Properties. UV−vis diffuse reflectance spectroscopy (DRS)
was conducted to evaluate the band gap energies (Eg) of the as-
synthesized samples. As shown in Figure 5a, the absorption
edges of pristine Bi12O17Cl2 and AgI were located at about 520
and 475 nm, respectively. With increasing the mass ratio of AgI,
the optical absorption edges were still located at between 475
and 520 nm, indicating that all the AgI/Bi12O17Cl2 composites
possessed visible light response. Compared with pristine
Bi12O17Cl2 and AgI, the optical absorption edges of 25% AgI/
Bi12O17Cl2 composites were red-shifted obviously. Their band
gaps were calculated using eq 1):

α = −hv hvA( E )g
n/2

(1)

where α, h, v, Eg, and A are the absorption coefficient, Planck’s
constant, light frequency, band gap energy, and a constant,
respectively; n is determined by the type of optical transition of
a semiconductor (n = 1 for direct transition and n = 4 for
indirect transition).55 The optical transition of AgI was direct,
and the band gap energy of AgI was measured at 2.78 eV
(Figure 5b). However, Bi12O17Cl2 is an indirect semiconductor.
As shown in Figure 5b, Bi12O17Cl2 was estimated from a plot of
(αhv)2 as a function of the photon energy (hv) to be
approximately 2.41 eV.
The photoluminescence (PL) spectra of the samples were

studied and are shown in Figure S2. All samples exhibit an
emission peak centered at about 680 nm. Compared with
pristine Bi12O17Cl2 and AgI, the AgI/Bi12O17Cl2 composites
show significant quenching of the PL. These results revealed
that AgI/Bi12O17Cl2 exhibited the best activity in terms of
charge carrier density, hole−electron separation, and charge
transportation than Bi12O17Cl2 and AgI.
The I-t property has been verified to be an efficient approach

to reflect the photogenerated charge separation in the
heterojunction photocatalysts.56,57 In Figure 6a, all samples
presented good reproducibility of photocurrent under visible
light. The photocurrent of AgI/Bi12O17Cl2 was nearly 4 times
higher than pristine Bi12O17Cl2. The enhancement of photo-
current illustrated that the mobility of the charge carriers was
promoted. This result suggested that the improved charge
separations of carriers were realized in the heterojunction of
AgI/Bi12O17Cl2.
EIS is a versatile technique used to characterize phenomena

such as corrosion, fuel cells, and batteries.58,59 This technique
could be used to explain the electron-transfer efficiency at the
electrodes.60 For further verifying the efficient separation of
carriers, we measured the EIS of AgI, Bi12O17Cl2, and AgI/
Bi12O17Cl2 (Figure 6b). AgI/Bi12O17Cl2 displays the smallest
arc radius in the EIS Nyquist plot compared to pristine AgI and
Bi12O17Cl2. It demonstrates that AgI/Bi12O17Cl2 has low

Figure 3. SEM images of (a) Bi12O17Cl2, (b,c) 25% AgI/Bi12O17Cl2,
and (d−h) corresponding elemental maps of 25% AgI/Bi12O17Cl2.

Figure 4. (a−c) TEM images of AgI, Bi12O17Cl2 and 25% AgI/
Bi12O17Cl2, respectively. (d) High resolution TEM image of 25% AgI/
Bi12O17Cl2.
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interfacial layer resistance, which agrees with the results of PL
and I-t.
Photocatalytic Activity. The photocatalytic activities of

the AgI/Bi12O17Cl2 composites were measured by decomposing
SMZ under visible light irradiation. SMZ is a kind of organic
contaminant, which is difficult to decomposed.61,62 Before

irradiation, a dark adsorption experiment was carried out to
discuss the adsorption efficiency of the samples. As revealed in
Table S1, there was no increasing adsorption after 30 min of
dark adsorption. In our experiment, 60 min of dark adsorption
was enough to reach the adsorption equilibrium between
photocatalyst and SMZ. Figure 7a shows the photodegradation

Figure 5. (a) UV−vis adsorption spectra of samples. (b) Plots of (αhv)1/2 vs photon energy (hv) for Bi12O17Cl2 and the plots of (αhv)2 vs photon
energy (hv) for AgI.

Figure 6. (a) Photocurrent transient measurement. (b) Electrochemical impedance spectra of photocatalysts.

