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Abstract 

In this study, the novel visible light double Z-scheme photocatalysts 

(Ag3PO4/Bi2S3/Bi2O3) were synthesized by the facile means. The crystal texture, 

chemical states, morphology and optical characteristics of prepared photocatalysts 

were investigated by XRD, FTIR, XPS, SEM, TEM, N2 adsorption-desorption 

analysis, UV-vis DRS, and PL etc. techniques, respectively. Meanwhile, the band 

structures and the density of states of three single-phase semiconductor and 

Ag3PO4/Bi2S3/Bi2O3 (ABB) composite had been calculated by Materials Studio 

program based on density functional theory. For assessing the photocatalytic 

performance of these samples, the visible light photodegradation of antibiotics 

sulfamethazine (SAZ) and cloxacillin (CLX) were performed. The effects of initial 

antibiotic concentration, reaction pH, supporting electrolyte and surfactant on 

photocatalytic performance were all investigated. The results indicated that the 

ABB-3 composite exhibited higher photocatalytic performance than other comparison 

samples. Furthermore, four cycle experiments confirmed the ABB-3 composite also 

exhibited satisfactory photostability. The scavenger tests and ESR data demonstated 

that the active species h+, ·O2
−, and ·OH worked together in the photocatalytic process, 

and the h+ and ·O2
− play a more important role than ·OH. All in all, the increased 

photocatalytic performance of ABB composite could owe to the photosensitization of 

Bi2S3 and the double Z-scheme photocatalytic system. This study could inspire some 

new idea for building the novel and efficient heterogeneous photocatalysts and 



  

3 
 

benefiting their practical application. 

Keywords: Ag3PO4/Bi2S3/Bi2O3; Density functional theory; Photosensitization; 

Double Z-scheme photocatalytic system; Visible light; Antibiotics. 

1.  Introduction 

Over the past decades, the antibiotics have been frequently detected in natural 

water, sewage effluent, soils and sediments because of their overusing [1]. According 

to some previous studies the concentration of antibiotics in the environment is ng L-1 

level to µg L-1 level generally [2]. However, in some times, the concentration of 

antibiotics can reach mg L-1 level in effluents [3]. These emerging micropollutants can 

cause harm to environmental and human due to their possible role in the development 

of antibiotic-resistant bacteria [1]. Therefore, it is necessary to employ an effective 

method to eliminate antibiotic pollution. Compared to some traditional methods, 

recently, the semiconductor photocatalysis technique has gained great interest in the 

photodegradation of organic pollutants due to their low cost, efficient, and 

environmental friendly [1, 4, 5]. To date, numerous semiconductor materials have 

shown the potential for the practical applications, and they could be divided into two 

categories based on the ingredients, namely metal-based photocatalysts (such as TiO2 

[6], ZnO [7], WO3 [8], BiVO4 [9], Ag3PO4 [10], Bi2S3 [11], CdS [12], etc.) and 

metal-free photocatalysts (such as carbon nitride [13], polyaniline [14], phosphorus 

[15] etc.).  

Among these photocatalysts, recently, a great deal of attention has been paid to 
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the silver-based semiconductors. The Ag3PO4, an important silver-based photocatalyst, 

it possesses a narrow band gap (Eg, about 2.40 eV) and high visible light response. 

Many studies indicated that the Ag3PO4 exhibits high photocatalytic performance in 

pollutant removal and O2 evolution from water under visible light illumination. The 

quantum efficiency could be up to 90% of O2 evolution reaction at wavelengths more 

than 420 nm for Ag3PO4 [8, 10, 16]. However, it is still a big challenge for the 

practical application of a single Ag3PO4 photocatalyst, which is mainly because of the 

uncontrollable photocorrosion by the photogenerated electron-hole (e--h+) pairs 

(4Ag3PO4 + 6H2O + 12h+ + 12e− → 12Ag + 4H3PO4 + 3O2) and the speedy 

recombination of photogenerated e--h+ pairs [6, 9, 17]. For overcoming those 

constraints, various strategies have been proposed and used, a promising strategy is 

combined Ag3PO4 with others semiconductors to construct a heterojunction 

photocatalytic system [8, 18, 19]. For example, Liu et al. [8] had prepared the 

Ag3PO4/WO3 heterojunction photocatalyst by the deposition-precipitation method, 

and this photocatalyst showed high photocatalytic performance for rhodamine B (RhB) 

degradation. Fu et al. [20] had prepared the Ag3PO4/Bi2WO6 heterojunction for the 

efficient photocatalytic of phenol under visible light illumination. Compared to the 

single semiconductors, the increased photocatalytic performance of these composites 

could owe to the high photostability and fast separation of photogenerated e--h+ pairs.      

