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Abstract
Using AgNO3 as the Ag source, the Ag@BiOCl photocatalyst was prepared by depositing noble metal Ag
on the surface of BiOCl by solvothermal method. Ag exists as spherical particles with a diameter of 40
nm. Based on the surface plasmon resonance effect (SPR) of Ag, the photoresponse range of BiOCl was
successfully extended to the visible light region, which reduced the photo-generated electron-hole
recombination e�ciency and improved the charge transfer e�ciency. The photocatalytic performance of
Ag@BiOCl was studied under visible light. The results show that when the Ag content is 10wt%, it exhibits
excellent effects on the degradation of acid red B (ARB), and its degradation rate constant is 11 times
larger than that of BiOCl. The active substance-capturing test results show that the main role in
photocatalytic degradation of ARB is voids.

1 Introduction
Today, the global ecological environment has deteriorated sharply, which has seriously threatened human
survival and development. With the improvement of people's environmental awareness, green and
sustainable development have become a common theme in today's world. Since photocatalytic
technology can effectively use solar energy, it has great potential in the application of solving
environmental problems.[1–4] However, the high recombination rate of photogenerated electron-holes
restricts the application of photocatalysis technology, which has become a technical bottleneck for
researchers for many years. [5–7] Although many methods for modifying photocatalytic materials have
been explored [8–10], the diffusion and migration of photogenerated charges in the photocatalytic
materials are random, which still limits the photocatalytic activity. At the same time, the structural
characteristics of photocatalytic materials have large defects, and it is di�cult to signi�cantly reduce the
recombination e�ciency of photogenerated electron-holes. Therefore, it is necessary to develop a
photocatalyst with excellent structural performance to solve the above-mentioned problem of high
photogenerated electron-hole recombination rate.

BiOCl is a bismuth-based photocatalytic material developed in recent years. Its unique layered structure
greatly improves the separation e�ciency of photogenerated electrons and holes, and is a research
hotspot in the �eld of photocatalysis [11]. In the ultraviolet response range, the photocatalytic activity of
BiOCl is higher than that of commonly used TiO2 [12]. However, BiOCl is a semiconductor material with
wide band gap, which means that it is less easily excited by visible light, which limits its application in the
visible light range.

Modi�cation using deposited precious metals (gold, platinum, palladium, silver, etc.) is an effective
method for preparing visible light-responsive photocatalysts. When the noble metal is combined with
another material, the Schottky barrier forms at the interface between the two. The high conductivity of the
noble metal increases the interface charge transfer rate and accelerates the effective separation of
photogenerated electrons and holes, unlike other materials [13–14]. Compared with other precious metals
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[15], silver has a better SPR effect. This SPR effect makes silver have stronger light absorption in the
visible region. In recent years, the preparation of precious metal-supported semiconductor photocatalysts
generally uses a photodeposition method. For example, Lei et al. [9] prepared Ag@g-C3N4 photocatalyst by

photodeposition method, and Li et al. [10] deposited various precious metal nanoparticles (including gold,
silver, Platinum, etc.), the above noble metal modi�ed photocatalysts all show strong photocatalytic
activity during the degradation of pollutants.

In this article, a simple solvothermal method without surfactant was used to synthesize the BiOCl
photocatalyst with lamellar structure. Then with BiOCl as the base material, a new loading method
different from the light deposition method was used to load Ag particles on the surface of BiOCl. a stable,
regular and highly active binary Ag@BiOCl composite material was prepared. ARB was used as the target
degradant. The photocatalytic activity of the material was tested. The effects of different Ag loadings on
the phase structure, micro-morphology and photocatalytic performance of BiOCl were studied, and the
photocatalytic mechanism was preliminarily discussed.

2 Experimental

2.1 Preparation of BiOCl
0.01 mol of KCl was dissolved in a mixed solution of 40 ml of deionized water and absolute ethanol at a
volume ratio of 1:1, stirred for 20 min, and recorded as solution A. 0.01 mol of Bi(NO3)3·5H2O was
dispersed into 40 ml of ethylene glycol, stirred for 30 min, then dispersed ultrasonically for 20 min, and
recorded as Solution B. Slowly, A was added to B, then stirred for 1 h. The �nal mixed solution was
transferred to a 100 ml stainless steel autoclave, and heated at 120 oC for 10 h. After the reaction was
completed and cooled to room temperature, the resulting precipitate was centrifugally separated (10000
r.p.m, 5 min), washed thoroughly with absolute ethanol and distilled water, and dried under vacuum at 80
oC for 10 h.