Figure 7. (a) Photodegradation rate of SMZ on different photocatalyst. (b) Kinetic fit of the degradation of SMZ on different photocatalyst samples.
(c) Effect of initial concentration of SMZ on 25% AgI/Bi12O17Cl2. (d) Kinetic fit of the initial concentration of SMZ on 25% AgI/Bi12O17Cl2.
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of SMZ as a function of irradiation time over different
photocatalysts. After irradiation for 60 min, the SMZ
photodegradation did not occur in the absence of the
photocatalyst, while pristine AgI and Bi12O17Cl2 achieved the
degradation efficiencies of 38.51% and 45.39%, respectively. All
of the heterojunction samples (including 14%, 25%, 40% AgI/
Bi12O17Cl2) exhibited enhanced photocatalytic activities greatly.
It suggested that AgI amounts played a crucial role in the
photocatalytic activity, and a small amount of AgI (14%) over
Bi12O17Cl2 could lead to a sharp increase in SMZ
decomposition from 45.39% to 83.26%. As the AgI amount
increased to 25%, the highest photocatalytic activity was
achieved, at which 96.15% of SMZ were decomposed.
However, the photocatalytic activity decreased when the AgI
amount rose to 40%. This result may be due to the excess of
AgI facilitating the recombination of photoinduced carriers in
the AgI/Bi12O17Cl2 composite. According to the above results,
the optimized amount of AgI in the AgI/Bi12O17Cl2 composites
was 25%. Besides, the photocatalytic performance of a
mechanical mixture of 25% AgI/Bi12O17Cl2 was also inves-
tigated. The degradation efficiency (83.15%) of the mechanical
mixture is much lower than that obtained by using 25% AgI/
Bi12O17Cl2, suggesting that a heterojunction may be formed
between AgI and Bi12O17Cl2 through the intimate interfacial
contact.
The degradation kinetics of SMZ was investigated by fitting

the experimental data to the following pseudo-first-order
kinetics equation:

− =ln(C /C ) ktt 0 (2)

where Ct is the instant of SMZ concentration, C0 is the initial of
SMZ concentration, and k (min−1) is the apparent reaction rate
constant. The entire sample could be fitted well by the pseudo-
first-order kinetics model with a high fitting coefficient. In
Figure 7b, the results showed that the highest k value for 25%
AgI/Bi12O17Cl2 was 0.070 min−1, which was 7.8, 7.0, and 35
times higher than that of pristine Bi12O17Cl2 (0.009 min

−1), AgI
(0.010 min−1), and BiOCl (0.002 min−1), respectively.
Various initial concentrations of SMZ (10−50 mg L−1) were

used to test the activities of 25% AgI/Bi12O17Cl2, and the
results are depicted in Figure 7c. With increasing concentration,
the removal efficiency decreased. The efficiency of 25% AgI/
Bi12O17Cl2 dropped from 96.15% (10 mg L−1) to 43.26% (50
mg L−1) in 1 h irradiation. As shown in Figure 7d, all samples
could be fitted well by the pseudo-first-order kinetics model
with high coefficients. This negative effect was explained by a
certain amount of AgI/Bi12O17Cl2 generating the same active
species to remove SMZ. A lower concentration of initial
pollutants can achieve a higher removal rate at the same time.
Therefore, dilution was essential in the pretreatment of
practical wastewater treatment.
The effective mineralization of organic compounds to avoid

secondary pollution of photocatalytic technology is very
important in practical applications. In this system, TOC was
chosen as a mineralization index, and the time independence of
the TOC data in the SMZ solution over 25% AgI/Bi12O17Cl2
during the photocatalytic process is shown in Figure 8. As
shown in Figure 8, the TOC of 25% AgI/Bi12O17Cl2 was
decreased with increasing illumination time. After 120 min
irradiation, over 60% of TOC was eliminated, indicating that
SMZ could be effectively mineralized by the as-prepared 25%
AgI/Bi12O17Cl2 under visible light irradiation. Furthermore, the
TOC of pristine Bi12O17Cl2 was also studied (Figure S4).

From the viewpoint of practical applications, Bi12O17Cl2 and
the 25% AgI/Bi12O17Cl2 composite were selected to evaluate
the reusability of the as-prepared composites. As shown in
Figure 9, AgI/Bi12O17Cl2 showed a good catalytic stability and

maintained a similar reactivity after four cycles. Compared to
AgI/Bi12O17Cl2, the degradation efficiency of Bi12O17Cl2 exists
as a significant loss. The composition of the recycled AgI/
Bi12O17Cl2 composite was also characterized by XRD. As shown
in Figure S3, the XRD patterns of the AgI/Bi12O17Cl2 sample
after the photocatalytic reactions reveal that its crystal structure
remained unchanged. Therefore, AgI/Bi12O17Cl2 is a stable and
efficient photocatalyst for degradation of organic pollutants,
which is helpful for practical applications in the future.
To understand the photodegradation mechanism of SMZ,

the free radicals, holes (h+), superoxide radical anions (•O2
−),

and hydroxyl radicals (•OH) trapping experiments were carried
out to identify the main active species taking part in the
degradation process. According to the previous report, different
scavengers (ethylenediaminetetraacetic acid disodium salt as a
hole scavenger, isopropyl alcohol as an •OH scavenger, and
benzoquinone as an •O2

