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Abstract:  

Environmental treatment over bismuth based catalysts due to its appropriate band structure and 

abundance is a promising process. However, the practical application of single-phase bismuth based 

catalysts is hindered by serious charge transport limitations. The plasmonic Z-scheme 

α/β-Bi2O3–Ag–AgCl photocatalysts resolving the drawbacks of single-component photocatalyst 

have been successfully synthesized by anchoring Ag–AgCl nanocrystals on the surfaces of 

α/β-Bi2O3 nanowire heterojunction via the deposition–precipitation method in assistance with the 

photo-reduction process. The as-prepared samples were characterized by a series of techniques, 

such as X-ray diffraction (XRD), electron microscopy (EM), Brunauer-Emmett-Teller analysis 

(BET), and UV-vis diffuse reflectance absorption spectra (UV-vis). The effects of the amount and 

the photo-reduction time of Ag–AgCl nanocrystals upon the photocatalytic performance for the 

α/β-Bi2O3–Ag–AgCl composites were systematically investigated. Inspiringly, the plasmonic 

α/β-Bi2O3–Ag–10wt%AgCl–30 composites exhibit the superior photocatalytic performance than 
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α/β-Bi2O3 nanowires over the degradation of rhodamine B and acid orange 7 dyes due to the 

effective charge transfer between Ag–AgCl nanocrystals and α/β-Bi2O3 nanowires. On the basis of 

photocatalytic activity and band structure analysis, a plasmonic Z-scheme photocatalytic 

mechanism is proposed; namely, two-step visible-light absorption is caused by the localized surface 

plasmon resonance of metallic Ag nanocrystals and the band gap photoexcitation of α/β-Bi2O3. This 

work could provide new insights into the fabrication of plasmonic Z-scheme photocatalysts with 

high performance and facilitate their practical application in environmental remediation issues.  

 

Keywords: Ag–AgCl nanocrystals; α/β-Bi2O3 nanowires; Photocatalyst; Degradation 

 

1. Introduction 

Environmental problems associated with harmful organic pollutants in water are the driving 

forces for sustained fundamental and applied research in the area of environmental remediation 

on the basis of highly efficient semiconductor photocatalysts.
1-5 

To date, a large number of metal 

oxides as photocatalysts have been explored for the purpose of efficient degradation of harmful 

organic substances and hydrogen production through splitting water.
6-10

 To date, TiO2, as a 

semiconductor photocatalyst with large band gap (about 3.2 eV), has been intensively 

investigated under UV irradiation. However, titania can only absorb about less than 5% of 

sunlight.
1
 Recently, TiO2 has been modified by transition-metal cations, non-metal anions (such 

as N, S, C, F) or noble metal nanoparticles for the improvement of the catalytic performance in 

the visible range.
11-14

 Furthermore, the bismuth based multimetal oxides with a 6s
2
 configuration, 

such as CaBi2O4,
15

 BiVO4,
16

 Bi2WO6,
17

 Bi3NbO7
2,4,18 

and Bi12TiO20,
19-23

 have shown to be 

active under visible illumination, which is ascribed to the fresh-constructed, well-dispersed 
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valence bands by the hybridization of Bi 6s and O 2p orbitals.
24

 

As is known, Bi2O3, as a semiconductor catalyst, possesses high photocatalytic performance 

under visible-light irradiation due to the appropriate band gap.
25 

Generally, Bi2O3 has four different 

polymorphs, denoted as monoclinic α, tetragonal β, body-centered cubic γ, and face-centered cubic 

δ, among which, the low-temperature α-phase and the high-temperature δ-phase are stable; while 

the other two phases are high-temperature metastable.
26 

Though many researches on α-Bi2O3 have 

been reported, there was only a few on β-Bi2O3, in most of which β-Bi2O3 was obtained due to the 

difficulty of the synthesis of this metastable phase.
27-33

 Recently, Muruganandham et al. have 

successfully used two types of bismuth oxalates as a precursor for various morphological Bi2O3 

preparations.
34

 Brezesinski et al. found that the mesoporous β-Bi2O3 showed the exceptional 

photocatalytic activity.
35

 Huang et al. prepared bismuth oxide nanoparticles were synthesized 

directly via a liquid phase microwave reaction.
36

 To the best of our knowledge, it is therefore highly 

desirable to develop a new modification and/or preparation method that can enhance the 

photocatalytic performance of the Bi2O3 nanostructures. 