The Bi2O3, a favorable bismuth-based semiconductor photocatalyst because of 

the credible stability, excellent optical characteristics, low/non-toxicity and easy 

availability [1, 21]. Recently, the Bi2O3 has been intensively studied due to the narrow 
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Eg (about 2.80 eV) and perform high visible light photocatalytic performance due to 

the hybridized O 2p and Bi 6s2 valence bands [22, 23]. Especially, the valence band 

(VB) edge of Bi2O3 (3.13 V vs NHE) is enough positive potential to oxidize OH− or 

H2O to form ·OH (OH−/·OH (2.40 eV) and H2O/·OH (2.72 eV)) [24]. The Bi2S3, 

another important bismuth-based semiconductor, it possesses a very narrow Eg of 

about 1.3 eV. More strikingly, the Bi2S3 exhibits photosensitization in the visible light 

region, which contributes to improving the visible light response of others materials 

after forming heterojunction [11, 21, 25, 26]. Furthermore, some studies reported that 

the photocorrosion of some semiconductors (such as CdS, Ag2CO3, Ag3PO4) could be 

distinctively suppressed by combining the Bi2S3 [12, 27, 28].  

Up to date, there are many studies on the binary heterojunction of Ag3PO4 and 

bismuth-based semiconductors, such as Ag3PO4/Bi2WO6 [18, 20], Ag3PO4/BiOX 

(X=Br, I, Cl) [29-31], Ag3PO4/BiXO4 (X=P, V) [9, 32]. Compared to the single 

semiconductor system, the binary heterojunction system exhibited superior 

photocatalytic performance because of the higher efficiency of transfer and separation 

of the photoexcited e--h+ pairs. Similar to the binary heterojunction, the ternary 

heterojunction could also possess excellent photocatalytic performance [6, 9]. Zhang 

et al. [33] reported that the SrTiO3/Ag/Ag3PO4 ternary heterojunction performed 

excellent photocatalytic performance for degrading organic pollutants (RhB, MB and 

phenol) under visible light illumination due to the notably promoted separate 

efficiency of photoexcited e--h+ pairs. Zhou et al. [34] reported that the ternary visible 

light driven photocatalyst AgCl/Ag3PO4/g-C3N4 performed the outstanding 
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photocatalytic performance in the degradation of sulfamethoxazole due to the rapid 

transfer and separation of photoexcited e--h+ pairs and there is almost no 

photocorrosion occurs of Ag3PO4. However, so far, it is lack of research on ternary 

heterojunction of Ag3PO4 and bismuth-based semiconductors.  

On account of the optical properties and good band potential matching between 

Ag3PO4, Bi2S3 and Bi2O3, in this study, the ternary visible light driven 

photocatalyst Ag3PO4/Bi2S3/Bi2O3 composite was prepared. The crystal, morphology, 

and optical characteristics of the as-prepared samples were investigated by XRD, 

FTIR, XPS, SEM, TEM, N2 adsorption-desorption analysis, UV-vis DRS, PL, etc. 

techniques. Meanwhile, the theoretical calculations based on density functional theory 

were introduced to using Cambridge Serial Total Energy Package (CASTEP) method 

of Materials Studio (MS) program (DFT). Subsequently, the photocatalytic 

performance of the obtained samples was assessed towards antibiotics degradation 

under visible light illumination. Furthermore, the photoexcited charge migration and 

separation of Ag3PO4/Bi2S3/Bi2O3 composite and the degradation mechanism of 

antibiotics were discussed. It is hoped that this photocatalyst can be an ideal candidate 

for eliminating environmental pollutants and environmental remediation. 

2. Experimental 

2.1. Materials 

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), thiourea, silver nitrate (AgNO3), 

disodium hydrogen phosphate dodecahydrate (Na2HPO4·12H2O), sulfamethazine 
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(SAZ) and cloxacillin (CLX) were obtained from J&K Scientific (Massachusetts, 

USA). Triethanolamine (TEA), p-benzoquinone (BQ), and isopropanol (IPA) were 

purchased from Ainopharm Chemical Reagent Co., Ltd. All other reagents were 

analytical grade and used on further purification. The deionized water (18.25 MΩ 

cm-1) was used in the whole experiment. 

2.2. Synthesis of Bi2O3, Bi2S3/Bi2O3 and Ag3PO4/Bi2S3/Bi2O3 

The Bi2O3 (BO) was prepared as follows: 5.00 g of Bi(NO3)3·5H2O was placed 

in a crucible, then they were calcined at 550 °C (2.3 C min-1) under N2 atmosphere 

for 4 h in a tube furnace [1]. For fabricating the Bi2S3/Bi2O3 (BB) composite, typically, 

1.864 g of BO was dispersed in 50 mL of ultrapure water, which including 0.228 g of 

thiourea. Then, the mixture was moved into an autoclave and maintained at 160 ºC for 

6 h. Finally, the black composite was obtained [11]. For comparison, the pure Bi2S3 

(BS) was also prepared and the process is similar to that of BB composite except that 

a higher amount of thiourea (2.736 g) was used.   

The Ag3PO4/Bi2S3/Bi2O3 (ABB) was prepared as follows: 0.5 g of BB was 

dispersed in 50 mL of ultrapure water, and then, a certain amount of (0.030 g, 0.061 g, 

0.122 g, 0.183 g) of AgNO3 was added to the mixture quickly and violently stirred for 

30 min under dark condition. Subsequently, 20 mL of Na2HPO4 solution (0.15 M) was 

injected into the mixture dropwise. Finally, the mixture was stirring for 1 h under dark 

condition, then the different content Ag3PO4 of ABB composites 

(5%-Ag3PO4/Bi2S3/Bi2O3, 10%-Ag3PO4/Bi2S3/Bi2O3, 20%-Ag3PO4/Bi2S3/Bi2O3, 
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30%-Ag3PO4/Bi2S3/Bi2O3) were obtained, and they were labeled as ABB-1, ABB-2, 

ABB-3, ABB-4, respectively [9]. For comparison, the pure Ag3PO4 (AP) and 

Ag3PO4/Bi2O3 (AB) composite were prepared with the same steps. In detail, the AP 

only used AgNO3 as the precursor, and the AB used BO and AgNO3 as the precursors. 