2.2 Preparation of Ag@BiOCl
0.25 g of BiOCl prepared above was added to 30 ml of deionized water, and dispersed ultrasonically for 1
h (recorded as A). 1.522 g of sodium oleate was dispersed in 30 ml of absolute ethanol, with 5 ml of oleic
acid, 2 ml of n-hexane, and a certain amount of AgNO3 (recorded as A). A was added to B, and the mass
fraction of Ag in the �nal sample is 0, 5%, 10% and 20% respectively. The �nal mixed system was
transferred to a 100 ml autoclave and reacted at 180 oC for 10 h. After the reaction was completed and
cooled to room temperature, the obtained sample was washed with n-hexane, anhydrous ethanol and
water in sequence, and dried at room temperature. According to the different mass fractions of Ag, the
samples were recorded as AB-0, AB-5, AB-10 and AB-20.

2.3 Materials characterization
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The crystal structures of the samples were characterized by powder X-ray diffractometry (XRD; Bruker D8
Advance A25, Germany) using Cu-Kα radiation. The microstructures were analyzed by a scanning
electron microscopy (SEM; JSM-7500F, JEOL Ltd., Japan). The speci�c surface area of the samples is
determined by the speci�c surface and porosity analyzer (BET; Autosorb-iQ-MP, Quantachrome
instruments, America). The UV-vis diffuse re�ectance spectra and dye absorption spectra of the samples
were measured by near-infrared UV-vis spectrophotometer with integral sphere (UV-3600, Shimadzu
Corporation, Japan). Photoluminescence experiments to evaluate the photogenerated electron transfer
e�ciency of photocatalysts. (PL; FS5, Edinburgh Instrument, UK). Electrochemical impedance testing and
Mott-Schottky experiments were performed by an electrochemical workstation (EiS and M-S, CHI660C,
ChenHua, Shanghai). All tests were performed at room temperature.

2.4 Photocatalytic activity test
A Shanghai Bilang BL-GHX photochemical reactor with an eight-position reactor was used for the dye
degradation experiment. The dye was 50 mL ARB (30 mg/L), the catalyst dosage was 10 mg, and the
light source was 450 W metal halide lamp, �ltered out the ultraviolet light with a �lter. A dark reaction was
performed for 30 min before light irradiation to achieve the adsorption-desorption equilibrium of the dye
adsorption on the material. After the light source is turned on, a small amount of samples are taken out
every 30 min. The powder in the samples is removed by centrifugation, and the absorbance of the dye is
measured by an ultraviolet-visible spectrophotometer to calculate the degradation rate of the dye.

3 Results And Discussion
Figure 1 shows the XRD patterns of Ag@BiOCl sample, BiOCl (JCPDS#06-0249) and Ag (JCPDS#04-
0783). It can be seen from the �gure that the characteristic peaks of the Ag@BiOCl samples are located
at 11.9°, 25.86°, 32.49°, 33.44°, 41.17°, 46.45°, 54.37°, and 58.6°, respectively. These characteristic peaks
correspond to {001}, {101}, {110}, {102}, {112}, {200}, {211} and {212} crystal planes. The results are
consistent with BiOCl, indicating that the introduction of Ag does not affect the crystal structure of BiOCl.
At the same time, the characteristic peak corresponding to the {111} crystal plane of Ag appears at 38.11°
after loading Ag, and gradually gets stronger with the increase of Ag amount. It indicates that the
composite material contains BiOCl and Ag. In addition, it is also observed that the characteristic peak of
BiOCl became narrower after loading Ag, and the intensity ratio of the crystal plane gradually decreased
from the value of {110}/{001}, which may be because the thickness of BiOCl nanoplates increased after
loading Ag[16]. 