To improve the photocatalytic performance, a novel strategy has been applied via the 

constructing hierarchical nanostructures for photocatalytic applications by anchoring functional 

species on semiconductors.
37

 The surface plasmon resonance of metal nanoparticles has been 

introduced to the photocatalysts due to the enhanced absorption in the visible light region.
38,39 

For 

examples, Ag/AgX/BiOX (X = Cl, Br) three-component photocatalysts were synthesized by a 

low-temperature chemical bath method.
40

 Dai et al. precipitated Ag/AgCl on P25 to synthesize 

Ag/AgCl/TiO2 catalysts for the environmental remediation of Cr(VI) and organic dyes.
41

 Currently, 

Ag/AgCl@WO3,
42 

Ag/AgBr/TiO2,
43 

Ag/AgX/GO (X = Cl, Br),
44

 Ag/AgCl/ZnO,
45

 Ag/AgCl/titanate 

honeycomb,
46

 Ag/AgCl/BiOCl,
47 

Ag/AgCl/TaON,
48

 AgX/Ag3PO4 (X = Cl, Br, I),
49

 have also been 
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investigated. Thus, there appears to be great untapped potential for exploring the improvement of 

photocatalytic activity of α/β-Bi2O3–Ag–AgCl composites using plasmonic Ag–AgCl nanocrystals. 

In this work, the influences of the synthesis parameters on the resulting products, the synthesis 

mechanism, the critical roles of treatment conditions and catalyst compositions in determining 

catalytic performance, as well as the contribution of the work to the fields of visible-light 

photocatalytic activities were elaborated in detail. In our previous work, visible-light-responsive 

α/β-Bi2O3 nanowire catalysts were prepared via a facile in-situ hydrothermal process.
50

 In order to 

improve the photocatalytic performance of α/β-Bi2O3 catalysts, the different plasmonic 

α/β-Bi2O3–Ag–AgCl photocatalysts have been successfully synthesized by anchoring Ag–AgCl 

nanocrystals on the surfaces of α/β-Bi2O3 nanowires via the deposition–precipitation method in 

assistance with the photo-reduction process. Especially, the significant improvement of the 

photocatalytic performance of α/β-Bi2O3 nanowires coupled with Ag-AgCl nanocrystals in the 

degradation of cationic rhodamine B (RhB) and acid orange 7 (AO7) under visible-light irradiation 

has been rarely reported. A plasmonic Z-scheme photocatalytic mechanism was proposed to explain 

the enhancement of the photocatalytic activity of the α/β-Bi2O3–Ag–AgCl composite photocatalyst 

on the basis of photocatalytic results. Hence, this work may be of interest to both materials 

scientists and those working in the area of catalyst design.  

 

2. Experimental section 

2.1 Synthesis of α/β-Bi2O3 nanowires 

All chemicals were analytical grade and used without further purification. In a typical procedure, 

stochiometric amounts of Bi(NO3)3·5H2O was dissolved in 15 mL of benzyl alcohol under vigorous 

stirring. Before being transferred to a Teflon-lined stainless autoclave (50 mL capacity). The 
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hydrothermal synthesis was conducted at 90~240 °C for 24 h in an electric oven. The system was 

then cooled to ambient temperature naturally. The as-prepared samples as precursors were collected 

and washed with distilled water and absolute alcohol several times, vacuum-dried, and then heated 

at 300 
o
C for 5 h to obtain α/β-Bi2O3 nanowires. 