The schematic illustration of the preparation process of the Ag3PO4/Bi2S3/Bi2O3 

composite was displayed in Fig. 1.  

2.3. Characterization 

The samples morphology and structure were investigated through field emission 

scanning electron microscope (FESEM, FEI, Quanta-F250) and transmission electron 

microscope (TEM, FEI, Tecnai-G2 F20). The X-ray diffraction (XRD) analysis was 

conducted by Bruker AXS D8 advance diffractometer with Cu-Ka source. The 

functional groups were detected by Fourier transform infrared spectrum (FTIR, 

NICOLET, 5700) in KBr pellet at 25 °C. The surface elemental compositions were 

detected through X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, 

UK) [1]. The UV-vis diffuse-reflectance spectra (UV-vis DRS) was performed with a 

Varian Cary 300 spectrometer equipped with an integrating sphere. 

Photoluminescence (PL) spectroscopy was performed on PerkinElmer LS-55 

spectrofluorimeter at the excitation wavelength of 450 nm [24]. The 

photoelectrochemical experiments were carried on a CHI 660C electrochemical 

analyzer (CHI 660C, China) in a three-electrode cell, and the related information was 

shown in supplementary information (SI). The electron spin resonance (ESR) signals 
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were examined on a Bruker ER200-SRC spectrometer under visible light illumination 

(λ > 420nm). The total organic carbon (TOC) data were obtained by a Shimadzu 

TOC-VCPH analyzer [1]. 

2.4. Electronic structure calculations 

The electronic structure calculations of band structure and density of states were 

performed using Cambridge Serial Total Energy Package (CASTEP) method of 

Materials Studio (MS) program based on density functional theory (DFT). The 

generalized gradient approximation-Perdew Burke Ernzerhof (GGA-PBE) was 

employed as the exchange-correlation function [35-37]. SFC tolerance and energy 

cutoff were 1 × 10−6 eV/atom and 220 eV for Bi2S3, and 2 × 10−6 eV/atom and 300 eV 

for Ag3PO4, Bi2O3 and Ag3PO4/Bi2S3/Bi2O3. Monkhorst-Pack point k-point sets of 1 × 

1 × 1, 2 × 7 × 2, 1 × 2 × 1 and 2 × 3 × 1 for Ag3PO4, Bi2S3, Bi2O3 and 

Ag3PO4/Bi2S3/Bi2O3, respectively. The outer valence electron arrangement of each 

element was 2s2 2p4 for O, 3s2 3p3 for P, 3s2 3p4 for S, 4d10 5s1 for Ag, 6s2 6p3 for Bi 

[37, 38]. 

2.5. Photocatalytic evaluation 

The photocatalytic performance of the prepared photocatalysts was assessed by 

degrading 10 mg L-1 SAZ and CLX antibiotics. Detailly, 100 mg of photocatalysts 

was added to 100 mL of antibiotic solution. Before illumination, the mixture was 

stirred in dark for 30 min to achieve adsorption-desorption equilibrium. Afterward, 

photocatalytic tests were performed under the visible light illumination (the 300W 
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Xenon lamp (PLS-SXE300, Perfectlight corporation, Beijing) was served as the photo 

source, λ > 420 nm, the average visible light intensity was ca. 100 mW cm-2 measured 

by a light meter (HS1010)). At a given time interval, 1 mL mixture was sucked out 

and then filtrated (0.45 µm) for detection. For investigating the dominating radical 

species in the photocatalytic process, the scavenger tests also were performed. Three 

typical reagents, i.e. TEA, BQ, and IPA were introduced as the scavengers of h+, 

superoxide radical (·O2
−) and hydroxyl radical (·OH), respectively. In details, 1 mmol 

of TEA, BQ, or IPA was added to the photocatalytic system in the photodegradation 

of antibiotics by ABB-3 composite. After the photocatalytic experiments, the 

concentrations of SAZ and CLX were detected by an HPLC Series 1100 (Agilent, 

Germany) equipped with a UV-vis detector. The column was C-18 column (4.6 × 250 

mm) at room temperature, and the injection volume was 20 μL. The mobile phase was 

water-acetonitrile (80:20, v/v) with 0.1% acetic acid for SAZ, and the phosphate 

buffer-acetonitrile-methanol (64:27:9 v/v) for CLX, at the flow rate was 1.0 mL min-1. 

The wavelength of the detector was 270 nm and 225 nm for SAZ and CLX, 

respectively. 