− scavenger) could be used to trap the
free radicals.63−65 As shown in Figure 10a, the photo-
degradation rates of pristine Bi12O17Cl2 were obviously
suppressed with the presence of benzoquinone (BQ) or
ethylenediaminetetraacetic acid disodium (EDTA-2Na). The
removal efficiency of SMZ decreased from 52.23% to 18.12%
with the addition of 1 mM EDTA-2Na. The addition of 1 mM
isopropyl alcohol (IPA) had slightly suppressed the decom-
position of SMZ, implying that •OH played an insignificant
role in the decomposition of SMZ under visible light
irradiation. It demonstrated that the photogenerated holes

Figure 8. TOC degraded efficiencies of SMZ on 25% AgI/Bi12O17Cl2.

Figure 9. Cycle runs in photodegradation of SMZ over 25% AgI/
Bi12O17Cl2.
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and •O2
− were the predominant oxidant in the photocatalytic

degradation of SMZ for pristine Bi12O17Cl2. As shown in Figure
10b, the photocatalytic activity of AgI/Bi12O17Cl2 was greatly
suppressed by the addition of these three scavengers. The
inhibition efficiencies for the removal of SMZ were estimated to
be 30.53% for EDTA-2Na and 25.89% for BQ. Thus, it could
be deduced that holes, •O2

−, and •OH were in AgI/Bi12O17Cl2.
Moreover, in order to further confirm the main active species

in this catalytic system under visible irradiation, the ESR spin-
trap with the DMPO technique was performed on the
illuminated AgI/Bi12O17Cl2 composite (Figure 10c and d).66

As shown in Figure 10c, four obvious signals with AgI/
Bi12O17Cl2 in methanol were produced, which could be
assigned to DMPO-•O2

− under light illumination. There is
no •O2

−2 signal in the dark, but an increasing signal of DMPO-
•O2

−2 could be observed with visible light irradiation.
Moreover, the signal of •OH was also detected in the
DMPO system when exposed to light in Figure 10d. The
results of ESR were well consistent with the trapping
experiment. It revealed that the degradation mechanism of
the AgI/Bi12O17Cl2 composite has been changed compared
with that of pristine Bi12O17Cl2.
Degradation Pathway of SMZ by AgI/Bi12O17Cl2. The

removal efficiency of AgI/Bi12O17Cl2 was also shown in Figure
S5. The SMZ (t = 3.89 min) concentration gradually decreased
with the increase in irradiation time and became undetectable
after 120 min irradiation. It indicated that most of the
pollutants were mineralized to small inorganic molecules, like
CO2 and H2O under the photocatalytic degradation process
after 120 min irradiation, further revealing the strong photo-
oxidation capability of the AgI/Bi12O17Cl2 heterojunction.
To further understand the degradation mechanism of SMZ

(denoted as P1) in the AgI/Bi12O17Cl2 system under visible
irradiation, HPLC-MS was used to identify the degradation
intermediates. As shown in Figure S6, SMZ and other four

main degradation products were observed. The molecular
weight for P1 is 278.33. Since the electrospray ionization (ESI)
source was used in HPLC-MS, the m/z was M+H+. With the
prolongation of irradiation time, the concentration of P1 (m/z
value of 279.3) decreased gradually. Meanwhile, the four
intermediates including P2 (m/z value of 309.0), P3 (m/z value
of 339.3), P4 (m/z value of 215.1), and P5 (m/z value of
124.0) were formed in 30 min irradiation. After 120 min
irradiation, the intermediate P2 disappeared, and the
concentration of intermediates including P3, P4, and P5 were
decreased. As shown in Figure 11, three degradation pathways
have been proposed: (1) The initial product of SMZ was P2
(m/z value of 309.0), which was formed through the oxidation
of amidogen on the benzene ring. Subsequently, the P3 (m/z
value of 339.3) was produced by further oxidation via

Figure 10. Photocatalytic degradation plots of SMZ over (a) Bi12O17Cl2 and (b) 25% AgI/Bi12O17Cl2 with the addition of hole, •O2
−, and •OH

radical scavenger under visible light irradiation. ESR spectra of 25% AgI/Bi12O17Cl2 dispersion under both dark and visible light irradiation (>420
nm) condition: (c) in methanol dispersion for DMPO-•O2

− and (d) in aqueous dispersion for DMPO-•OH.