2.2 Synthesis of α/β-Bi2O3–Ag–AgCl composites 

In a typical synthesis of α/β-Bi2O3–Ag–AgCl composites, 0.2 g of α/β-Bi2O3 nanowires and 0.3 g 

of CTAC were added to 100 mL of deionized water and the suspension was stirred for 60 min. Then 

2.0 mL of 0.1 M AgNO3 was quickly added to the above mixture. During this process, the excessive 

surfactant CTAC not only adsorbed onto the surface of α/β-Bi2O3, resulting in the homogenous 

disperse of AgCl nanocrystals due to the limitation of the number of nucleation sites for the growth 

of AgCl, but also induced Cl
−
 to precipitate Ag

+
 in the suspension. The resulting suspension was 

stirred for 1.0 h and then placed under irradiation of 300 W Xe lamp for the indicated lengths of 

time. The suspension was filtered, washed with deionized water, and dried at 80 
◦
C for 12 h. Then 

the gray powder was calcined at 300 
◦
C for 3 h. Depending on the duration of irradiation, the 

as-prepared catalysts coupled with the 10wt% AgCl nanocrystals were denoted as 

α/β-Bi2O3–Ag–10wt%AgCl–m composites-m, where “m” represented 10, 30 and 50 min of 

photo-reduction time. Besides, the as-prepared catalysts under the photo-reduction process for 30 

min were denoted as α/β-Bi2O3–Ag–nAgCl–30, where “n” represented 5, 10, 20, and 30wt% of the 

amount of AgCl nanocrystals in α/β-Bi2O3–Ag–AgCl composites.  

2.3 Characterization 

The obtained products were characterized by powder X-ray diffraction (XRD, MAC Science Co. 

Ltd Japan) using Cu Ka (λ = 0.1546 nm) and XRD patterns were obtained at 10
o
~90

o
 by step 

scanning with a step size of 0.02
o
. The morphology and size of the resultant products were observed 
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using a energy-dispersive spectra and transmission electron microscopy (TEM, JEM-2010). The 

optical properties of the samples were analyzed by UV-vis diffuse reflectance spectroscopy (UV-vis 

DRS) using a UV-vis spectrophotometer (UV-2550, Shimadzu) in the range 190–900 nm. The 

surface area of the samples were measured by TriStar 3000-BET/BJH Surface Area.  

2.4 Photocatalytic test 

Photocatalytic reactions were performed in an air-free, closed gas circulation system with a 

quartz reaction cell. Photocatalytic activity was evaluated by the degradation of rhodamine B (RhB) 

and acid orange 7 (AO7) in aqueous solution (1*10
-4

 M, 100 mL) under visible-light irradiation 

using a 300 W Xe lamp with a cutoff filter (λ > 420 nm). A cylindrical Pyrex flask (200 mL) was 

placed in a sealed black box of which the top was open and the cutoff filter was set on the window 

face of the reaction vessel to ensure the desired irradiation condition. For the 0.1 g 

α/β-Bi2O3–Ag–AgCl composites as the catalysts were chosen for the evaluation of photocatalytic 

activity. Before illumination, the suspension between photocatalyst powders and rhodamine B (RhB) 

and acid orange 7 (AO7) at given time intervals (3 mL aliquots) were sampled and centrifuged to 

remove photocatalyst powders. The filtrates were analyzed by recording the variations of the 

absorption-band maximum (655 nm) in the UV-vis spectrum of RhB and AO7 dyes in aqueous 

solution using a UV-vis spectrophotometer (Shimadzu 2550, Japan).  

3. Results and discussion 

3.1 Characterization of α/β-Bi2O3–Ag–AgCl composites 

Different plasmonic photocatalysts, have been attracted more attention due to its potential 

applications in the physical, chemical, biological, photoelectric, and catalytic fields. Fig. 1 shows 

the XRD patterns of the Ag/AgCl nanocrystals decorated the Bi2O3 catalysts. All the diffraction 

lines can be indexed as the α/β-Bi2O3 phase, cubic phase of AgCl and Ag, respectively. The major 
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phase can be indexed to the monoclinic α-Bi2O3 phase (PDF NO.4-294) while the little amount of 

second phase is recognized as the tetragonal β-Bi2O3 phase (PDF NO.18-244), demonstrating the 

formation of α-β phase heterojunction on Bi2O3, which is in agreement with the previous work.
50

 

Especially, after the photo-reduction of AgCl under UV-visible light for 10~30 min, three major 

diffraction peaks at 28.06
o
, 32.48

o
 and 46.54

o
 in the 2θ range of 10~80

o
, can be indexed to the (111), 

(200) and (220) reflections of a cubic silver chloride phase (space group: Fm3m [225]) according to 

the JCPDS card (No. 31-1238). Currently, as the irradiation time increased, the intensity of peaks of 

the AgCl phase decreased, indicating that parts of AgCl nanocrystals were photo-reduced, and the 

corresponding Ag nanoparticles were generated on the surface of α/β-Bi2O3–Ag–AgCl composites. 