3.  Results and discussion 

3.1. Characterization of samples 

3.1.1 Morphology, crystal and chemical states analysis  

The morphology of as-prepared samples was investigated by FESEM and TEM 



  

11 
 

technologies (Fig. 2). As displayed in Fig. 2A and E, the Bi2O3 was amorphous block, 

sharp edges and smooth surface, and the Ag3PO4 was an asymmetric particle (Fig. 2B 

and F) [1, 8]. For the Bi2S3/Bi2O3 composite, as displayed in Fig. 2C and G, the Bi2S3 

was nanowire structure, and disorderly grown on the surface of Bi2O3 [11]. As for the 

Ag3PO4/Bi2S3/Bi2O3 composite (Fig. 2D and H), when the Ag3PO4 was introduced, it 

is obvious that the small particles of Ag3PO4 grown along the Bi2S3 nanowire. 

However, the large particles of Ag3PO4 were randomly attached on the surface of the 

Bi2S3/Bi2O3 composite. Furthermore, the detailed crystal structure of the obtained 

samples was performed by HRTEM technology. As showed in Fig. 2I, the lattice 

fringe of 0.329 nm was ascribed to the (120) plane of the Bi2O3 [24]. The lattice 

fringe of 0.360 nm was ascribed to the (130) plane of the Bi2S3 [25]. For the 

Ag3PO4/Bi2S3/Bi2O3 composite, as shown in Fig. 2J, it is clear that the coexistence of 

Ag3PO4, Bi2S3, and Bi2O3 phases, and the lattice fringes of 0.266 nm correlate with 

the (210) plane of the Ag3PO4. In addition, the more details of Ag3PO4/Bi2S3/Bi2O3 

composite were performed by elemental mapping and the EDS analysis. The 

elemental mapping images (Fig. 2K) indicated that the uniform distribution of Ag, Bi, 

S, P and O elements within Ag3PO4/Bi2S3/Bi2O3 composite. Meanwhile, the EDS 

analysis confirmed that the Ag3PO4/Bi2S3/Bi2O3 composite was contained of Ag, Bi, 

S, P and O elements (Fig. 3A), and the approximate content of each element in 

Ag3PO4/Bi2S3/Bi2O3 composite was showed. These above results affirmed that the 

coexistence of Ag3PO4, Bi2S3, and Bi2O3 in nanocomposite. 

The XRD patterns were performed to explore the crystal texture and composition 
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of the obtained samples. As showed in Fig. 3B, it could be found that all of the 

characteristic peaks of pure Ag3PO4 correspond to the crystalline cubic phase of 

Ag3PO4 (JCPDS No. 06-0505) [19], and the sharp diffraction peaks of Ag3PO4 

indicated the good crystallinity. For the pure Bi2O3, all characteristic peaks perfectly 

indexed to the standard monoclinic phase α-Bi2O3 (JCPDS No. 41-1449) [39], and the 

pattern of Bi2S3 could be easily indexed to the pure orthorhombic phase structure 

(JCPDS No.17-0320) [40]. As for the composite samples, it could be observed that 

the most characteristic peaks were attributed to Bi2O3, which could be caused by the 

high content of Bi2O3 in the composites. Meanwhile, the characteristic peaks of 

Ag3PO4 or Bi2S3 could also be found. Especially for Ag3PO4/Bi2S3/Bi2O3 composites, 

it was obvious that they all displayed the similar characteristic peaks. However, 

differently, the characteristic peaks intensity of Ag3PO4 increased gradually with the 

increase of the content of Ag3PO4.  

The typical functional groups of the as-prepared samples were studied by FTIR 

spectra. As displayed in Fig. 3C, for the pure Ag3PO4, the broad absorptions at around 

2400-3600 cm-1 and 1660 cm-1 represent intrinsic OH stretching and bending 

vibrations [41]. The absorption at about 1400 cm-1 is ascribed to the OH vibrations of 

H2O molecules adsorbed on the sample surface [41]. The bands at about 550 cm-1 and 

1010 cm-1 correspond to the P-O stretching vibration in PO4
3- [17]. For the pure Bi2O3, 

the bands located at 3460 cm-1 and 1640 cm-1 could be ascribed to OH stretching and 

bending vibrations [21]. The absorption at about 1380 cm-1 is assigned to the OH 

vibrations of H2O molecules adsorbed on the sample surface [41]. The absorption 
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band at 510 cm-1 and 650 cm-1 is attributed to the Bi-O stretching pattern [21, 29]. For 

the pure Bi2S3, the absorption band at 510 cm-1 and 640 cm-1 is ascribed to the Bi-S 

stretching mode [21]. As for the composites, it is obvious that the characteristic 

vibrations for all single-phase are coexistence in the composite. Furthermore, the 

specific surface area and pore properties of Ag3PO4, Bi2O3, Bi2S3/Bi2O3, and the 

ABB-3 composite were studied by N2 adsorption-desorption analysis. As displayed in 

Fig. 3D and Table 1, although a mesoporous structure (type-IV isotherm with an H3 

hysteresis loop) existed in four samples, they all exhibited relatively low specific 

surface area and pore volume, which could adverse to the adsorption of antibiotics by 

them.  

The surface chemical states of AP and ABB-3 samples were investigated by XPS, 

and the details were displayed in Fig. 4. According to the XPS survey spectra (Fig. 