In order to understand the microscopic morphology of the prepared Ag@BiOCl photocatalyst, the SEM
characterization of the Ag@BiOCl sample was performed. The results are shown in Fig. 2. It can be seen
from the �gure that all samples have a lamellar structure. Among them, Fig. 2(a)-(d) are the SEM images
of AB-0, AB-5, AB-10 and AB-20, respectively, as can be seen from the �gure, the peeling between the
BiOCl nanosheets without Ag loading The degree of separation is small, and the peeling degree between
the nanosheets of the sample after Ag loading becomes larger, and the thickness is increased on the
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original basis. This result is consistent with the description of the XRD pattern. At the same time, with the
increase of Ag content, Ag nanoparticles began to appear on BiOCl nanosheets. The presence of Ag
nanoparticles could not be clearly observed in AB-5, while only a small amount of Ag particles were
observed in AB-10. On the one hand, it is because the amount of AgNO3 added is small; on the other
hand, it may be because the surface of the BiOCl nanosheets is smooth, and the Ag particles are not easy
to adhere to the surface, and some of them exist between the sheets in the form of intercalation, so only
See the presence of a small amount of Ag particles. When the loading of Ag was continued to increase to
20wt%, as shown in Fig. 2(d), Ag nanoparticles began to agglomerate. 

Using transmission electron microscope to further characterize AB-10, the results are shown in Fig. 3.
Among them, Fig. 3 (a) and (b) are the overall morphology of the sample. It can be seen from the �gure
that a small amount of Ag nanoparticles can be observed on the BiOCl nanosheets. Figure 3 (c) is an
enlarged view of Ag nanoparticles. It can be seen that Ag nanoparticles are spherical and have a diameter
of approximately 40 nm. At the same time, using high-resolution transmission electron microscopy
(HRTEM) analysis, as shown in Fig. 3 (d), you can observe different lattice fringes, according to the
spacing of the stripes to identify the crystal plane of Ag and BiOCl. Among them, the lattice fringe pitch of
0.275 nm corresponds to the {110} crystal plane of BiOCl [17]. The {111} crystal plane of Ag corresponding
to the lattice fringe spacing of 0.24 nm corresponds to the {111} crystal plane in the XRD pattern [18–19].
Therefore, lattice fringes can further prove that Ag nanoparticles are successfully loaded on the surface
of BiOCl nanosheets. 

In addition, in order to understand the surface element composition of AB-10, EDS analysis was carried
out, and the results are shown in Fig. 4. From Fig. 4 (b), the peaks corresponding to Ag, C1, O, Bi, and Au
can be observed. The peak of Au is caused by gold spraying on the surface of the material before testing,
indicating that the sample contains silver, bismuth, oxygen and Four elements of chlorine. Figure 4 (c)-(f)
are the surface subdivision diagrams of the elements. It can be seen from the �gure that the four
elements are evenly distributed. The above analysis results indicate that Ag is successfully loaded on the
BiOCl sample surface. 

The photocatalytic performance of Ag@BiOCl samples was evaluated by degrading ARB under visible
light. The experimental results are shown in Fig. 5. Among them, Fig. 5 (a) is a graph of the degradation
of ARB by the sample. It can be seen from the �gure that the degradation effect of Ag-loaded samples on
ARB is signi�cantly higher than that of BiOCl, and with the increase of Ag content, the degradation rate of
ARB of samples �rst increases and then decreases. Among them, the degradation effect of AB-10 is
signi�cantly better than other samples. After 240 minutes of visible light irradiation, the degradation rates
of ARB were 85%, and the degradation rates of AB-5 and AB-20 were 62% and 71%, respectively. At the
same time, we can also see from the SEM spectrum of the sample that the Ag nanoparticles in AB-20
have agglomerated, which is not conducive to the photocatalytic degradation reaction, so the
photocatalytic e�ciency of AB-20 has been reduced. In AB-0, the degradation e�ciency is only 21.2%, so
it can be determined that the optimal loading of Ag is 10wt%. The UV-visible absorption spectrum of the
solution during ARB degradation is shown in Fig. 5 (b). It can be seen that ARB has two characteristic
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absorption peaks, located at 516 nm and 326 nm, respectively. The absorption peak at λ = 326 nm in the
ultraviolet region is a characteristic absorption peak of the naphthalene ring. The absorption at 516 nm is
caused by the π→π* transition of the -N = N- bond. In addition, as the photocatalytic reaction time
increases, the two characteristic absorption peaks at 326 nm and 516 nm gradually weaken, indicating
that the matrix of the naphthalene ring or other unsaturated conjugated system is destroyed [20].
Additionally, the large speci�c surface area of the samples is bene�cial to dye adsorption, light
absorption, separation of photogenerated carriers, etc., which are all important factors affecting
photocatalytic performance. The results of nitrogen adsorption isotherm show that as Ag content
increases, the adsorption amount of the Ag@BiOCl sample increases �rst and then decreases. AB-10 has
the maximum adsorption amount. The speci�c surface area calculated by the BET simulation is 65.8
m2/g. This is the other reason why AB-10 has superior properties than other samples. 