However, there is no obvious reflections belonging to metal Ag species during this photo-reducing 

process for 10~20 min. Though the photoreduction for 30~50 min, the α/β-Bi2O3–Ag–AgCl 

composites shows a recognizable reflection at 2θ = 38.1
o
 belonging to the metal Ag species in the 

XRD patterns. It is considered that the amount of the Ag species after the photo-induced process is 

too small to detect for the sample, which is in agreement with the previous reports.
40 

 

Fig. 1. XRD patterns of the α/β-Bi2O3–Ag–AgCl composites under the different photo-reduction  

times: (a) α/β-Bi2O3 nanowires; (b) α/β-Bi2O3–Ag–AgCl–10; (c) α/β-Bi2O3–Ag–AgCl–20; (d)  

α/β-Bi2O3–Ag–AgCl–30; and (e) α/β-Bi2O3–Ag–AgCl–50. 
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Fig. 2. TEM images of (a) α/β-Bi2O3 and (b) α/β-Bi2O3–Ag–10wt%AgCl–30 catalysts. 

 

Typical TEM observations of the as-prepared hierarchical Ag–AgCl@α/β-Bi2O3 composites are 

shown in Fig. 2. As presented in Fig. 2a, the as-prepared sample consists of a large number of 

uniform α-Bi2O3 nanowires coupling with a little amount of β-Bi2O3 nanocrystals, which is in 

agreement with the previous work.
50

 After the decoration, Fig. 2b indicates that the Ag/AgCl 

nanocrystals are uniformly and firmly anchored on the surfaces of the α/β-Bi2O3 nanowires. Besides, 

the corresponding Energy-dispersive X-ray spectra, the surface atomicratio of silver to chlorine was 

1.4 times higher than the stoichio-metric ratio in AgCl (1: 1), indicating the existence of excessive 

Ag nanocrystals on the surface. As shown in Fig. 3A, it can be seen that the α/β-Bi2O3 samples are 

composed of Bi and O as the component elements and the Ag–AgCl nanocrystals consist of Ag, O, 

and Cl as the major elements. This hierarchical nanostructure is especially favorable for the 

enhancement of photocatalytic performance.  

α/β-Bi2O3 

α/β-Bi2O3 

Ag–AgCl 

(a) (b) 

Ag–AgCl 
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Fig. 3. (A) Energy-dispersive X-ray spectra, (B) Full nitrogen sorption isotherms and the inset is the 

corresponding pore-size distribution of the α/β-Bi2O3–Ag–%AgCl composites. 

 

Full nitrogen sorption isotherms of the α/β-Bi2O3–Ag–AgCl composites were measured to gain 

the information about the specific surface area, as shown in Fig. 3B. The specific surface area was 

calculated to be 50 m
2 

g
-1

 by the BET equation. The corresponding Barrett Joyner Halenda (BJH) 

analysis (the inset in Fig. 3B) exhibit that most of the pores fall into the size range from 5 to 55 nm. 

These pores presumably arise from the spaces among the α/β-Bi2O3–Ag–AgCl composites. The 

high surface area and mesoporous structure of the α/β-Bi2O3–Ag–AgCl composites provide the 

possibility for the efficient diffusion and transportation of the degradable organic molecules and 

hydroxyl radicals in photochemical reaction, leading to the enhanced photocatalytic performance of 

the α/β-Bi2O3–Ag–AgCl composites. 

3.2 Light absorption and photocatalytic activities of α/β-Bi2O3–Ag–AgCl composites 

The optical absorption of the α/β-Bi2O3–Ag–AgCl composites was measured by UV-Vis diffuse 

reflection spectroscopy, as shown in Fig. 4. The α/β-Bi2O3–Ag–AgCl composites presented the 

wave length range up to 500 nm for the visible light absorption. For a crystalline semiconductor, the 

optical absorption near the band edge follows the equation.
51 
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( ) 2
n

gEhvAahv −=  

where a, n, Eg, and A are absorption coefficient, light frequency, band gap, and a constant, 

respectively. According to the equation above, the value of n for Bi2O3 is 1. The band gap energies 

of the α/β-Bi2O3 nanowires and α/β-Bi2O3–Ag–AgCl composites are determined from a plot of 