1A), the AP sample contained Ag, C, O, and P elements. However, the ABB-3 sample 

contained Ag, C, O, P, S, and Bi elements, indicating the successful fabrication of 

hybrid composite. Moreover, the high-resolution XPS spectra of Ag 3d, P 2p, O 1s, Bi 

4f, and S 2p were exposed. Basing on the Fig. 4B, obviously, the Ag 3d spectra of AP 

and ABB-3 included four characteristic peaks, the strong peaks at 373.7 and 367.8 eV 

indexed to Ag 3d3/2 and Ag 3d5/2 are characteristics of Ag+, and the weak peaks at 

374.2 and 367.2 eV can owe to the Ag 3d3/2 and Ag 3d5/2 signals of metallic Ag [16, 

42]. Compared to the AP, the Ag 3d spectra of ABB-3 composite could also be 

divided into four characteristic peaks. Differently, the states of Ag shifted slightly 

towards higher binding energy, implying that others component in ABB-3 composite 
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could affect Ag oxidization state. Fig. 4C displayed the P 2p spectrum, the peak 

located at 132.6 eV, affirming that the valence state of P is +5 value [16]. As for the O 

1s spectrum (Fig. 4D), the peaks presented at 530.4 eV and 531.8 eV of AP could owe 

to the O2- in the Ag3PO4 and the surface-absorbed hydroxyl oxygen [16, 18]. However, 

the O 1s spectrum of ABB-3 composite could be divided into three characteristic 

peaks, and the new peak located 533.4 eV could be attributed to the O2- in the Bi2O3 

[1]. The Bi 4f and S 2p spectrum of BO and ABB-3 composite were showed in Fig. 

4E. It was clear that the Bi 4f of BO included two characteristic peaks, and the peak at 

163.9 eV and 158.6 eV should be attributed to Bi 4f5/2 and Bi 4f7/2 in Bi2O3, 

respectively [42]. However, the Bi 4f of ABB-3 included four characteristic peaks. In 

detail, the peaks at 164.3 eV and 158.8 eV could be assigned to Bi 4f5/2 and Bi 4f7/2 in 

Bi2O3, respectively; and the peaks at 163.4 eV and 158.0 eV corresponds to Bi 4f5/2 

and Bi 4f7/2 in Bi2S3, respectively. Meanwhile, the peak centered at 162.1 eV should 

be ascribed to S 2p transition [21, 43], and the peak centered at 225.9 eV (Fig. 4F) 

should be ascribed to S2- [11]. Furthermore, as we can see, the peak intensity of pure 

material (AP and BO) is higher than those of ABB-3 composite, which should due to 

the lower content in ABB-3 compared to those in the pure material. Therefore, the 

XPS results further indicated the co-existence of Ag3PO4, Bi2S3, and Bi2O3 in the 

ABB-3 composite. 

3.1.2 Optical characteristics analysis 

The optical characteristics of the obtained samples were studied by UV-vis DRS, 
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photoelectrochemical test and PL technologies. As depicted in Fig. 5A, the optical 

absorption edge of pure Bi2O3 and Ag3PO4 were about 450 nm and 530 nm, 

respectively. The results were consistent with previous studies [24, 44]. For the pure 

Bi2S3, it could be found the Bi2S3 could dramatically absorb all photons in the range 

of UV and visible light [26]. As for the composites, it is clearly seen that the 

significantly enhanced visible light absorption, which could owe to the 

photosensitization of Bi2S3 and the formation of heterojunction [21, 26, 45]. 

Furthermore, the Eg of the pure semiconductor was estimated from the Tauc’s 

equation: αhν = A(hν - Eg)
n/2 [26], where α, h, ν and A represent the absorption 

coefficient, Planck constant, light frequency and a constant, respectively. The value of 

n depends on the semiconductor type, n=1 and 4 for direct (Bi2O3) and indirect 

(Ag3PO4, Bi2S3) band-gap semiconductor, respectively. According to the calculation, 

the Eg of Ag3PO4, Bi2S3, and Bi2O3 were 2.36, 1.29, and 2.76, respectively (Fig. 5B), 

which were corresponded with previous studies [1, 23, 46]. 

To investigate the photocurrent responses and photogenerated charges 

recombination probability of the AP, BO, BS, and ABB-3, the transient photocurrent 

test was investigated [1, 9]. As displayed in Fig. 5C, the highest current intensity of 

ABB-3 composite was approximately 148.20 nA (cm2)-1 under visible light 

illumination, and it was approximately 1.39, 2.01 and 3.89 times than that of AP, BO, 

and BS, respectively. Obviously, the ABB-3 composite possesses the superior 

photocurrent response, manifesting the higher separation efficiency of photogenerated 

e--h+ pairs and faster electron transfer at the interface [1]. Simultaneously, the charge 
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migration rate was evaluated according to the arc radius in the electrochemical 

impedance spectra (EIS). It is generally believed that the smaller arc in the EIS 

signifies the less charge transfer resistance [1, 9]. As showed in Fig. 5D, it is obvious 

that the ABB-3 composite possesses the lowest charge migration resistance because of 

the smallest arc in the EIS. The efficient transient photocurrent response and in 

apparent charge migration resistance of ABB-3 composite could be attributed to the 

formation of the heterojunction between Ag3PO4, Bi2S3, and Bi2O3. The high 

photocurrent response and rapid photoexcited e--h+ pairs separation of ABB-3 

composite, which would endow it the excellent photocatalytic performance.  