In addition, the kinetic principle of ARB degradation of Ag@BiOCl samples was investigated, and the
results are shown in Fig. 6. It can be seen from Fig. 6 (a) that -ln(C/C0) has a good linear relationship with
the reaction time t (C0 and Ct are the initial concentration of ARB and the concentration at time t), which
can determine the degradation reaction follow the �rst order kinetic equation. Figure 6 (b) is a bar graph
of the reaction rate constant of the Ag@BiOCl sample to degrade ARB. It can be seen from the �gure that
the degradation rate constants of AB-0, AB-5, AB-10 and AB-20 are 6.6×10− 4, 3.45×10− 3, 6.58×10− 3 and
4.18×10− 3 respectively. It can be concluded from this that when the loading of Ag is 10wt%, the sample
has better photocatalytic performance.

The UV-Vis DRS spectrum of the Ag@BiOCl sample is shown in Fig. 7. It can be seen from the �gure that
the absorption edge of AB-0 is located at 350 nm in the ultraviolet region, and there is little absorption in
the visible range. The sample loaded with Ag showed strong and extensive light absorption in the entire
visible light region, and the absorption intensity was signi�cantly higher than AB-0. A new broad
absorption band can be clearly seen around 473 nm, and the absorption intensity gradually increases
with the increase of Ag content. The signi�cant absorption in the visible region may be due to localized
surface plasmon resonance (LSPR) absorption of silver nanoparticles [21–22]. It can be proved that the
loading of Ag can successfully widen the light absorption range of BiOCl, and also shows that the
Ag@BiOCl composite material can be used as an excellent visible light photocatalyst. 

The photoluminescence spectrum of Ag@BiOCl was used to analyze the separation e�ciency of
photogenerated electrons and holes. At an excitation wavelength of 280 nm, the PL spectrum of the
sample changes as shown in Fig. 8. It can be seen from the �gure that the peak value of the sample
decreases �rst and then increases with the increase of Ag content. Among them, the �uorescence
intensity of AB-10 is signi�cantly lower than that of other samples. Because the peak of the
photoluminescence spectrum can re�ect the photo-electron-hole recombination e�ciency on the surface
of the photocatalytic material, the low PL intensity means that the photo-electron-hole recombination
probability is low, the life is long, and the concentration of e− and h+ species participating in the redox
reaction high, and the effective action time is longer, these indicators correspond to the high
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photocatalytic activity of the material [23]. After loading Ag on BiOCl, the peak intensity of the PL
spectrum is signi�cantly reduced, indicating that Ag can be used as a capture center for photogenerated
electrons, promote the effective separation of photogenerated electrons-holes, and improve
photocatalytic performance [24]. From the above analysis, it can be seen that AB-10 has the highest
photogenerated carrier separation e�ciency and the strongest photocatalytic activity, which is consistent
with the photodegradation results of ARB. 

The arc radius of the AC impedance graph can re�ect the size of the material's charge transfer resistance.
The smaller the radius, the smaller the resistance and the higher the charge transfer e�ciency[25].
Therefore, electrochemical impedance spectroscopy can be used to evaluate the interface charge transfer
ability of photocatalytic materials. The electrochemical impedance spectrum of the Ag@BiOCl sample is
shown in Fig. 9. It can be seen from the �gure that the electron transmission impedance of the sample
loaded by Ag is less than BiOCl, which shows that Ag loading can make the sample have a higher
interface charge transfer ability, photogenerated the carrier separation e�ciency is greatly improved,
which is bene�cial to improve the photocatalytic performance. Among them, the arc radius of AB-10 is
the smallest, indicating that the sample has higher charge transfer e�ciency and photocatalytic activity,
which corresponds to the degradation results of ARB. 