(ahv)
2
 vs energy (hv) and are found to be about 2.4~2.8 eV, indicating that the mixed band gap 

energy of α-Bi2O3 (Eg = 2.71 eV) and β-Bi2O3 (Eg = 2.48 eV) heterojunction that have been 

confirmed in the previous work.
50 

The series of α/β-Bi2O3–Ag–AgCl photocatalysts exhibited broad 

absorption in the region of visible light, which is attributed to the surface plasmon resonance effect 

of the Ag species formed in situ on the surfaces of the AgCl nanocrystals.
52 

Thus, the hybridization 

of Ag–AgCl nanocrystals and the α/β-Bi2O3 nanowires is effective for the visible-light response of 

the composites, which is considered that the utilizing visible light for driving photocatalytic 

reactions is a key challenge and visible light absorption of a material is a prerequisite for visible 

light activity.  

 

Fig. 4. The UV-Vis spectra of (A) α/β-Bi2O3–Ag–nAgCl–30 using with different amount of  

       Ag–AgCl: (a) 0, (b) 10wt%, (c) 20wt%, (d) 30wt%; (B) α/β-Bi2O3–Ag–10wt%AgCl–m      

        under various photo-reduction time: (a) 0, (b) 10 min, (c) 30 min and (d) 50 min. 
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Fig. 5. UV-visible spectra changes in the RhB degradation using different samples. (A) as-prepared  

      α/β-Bi2O3 nanowires and (B) the α/β-Bi2O3–Ag–10wt%AgCl–30 photocatalysts under 

visible-ligh irradiation. 

 
Fig. 6. Visible-light photocatalytic degradation of RhB solution for (A) α/β-Bi2O3–Ag–nAgCl–30  

      using with different amount of Ag–AgCl: (a) RhB solution without catalyst, (b) 0wt%, (c) 

5wt%, (d) 10wt%, (e) 20wt%, (f) 30wt%; (B) α/β-Bi2O3–Ag–10wt%AgCl–m under various 

photo-reduction time: (a) RhB solution without catalyst, (b) 0 min, (c) 10 min, (d) 30 min 

and (e) 50 min. 
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Fig. 7. UV-visible spectra changes in the OA7 degradation with (A) the α/β-Bi2O3 and (B) the 

α/β-Bi2O3–Ag–10wt%AgCl–30 photocatalysts under visible-light irradiation. 

 
Fig. 8. Photocatalytic degradation of OA7 solution for (A) α/β-Bi2O3–Ag–nAgCl–30 using with 

different amount of Ag–AgCl: (a) OA7 solution without catalyst, (b) 0wt%, (c) 5wt%, (d) 

10wt%, (e) 20wt%, (f) 30wt%; (B) α/β-Bi2O3–Ag–10wt%AgCl–m under various 

photo-reduction time: (a) OA7 solution without catalyst, (b) 0 min, (c) 10 min, (d) 30 min 

and (e) 50 min. 

 

The photocatalytic performance of the α/β-Bi2O3 and α/β-Bi2O3–Ag–AgCl composites samples 

were evaluated by monitoring the decomposition of rhodamine B (RhB) and acid orange 7 (AO7) in 

an aqueous solution under visible light irradiation, respectively. The time-dependent UV–vis 

absorption spectra of RhB and AO7 dyes during the visible-light irradiation are displayed in Fig. 5 
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and Fig. 7. Fig. 6 and Fig. 8 show the different photodegradation efficiencies of RhB and AO7 

solutions as a function of irradiation time for the various α/β-Bi2O3–Ag–AgCl samples. Firstly, the 

results for RhB degradation show that after visible-light irradiation, the photocatalytic activities for 

the α/β-Bi2O3–Ag–nAgCl–30 samples after the photo-reduction time for 30 min, increased with the 

increasing amount of Ag–AgCl nanocrystals up to 10wt%. However, the photocatalytic 

performance for RhB degradation decreased with the increasing amount of Ag–AgCl nanocrystals 

from 10wt% to 30wt%. Secondly, the results for RhB degradation present that the photocatalytic 

performance for the α/β-Bi2O3–Ag–10wt%AgCl–m samples coupled with a certain amount of 