The photoluminescence (PL) spectra a very effective technique to study the 

transfer and recombination process of photogenerated carriers. As displayed in Fig. 

5E, all samples performed significant emissions around 523-532 nm due to the 

recombination of e--h+ pairs. However, the ABB-3 composite exhibited the lower PL 

emission intensity than other samples, indicating the ABB-3 composite possesses 

slower recombination of the e--h+ pairs and the superior photocatalytic performance. 

The synergistic effect between Ag3PO4, Bi2S3 and Bi2O3, and the forming of 

heterojunction make for promoting the charge separation efficiency, decreasing the 

recombination of e--h+ pairs effectively and lengthening charge carriers lifetime [1, 47, 

48]. 

3.1.3 Band structure and density of states analysis 

The electronic structure of Ag3PO4, Bi2S3, Bi2O3 and Ag3PO4/Bi2S3/Bi2O3 
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samples were be calculated in the MS program. The building initial unit cells 

confirmed by XRD and HRTEM, the optimized geometric structures of Ag3PO4 

(space group No. 218; P4-3N), Bi2S3 (space group No. 62; PNMA), Bi2O3 (space 

group No. 114; P4-21C) and Ag3PO4/Bi2S3/Bi2O3 composite were shown in Fig. 6, the 

Ag3PO4/Bi2S3/Bi2O3 composite consists of a surface layer and a 15 Å of vacumm slab. 

Meanwhile, the lattice parameters of the samples were listed in Table 2, the lattice 

types of Ag3PO4, Bi2S3, Bi2O3 and Ag3PO4/Bi2S3/Bi2O3 was cubic, orthorhombic, 

tetragonal and triclinic, respectively. Further, band structures and the density of states 

(DOS) (including the total DOS (TDOS) and the projected DOS (PDOS)) of the 

samples were displayed in Fig. 7 and Fig. 8. It is well known that the energy levels 

and the Eg play a significant role in determining the photocatalytic performance of the 

photocatalyst [35]. According to the calculation, the Eg of Bi2S3 was 1.324, it is very 

close to experimental value. The Eg of Ag3PO4 and Bi2O3 was 0.346 and 1.806, 

respectively, it is consistent with the previous studies [36, 37]. However, it is obvious 

that these calculated values are much smaller than those of the experimental values, 

which could be attributed to the inherent defect of DFT methods [38, 49]. Meanwhile, 

The Eg of Ag3PO4/Bi2S3/Bi2O3 composite almost could not be figured out by this 

means (only 0.059 eV). Besides, the semiconductor type of Ag3PO4, Bi2S3 and Bi2O3 

could be determined through the corresponding band structure. As showed in Fig. 7A, 

the valence band top (VBT) and conduction band bottom (CBB) of Ag3PO4 was 

located at M point and G point, respectively, it indicated that the Ag3PO4 is an indirect 

band-gap semiconductor. Ma et al. [49] also reported that the Ag3PO4 is an indirect 
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band-gap semiconductor according to theoretical calculation. However, the VBT of 

Bi2S3 was located at Y point, and the CBB of Bi2S3 closed to S point (Fig. 7B). For 

the Bi2O3 (Fig. 7C), the VBT and CBB both located at G point. These results 

indicated that the Bi2S3 and Bi2O3 is indirect and direct band-gap semiconductor, 

respectively they are consistent with Zahedis [35] and Yin et al.s [36] studies. At the 

same time, it is consistent with the experimental results [49, 50]. Besides, as displayed 

in Fig. 7, the band structure diagram was corresponded to the DOS diagram. When 

the curve was more intensive in the band structure diagram, the higher peak value in 

the corresponding DOS diagram, which indicates the more electrons there are, 

otherwise, the fewer electrons there are. The more electrons should contribute to 

producing more carriers in the photocatalytic process [35, 38]. Obviously, the band 

structure of Ag3PO4/Bi2S3/Bi2O3 composite is more intensive than that of three 

single-phase semiconductor, which could due to the forming of the heterojunction, 

thus it could perform better photocatalytic performance. In details, the TDOS and 

PDOS revealed orbital states of electrons in the samples [37, 38]. As displayed in Fig. 

8A, the VBT of Ag3PO4 comprised hybridized Ag 4d and O 2p orbitals, whereas the 

CBB was mainly derived from hybridized Ag 5s, Ag 5p and P 3p orbitals. Ma et al. 

[37] also reported the similar results. For the Bi2S3 and Bi2O3 (Fig. 8B and C), the 

VBT and CBB both were mainly formed by Bi 6p and S 3p orbitals. The results are 

similar to previous studies [35, 41, 51]. As for the Ag3PO4/Bi2S3/Bi2O3 composite (Fig. 

8D), the VBT was occupied by Ag 4d, Bi 6p, O 2p and S 3p orbitals, whereas the 

CBB was majorly composed of Bi 6p and S 3p orbitals. Consequently, the VBT of the 
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Ag3PO4/Bi2S3/Bi2O3 composite has been upshifted, which should owe to the 

hybridization of the Ag 4d, Bi 6p, O 2p and S 3P orbitals, and the Eg of the composite 

will be narrow. The narrowed Eg is conducive to the transfer of photogenerated 

electrons, increasing light absorption region, thus improving the photocatalytic 

performance of the photocatalyst [37, 38].     