Figure 11. Proposed SMZ photodegradation pathway by the 25%
AgI/Bi12O17Cl2 photocatalyst.
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carboxylation of the methyl group. (2) The P4 (m/z value of
215.1) was produced by the decay of the pyrimidine ring
forming urea in SMZ. (3) The P5 (m/z value of 124.0) was
produced by the hydroxyl radicals attack on the SMZ which
resulted in cleavage of the S−N bond on SMZ and further
formed the pyrimidine ring. The proposed reaction route has a
correlation with the kinetic results. The concentration of SMZ
was decreased rapidly in the first 60 min irradiation (Figure 8).
At this time, the TOC removal rate was increased slowly due to
the large molecular weight intermediates (like P2 and P3)
generated. With the extension of irradiation time, the
concentration of SMZ was in a low level, and the intermediates
(like P4 and P5) began to decompose, then the TOC removal
rate was increased rapidly. The degradation products did not
accumulate during the photocatalytic system, and their
concentrations were at a low level. These degradation products
would decompose into small molecules, such as H2O, CO2, and
NH4

+.
Possible Degradation Mechanism. The high photo-

catalytic activity of the as-synthesized AgI/Bi12O17Cl2 compo-
sites may be related to their unique band. Different conduction
band (CB) and valence band (VB) levels can change the
efficiency of charge transfer.67 The Mott-Schottky plots of
pristine AgI and Bi12O17Cl2 are shown in Figure S7a. The flat
potentials of pristine AgI and Bi12O17Cl2 were calculated to be
−0.42 and −0.48 V versus the Hg/HgCl2 electrode (SCE),
respectively. They were equivalent to −0.18 and −0.24 V versus
the normal hydrogen electrode (NHE), respectively. The flat
potential is almost equal to that of the Fermi level.68 Besides,
Figure S7b shows the VB-XPS spectra of pristine AgI and
Bi12O17Cl2. It shows that the gap between the Fermi level and
VB was 1.49 eV for AgI, while it was 1.74 eV for Bi12O17Cl2. So,
the VB values of pristine AgI and Bi12O17Cl2 were equal to 1.31
and 1.50 eV, respectively. According to the previous result, the
band gap energys of AgI and Bi12O17Cl2 were measured at 2.78
and 2.41 eV, respectively. So, the CB values of AgI and
Bi12O17Cl2 were found to be −1.47 and −0.91 eV, respectively.
After AgI and Bi12O17Cl2 contact, the higher Fermi energy of
Bi12O17Cl2 than AgI caused the energy bands of Bi12O17Cl2 to
bend upward and AgI to bend downward toward the interface
to reach electrical equilibrium. Therefore, the possible
mechanism was proposed based on the above results.47 As
shown in Figure 12, under visible light irradiation, both AgI and

Bi12O17Cl2 could excite hole and electron, and the electrons of
the CB of AgI would transfer to the CB of Bi12O17Cl2 to reduce
surface O2 into the oxidize species •O2

−. Then, parts of •O2
−

reacted with H+ and generated H2O2, which was further excited
by electrons and changed into •OH. The holes of Bi12O17Cl2
would be transferred to VB of AgI, and the holes of VB of AgI
could directly oxidize organic pollutants into a small molecular.
In this route, the electrons and holes could be separated
efficiently, leading to the high photocatalytic activity of AgI/
Bi12O17Cl2. The active species, holes, •O2

−, and •OH could
further effectively degrade the target pollutant (SMZ) into
more small intermediates or directly into end products (CO2
and H2O). Furthermore, the photogenerated electrons of AgI
tend to be migrating to Bi12O17Cl2, which may avoid AgI
reduced to Ag and further enhance the stability of AgI under
visible irradiation.

■ CONCLUSIONS
In summary, a visible-light-driven catalyst system has been
developed using AgI and hydrothermal prepared Bi12O17Cl2 as
a photocatalyst to make contact heterostructure for efficient
degradation of SMZ. The characterizations showed AgI
nanoparticles evenly distributed on the surface of Bi12O17Cl2,
and heterostructures were formed. The degradation rate of
SMZ by AgI/Bi12O17Cl2 was about 7.8 times and 35.2 times
higher than that of pristine Bi12O17Cl2 and BiOCl under visible-
light-driven photocatalysts, respectively. It was also found that
the AgI amount in the AgI/Bi12O17Cl2 composites played an
important role in the corresponding photocatalytic properties,
and the optimized ratio was obtained at 25%. The dramatic
enhancement in the visible light photocatalytic activity can be
attributed to the effective photogenerated charge transfer at the
interface of AgI and Bi12O17Cl2. High photocurrent intensity,
great mineralization ability, and excellent photostability were
also obtained for the AgI/Bi12O17Cl2 sample. The SMZ
degradation pathway can be divided into three steps: cleaving,
aromatic ring opening, and mineralizing. The photogenerated
reactive species and degradation intermediates are identified,
and a photocatalytic mechanism is proposed. Moreover, these
composites could apply to other contaminant degradation in
wastewater and treated effluent water.
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