Ag–AgCl nanocrystals (10wt%) under the different photo-reduction time, increased with the 

increasing photo-reduction time from 10 to 30 min after visible-light irradiation. In addition, the 

photocatalytic activity for RhB degradation decreased with the increase of photo-reduction time up 

to 50 min. Furthermore, the photocatalytic performance of the α/β-Bi2O3–Ag–nAgCl–m samples for 

the AO7 degradation present the same tendency, as shown in Fig. 7 and Fig. 8. Among these 

samples, theα/β-Bi2O3–Ag–10wt%AgCl–30 photocatalysts exhibited the most pronounced 

photocatalytic activity with the highest RhB and AO7 degradation efficiencies of about 98% 

(irradiation for 25 min) and 99% (irradiation for 30 min), respectively. As the duration of 

photo-reduction and the amount of Ag–AgCl nanocrystals increased, the Ag nanoparticles content 

increased correspondingly, changing of the ratios of Ag
0
/Ag

+
, which has an intimate relationship 

with the photocatalytic performance. In addition, the various α/β-Bi2O3–Ag–20wt%AgCl–30, 

α/β-Bi2O3–Ag–30wt%AgCl–30 and α/β-Bi2O3–Ag–10wt%AgCl–50 samples show the relative 

lower efficiencies in photocatalytic activities for the degradation of RhB and AO7 dyes solution. 

More details about photocatalytic efficiencies of α/β-Bi2O3–Ag–AgCl composites have been shown 

in Table 1. In addition, the blank experiments were also carried out in the presence of irradiation 
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without α/β-Bi2O3–Ag–AgCl samples, indicating that there is no apparent change for the 

degradation of RhB and AO7 dyes under visible light irradiation in the absence of photocatalysts. 

Besides, the adsorption capacities of RhB molecules on α/β-Bi2O3–Ag–AgCl nanostructures 

coupled with different amount of Ag–AgCl nanocrystals for 0, 5, 10, 20 and 30wt% are approaching 

48%, 55%, 75%, 69% and 62%, respectively. And the adsorption capacities of AO7 molecules on 

α/β-Bi2O3–Ag–AgCl nanostructures under the various photo-reduction time for 0, 10, 30 and 50 min 

are reaching 49%, 55%, 85%, and 66%, respectively, which is ascribed to the high surface area of 

the α/β-Bi2O3–Ag–AgCl nanostructures. Compared to the previous reports,
20-40

 the as-prepared 

α/β-Bi2O3–Ag–AgCl nanostructures exhibit the superior photocatalytic degradation performance of 

RhB and AO7 molecules. In order to examine the elemental composition, chemical status, and the 

content of elements of the α/β-Bi2O3–Ag–10wt%AgCl–30 composite after photocatalytic reduction 

were examined by X-ray photoelectron spectroscopy. In the XPS spectra in Fig. 9 of the Ag 3d 

regions of the α/β-Bi2O3–Ag–10wt%AgCl–30 sample, two peaks are observed at approximately 

367.4 and 373.6 eV in each spectrum, which are ascribed to the Ag 3d5/2 and Ag 3d3/2 binding 

energies, respectively. These two peaks could be further deconvoluted into two peaks, at about 

367.3/368.4 eV, and 373.6/374.6 eV, respectively. The peaks at 367.3 and 373.6 eV are attributed to 

Ag
+
 of AgCl, and those at 368.4 and 374.6 eV are ascribed to the metal Ag

0
. According to the 

results of the curve-fitting of Ag3d XPS spectrum, the atom ratio of metallic Ag to Ag
+ 

in the 

α/β-Bi2O3–Ag–AgCl composite is calculated to be 1:1.4. However, the ratio of Ag
0
/Ag

+
 increased 

as the duration of photo-reduction increased from 10 to 50 min, indicating  that  the excessive 

amount of silver might have been produced from the photo-reduction of AgCl on the surface. That 

is why the α/β-Bi2O3–Ag–10wt%AgCl–50 sample with the more content of the Ag
0
 on the surface 

of the sample, shows lower efficiency in photocatalytic activity. Thus, the enhancement of 
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photocatalytic performance of the α/β-Bi2O3–Ag–10wt%AgCl–30 composite is ascribed to the roles 

of Ag–AgCl nanocrystals. 