3.2. Photocatalytic performance 

The photocatalytic performance of the obtained photocatalysts was assessed 

towards the decomposition of two common antibiotics (namely SAZ and CLX) under 

visible light illumination. Meanwhile, the effects of initial antibiotic concentrations, 

reaction pH, supporting electrolytes and surfactants on photocatalytic performance 

had been investigated. Furthermore, the photostability and mineralization capacity of 

the as-prepared samples were also evaluated for the practical application. 

3.2.1 Photodegradation of SAZ and CLX 

The photocatalytic efficiency of SAZ and CLX by as-prepared photocatalysts 

had been displayed in Fig. 9A and B. Before illumination, the mixture was stirred in 

dark for 30 min to achieve adsorption-desorption equilibrium, and all obtained 

samples possess insignificant adsorption quantity for both two antibiotics. The poor 

adsorption activity of these photocatalysts should be on account of the low specific 

surface area according to the N2 adsorption-desorption results. Meanwhile, the 

negatively charged photocatalyst surface (Table 3) would be not conducive to the 

adsorption of negatively charged antibiotic molecules (pKa=7.59 for SAZ and 
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pKa=2.78 for CLX, data from https://pubchem.ncbi.nlm.nih.gov/) [9, 52]. 

Nonetheless, under the visible light illumination for 90 min, the removal efficiency of 

two antibiotics was increased significantly for all photocatalysts. As depicted in Fig. 

9A, the ABB-3 composite exhibited the higher photocatalytic efficiency for SAZ 

degradation in comparison to the single-phase photocatalysts (BS, BO, AP) and other 

composites (ABB-1, ABB-2, ABB-4), and they were in the order of ABB-3 > 

ABB-2 > ABB-4 > ABB-1 > AP > BO > BS. In detail, the photocatalytic efficiency of 

SAZ was 98.06%, 95.78%, 94.73%, 93.01%, 87.35%, 32.17% and 15.67% for ABB-3, 

ABB-2, ABB-4, ABB-1, AP, BO and BS, respectively. For CLX (Fig. 9B), the 

removal behavior was similar to that of the SAZ, i.e., and the photocatalytic 

efficiency was followed ABB-3 > ABB-2 > ABB-4 > ABB-1 > AP > BO > BS. 

However, the photocatalysts performed a little bit lower photocatalytic activity of 

CLX, and the highest degradation efficiency was 90.26%. Obviously, although the 

increasing of Ag3PO4 content has a positive influence on the antibiotics degradation, 

if the content of Ag3PO4 was too high (ABB-4), the photocatalytic performance of 

photocatalyst would reduce, which should due to the separation efficiency of 

photogenerated carriers of ABB-3 and ABB-2 was superior than that of ABB-4, and 

the photocorrosion will be more likely to occur [53]. Furthermore, the different 

degradation efficiency of SAZ and CLX in the photodegradation process could due to 

their distinguishing structures, as showed in Fig. S1, the CXL possesses the more 

complex chemical structure than SAZ, meanwhile, the pKa value of SAZ is higher 

than that of CLX, which would be not conducive to the photodegradation of CLX [1, 

https://pubchem.ncbi.nlm.nih.gov/
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3]. Compared to the single-phase photocatalysts, the increased photocatalytic 

efficiency of antibiotics for composites should be attributed to the forming of 

heterojunction among BS, BO and AP. The synergistic action between each 

component could increase visible light absorption, accelerate electrons transfer and 

the separation of e--h+ (confirmed by UV-vis DRS, photocurrent test and PL spectra), 

which was consistent with the previous similar reports [23, 25, 26]. For deepening the 

comprehension of the photocatalytic behavior, the experimental results were further 

assessed by pseudo-first-order (PFO) kinetic model, and the results were shown in SI. 

3.2.2 Effect of supporting electrolytes 

As is known to all, the chlorine, sulfate and bicarbonate ions are the most 

frequent anions in the aquatic environment, which could disturb the photocatalytic 

process in the practical application [9, 54]. In this study, NaCl, Na2SO4, and Na2CO3 

were introduced to study the detail influence on the photodegradation of two 

antibiotics by ABB-3 composite. As displayed in Fig. 10A and B, the photocatalytic 

efficiency of SAZ and CLX both decreased in different degrees in the presence of 

0.05 M above electrolytes, and the decreasing in order of Na2CO3 > NaCl > Na2SO4. 

Basing on previous studies, bicarbonate and carbonate ions could act as the radical 

scavengers [9, 55], thus the photocatalytic efficiencies of SAZ and CLX decreased 

obviously from 98.06% and 90.26% to 78.18% and 70.59%, respectively, within the 

Na2CO3 electrolyte. For NaCl and Na2SO4 electrolyte, the competitive adsorption 

between Cl- (or SO4
2-) and antibiotic should be responsible for the decreasing of 
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photocatalytic efficiency [9], that could be supported by a decreasing of absorption in 

dark (Fig. 10A and B). Furthermore, the competing adsorption between antibiotic 

molecules and Na+ on the active sites of ABB-3 composite could also cause the lower 

photocatalytic efficiency. Additionally, the chloride and sulfate anions are also radical 

scavengers, which could justify their negative effect on the antibiotics degradation 

[9]. 