The free radicals produced by the degradation of ARB under visible light irradiation of AB-10 were
detected by ESR. The results show that OH, O2

−, and h+ are the three kinds of active materials,
simultaneously being produced and participating in the degradation reaction during the photocatalytic
reaction. Therefore, in order to further explore the mechanism of photocatalytic degradation of ARB in the
samples, an active species capture experiment was carried out on AB-10. Isopropyl alcohol (IPA),
ammonium oxalate (AO) and 1,4-benzoquinone (BQ) were used as traps for •OH, h+ and •O2

−, respectively.
The samples without the capture agent were compared, and the experimental results shown in Fig. 10
were obtained. It can be seen from the �gure that after adding IPA, AO and BQ, the photocatalytic
degradation of ARB by AB-10 has been inhibited to varying degrees. Among them, AO had the greatest
inhibitory effect on the degradation reaction. After 240 minutes of exposure, the degradation rate of ARB
was only 5.96%, while the degradation rate of adding IPA and BQ were 71.6% and 60.32%, respectively.
Therefore, it can be inferred that during the entire photocatalytic reaction process: the role played by the
three active substances is h+ >>•O2

−>•OH. 

Based on the above analysis, we discussed the possible mechanism of Ag@BiOCl photocatalytic
degradation of ARB, as shown in Fig. 11. Under visible light irradiation, due to the higher band gap value,
the BiOCl nanosheets cannot be excited to generate photo-generated electron-holes. After the Ag
nanoparticles are loaded onto the BiOCl surface, the entire system can be excited by visible light. Under
visible light, Ag nanoparticles will produce an SPR effect. The electrons excited by the plasma are �rst
concentrated on the surface of the Ag nanoparticles, and then the enriched electrons are quickly injected
into the conduction band of BiOCl, so that they are left on the Ag nanoparticles. It can oxidatively degrade
h + of ARB. After the electrons on the Ag nanoparticles migrate to the conduction band of BiOCl,
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photogenerated e- and h+ react with O2 and H2O adsorbed on the surface of the material to generate

active radicals: •O2
− and •OH, and react with ARB to achieve photodegradation. Therefore, in the

Ag@BiOCl system, the visible light photocatalytic activity of the entire system is enhanced due to the
plasma resonance effect generated by Ag nanoparticles. 

In order to study the reusability of the Ag@BiOCl sample, four repeated experiments were carried out on
the AB-10 sample. The experimental results are shown in Fig. 12. In the �rst experiment, the degradation
e�ciency of ARB was 85%. With the increase of repeated use, the degradation e�ciency of AB-10 to ARB
decreased slightly, but it remained above 80%. Therefore, the experimental results of stability analysis
show that the Ag@BiOCl photocatalyst prepared in this paper has good photocatalytic stability and can
be used repeatedly. 

4 Conclusions
In this experiment, a simple solvothermal method was used to successfully synthesize the BiOCl
photocatalyst with lamellar structure and use it as a base material to deposit Ag nanoparticles on the
surface to prepare a stable, regular and highly active binary Ag@BiOCl composite material. The in�uence
of the deposition amount of Ag nanoparticles on the phase structure, micro-morphology and
photocatalytic performance of BiOCl photocatalyst was studied, and its internal mechanism was
preliminary explored. The experimental results show that, based on the SPR effect of Ag, the load on
BiOCl extends the light absorption range of the system to the entire visible light region, improves the
charge transfer e�ciency and signi�cantly reduces the recombination e�ciency of photogenerated
electrons and holes, thereby enhancing the light Catalytic activity. The results of photocatalytic
degradation experiments showed that after 240 minutes of visible light irradiation, the degradation rate of
ARB by AB-10 reached 86%, while that of AB-0 was only 21.2%. In addition, the results of cycle
experiments show that the Ag@BiOCl photocatalyst has good reusability.
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Figure 1

XRD pattern of Ag@BiOCl samples
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Figure 2

SEM image of Ag@BiOCl samples (a=AB-0, b=AB-5, c=AB-10, d=AB-20)
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Figure 3

TEM (a-c) and HRTEM images (d) of AB-10



Page 14/17

Figure 4

EDS spectrum of AB-10

Figure 5

ARB degradation curve of Ag@BiOCl(a), UV-visible absorption spectrum of AB-10 degradation of ARB(b)
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Figure 6

Fit curve (a) and related rate constant (b) of Ag@BiOCl degradation ARB reaction kinetics
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Figure 7

UV-Vis diffuse re�ectance spectrum of Ag@BiOCl samples

Figure 8

Fluorescence spectrum of Ag@BiOCl samples
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Figure 9

Nyquist impendance plots of Ag@BiOCl samples