 
Fig. 9. XPS spectra of (a) Ag 3d and (b) Cl 2p for the α/β-Bi2O3–Ag–AgCl composites. 

 

Table 1. Photocatalytic performance of as-prepared α/β–Bi2O3–Ag–AgCl composites with the 

different amount of Ag–AgCl nanocrystals and the various photo-reduction time for the degradation 

of RhB (irradiation for 20 min) and AO7 (irradiation for 30 min) dyes. 

Samples Ag–AgCl 

amount 

Photo-reduction 

time 

Degradation 

efficiency 

(RhB dye) 

Kinetic 

rate  

(RhB dye) 

Degradation 

efficiency 

(AO7 dye) 

Kinetic 

rate 

(AO7 dye) 

S1 0wt% 30min 75% 0.03567 66% 0.01296 

S2 5wt% 30min 82% 0.04508 92% 0.03911 

S3 10wt% 30min 98% 0.12196 99% 0.08817 

S4 20wt% 30min 94% 0.08312 84% 0.02185 

S5 30wt% 30min 88% 0.05793 80% 0.01960 

S6 10wt% 10min 85% 0.05776 73% 0.01658 

S7 10wt% 50min 91% 0.07353 90% 0.04077 
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Fig. 10. Photocatalytic degradation kinetic rates of RhB solution for (A) α/β-Bi2O3–Ag–nAgCl–30 

using with different amount of Ag–AgCl: (a) RhB solution without catalyst, (b) 0wt%, (c) 

5wt%, (d) 10wt%, (e) 20wt%, (f) 30wt%; (B) α/β-Bi2O3–Ag–10wt%AgCl–m under various 

photo-reduction time: (a) RhB solution without catalyst, (b) 0 min, (c) 10 min, (d) 30 min 

and (e) 50 min. 

 

Fig. 11. Photocatalytic degradation kinetic rates of OA7 solution for (A) α/β-Bi2O3–Ag–nAgCl–30 

using with different amount of Ag–AgCl: (a) OA7 solution without catalyst, (b) 0wt%, (c) 

5wt%, (d) 10wt%, (e) 20wt%, (f) 30wt%; (B) α/β-Bi2O3–Ag–10wt%AgCl–m under 

various photo-reduction time: (a) OA7 solution without catalyst, (b) 0 min, (c) 10 min, (d) 

30 min and (e) 50 min. 
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Generally, the decomposition of the dye could be assigned to a pseudo–first–order kinetics 

reaction with a simplified Langmuir–Hinshelwood model when Co is very small. 

( ) ktCCo =ln  

where k is the apparent first–order kinetics rate constant, and was determined from a linear fit to the 

data as shown in Fig. 10 and Fig. 11. Clearly, the degradating kinetics rate of RhB molecules on 

α/β-Bi2O3–Ag–10wt%AgCl–30 nanostructures coupled with different amount of Ag–AgCl 

nanocrystals for 0, 5, 10, 20 and 30wt% are approaching 0.03567, 0.04508, 0.12196, 0.08312 and 

0.05793, respectively. Besides, it is obvious that the kinetics rate of the degradation of AO7 

molecules on α/β-Bi2O3–Ag–10wt%AgCl–30 nanostructures under the various photo-reduction time 

for 0, 10, 30 and 50 min are approaching 0.01296, 0.01658, 0.08817, and 0.04077, respectively. 

 
Fig. 12. (a) Schematic illustration of the charge separation and transfer in the plasmonic Z-scheme 

α/β-Bi2O3–Ag–AgCl composites; (b) schematic for the surface plasmon resonance effect 

of Ag nanocrystals in the α/β-Bi2O3–Ag–AgCl composites. 
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The recycling properties of the α/β-Bi2O3–Ag–10wt%AgCl–30 photocatalysts for RhB and AO7 

solutions under visible-light irradiation (λ > 420 nm), as shown in Fig. 1S (Supporting Information), 

demonstrating a fairly stable photocatalytic performance for RhB and AO7 photodegradation. After 

a recycling application of three times, there is almost no obvious change for the photocatalytic 

activity of the α/β-Bi2O3–Ag–AgCl photocatalyst. The XRD pattern of the α/β-Bi2O3–Ag–AgCl 

sample after the recycling use indicates that the Ag content slightly increases but the major phases 

are still the AgCl and α/β-Bi2O3 phases, as shown in Fig. 2S (Supporting Information).  

To further understand the mechanism for the remarkably enhanced photocatalytic performance of 

the α/β-Bi2O3–Ag–AgCl photocatalysts from the following aspects. Firstly, the existence of 

Ag/AgCl nanocrystals on the surfaces of the α/β-Bi2O3 nanowires forms the uniquely hierarchical 

nanostructure, which provides a large number of interfaces between the Ag/AgCl and α/β-Bi2O3 

species. The profuse interfaces are accessible to the outer environment, and provide numerous 

active sites for the photodegradation of dye molecules. Based on above-mentioned results, the 

adsorption and photosensitization contributed much in the decolorization of the organic dyes. Secondly, the 

metal Ag clusters formed in situ on the semiconductors AgCl and the α/β-Bi2O3 nanocrystals 

remarkably enhance the absorption in the visible light region due to the surface plasmonic 

resonance effect, as shown in Fig. 12, which photogenerates transient holes that can oxidize the dye 

molecules.
52

 Last but not least, the positively synergistic effects of the coupling of Ag/AgCl and the 

α/β-Bi2O3 nanowires improve the effective separation of the photo-generated electron–hole pairs, 

and the possible transfer routes of the photo-generated electrons and holes are also introduced to 

explain the enhanced photocatalytic activity using the conduction band minimum (CBM) and 

valence band maximum (VBM) potentials of Ag/AgCl and α/β-Bi2O3. Due to the surface plasmonic 

resonance effect and dipolar character of metallic Ag, metallic Ag can absorb visible light, and the 
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absorbed photon would be efficiently separated to the photo-generated electrons and holes.
53-59 

Under visible-light irradiation, both Ag nanocrystals and α/β-Bi2O3 can absorb visible-light photons 

to produce photogenerated electrons and holes. The plasmon-induced electrons of Ag nanocrystals 

are injected into the CB of AgCl to reduce oxygen, while the holes remain on the Ag nanocrystals. 

As for α/β-Bi2O3, the photogenerated electrons transfer to the Ag nanocrystals to recombine with 

the plasmon-induced holes produced by plasmonic absorption of Ag nanocrystals, while the VB 

holes remain on α/β-Bi2O3 to oxidize organic substances. Therefore, the reduction active site is on 

the CB of AgCl while the oxidation active site is on the VB of α/β-Bi2O3 for the 

α/β-Bi2O3–Ag–AgCl composite. 

 

4. Conclusion 

The plasmonic Z-scheme α/β-Bi2O3–Ag–AgCl photocatalysts have been successfully synthesized 

by anchoring Ag–AgCl nanocrystals on the surfaces of α/β-Bi2O3 nanowires via the 

deposition–precipitation method and photo-reduction process. The amount and the photo-reduction 

time of Ag–AgCl nanocrystals for the α/β-Bi2O3–Ag–AgCl composites have appreciable effects on 

their photocatalytic performance. The 10wt% Ag–AgCl nanocrystals with the photo-reduction time 

for 30 min, displayed the highest photocatalytic activity over the degradation of rhodamine B and 

acid orange 7 dyes. The enhanced photocatalytic performance is attributed to (i) the hierarchical 

structures with high opening surface areas and profuse interfacial active sites, (ii) the enhanced 

absorption of visible light due to the surface plasmonic resonance effect of Ag clusters, and (iii) the 

positively synergistic effects of the AgCl and α/β-Bi2O3 in effective separation of photo-generated 

electrons and holes for the plasmonic Z-scheme α/β-Bi2O3–Ag–AgCl composites. This work opens 

Page 19 of 24 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



20 

 

a cost-effective and facile way to achieve highly efficient photocatalysts with promising 

applications in environmental purification and energy conversion.  
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Graphical Abstract 

 

The plasmonic Z-scheme α/β-Bi2O3–Ag–AgCl photocatalysts were successfully synthesized and 

their photocatalytic performance for the degradation of rhodamine B and acid orange 7 dyes were 

systematically investigated.  
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