3.2.3 Effects of initial antibiotic concentrations 

In practical wastewater, the initial concentration of a pollutant is fluctuating in 

various time. Therefore, it is significant to study the photocatalytic performance of 

photocatalyst under the different initial concentrations of pollutant [56, 57]. The Fig. 

10C and D showed two antibiotics degradation in different initial concentrations using 

ABB-3 composite. It is obvious that the initial concentration exerted an important 

influence on the whole photocatalytic process. The photocatalytic efficiency of SAZ 

was 99.52%, 98.06%, 93.03%, 76.35% and 63.59% at the initial concentration was 5, 

10, 20, 30 and 40 mg/L, respectively. For CLX, the photocatalytic efficiency was 

98.12%, 90.26%, 84.00%, 73.35% and 55.02% at the initial concentration were 5, 10, 

20, 30 and 40 mg/L, respectively. Although the photocatalytic efficiency decreases 

with increasing initial concentration, the actual removal of antibiotics from 4.976 mg 

L-1 increased to 25.436 mg L-1 for SAZ, and 4.906 mg L-1 increased to 22.008 mg L-1 

for CLX. Obviously, high initial concentration could cause a negative effect in the 

photocatalytic rate (Fig. S3), which due to the high initial concentration of pollutant 
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could reduce light penetration and photon energy [9]. Meanwhile, the intermediate 

products increase as the initial concentrations increase, thus more competitive 

adsorption will occur between SAZ or CLX antibiotic molecules and intermediate 

products, and these results are very similar to previous studies [58]. The high initial 

concentration (20, 30 and 40 mg L-1) would suppress the photocatalytic rate of ABB-3 

composite in some degree, however, high antibiotic removal at low concentrations (5 

mg L-1) was considered to be of a great importance, therefore, the initial antibiotic 

concentration was selected as 10 mg L-1 in the whole experiments.        

3.2.4 Effects of reaction pH 

The reaction pH is another important factor in the photocatalytic system, which 

could influence the generation of ROSs [2]. In this study, a series of pH values (3.00, 

5.00, 6.85, 9.00, 11.00) were adjusted by NaOH (0.1 M) or HNO3 (0.1 M) to 

investigate the influence of initial pH in the photocatalytic reaction. As displayed in 

Fig. 10E and F, when the initial pH was close to neutral (pH=6.85), the ABB-3 

composite possesses the highest photocatalytic performance for both SAZ and CLX 

degradation under visible light illumination. However, the photodegradation 

efficiency inhibited obviously with the increase or decrease of pH value. Especially at 

the pH values were 3.00 and 11.00, the photodegradation efficiency only was 65.06% 

and 57.44% for SAZ, and 60.72% and 51.33% for CLX, respectively. The reason 

might be that the ABB-3 composite was partly dissolved in the strongly acidic 

condition, resulting in a loss quality of catalyst. Meanwhile, at the high pH condition, 
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although the adsorption efficiency increased [9], the excessive antibiotic adsorption 

could interfere light reaching the photocatalyst surface, decrease the surface light 

intensity, and hinder the e--h+ photogeneration process. Beside, at the high pH, the 

negatively charged photocatalyst surface impeded the adsorption of hydroxide ion, 

leading to the reduction of hydroxyl radical generation. Furthermore, because at basic 

pH both SAZ and CLX are negatively charged, thus, repulsion between antibiotics 

and material is present. Consequently, absorption and degradation are disfavored. 

Therefore, the pH value of the degradation system has an important influence on the 

photocatalytic performance the synthesized composites, and the optimum reaction pH 

value should be set close to neutral.   

3.2.5 Effects of surfactants 

The surfactant is a widespread pollutant in wastewater, which could affect the 

photocatalytic performance of photocatalyst in the practical application [59-61]. In 

this study, two common surfactants, namely anionic SDBS and cationic CTAB, had 

been adopted to study the influence of surfactants on the photocatalytic process of 

antibiotics by ABB-3 composite catalysis. As displayed in Fig. 11A and B, the SDBS 

showed different effects for the SAZ and CLX degradation. When the surfactant 

concentration was 0.1 CMC, SDBS could promote the photodegradation of SAZ. 

However, the inhibiting effect happened when the surfactant concentrations were 0.3, 

0.6 and 1.0 CMC. For CLX, the inhibiting effect happened at all concentration 

gradients. Especially in the concentration was 1.0 CMC, the inhibiting effect 



  

25 
 

happened significantly for both SAZ and CLX. When adding the CTAB (Fig. 11C and 

D), the low concentration of CTAB could increase the photocatalytic efficiency of 

both SAZ and CLX, but the inhibiting effect happened at high concentration. 

Furthermore, both anionic SDBS and cationic CTAB could increase the adsorption of 

antibiotics by ABB-3 composite. These above results are similar to those of previous 

studies [62-64], and the different effects happened could be summarized as the 

following reasons: (1) When the concentration of surfactants was low, the antibiotic 

molecules could interact with surfactants, while surfactants can interact with material 

surfaces, thus rendering the antibiotic more available to the catalytic center, which 

could facilitate the adsorption of antibiotics and accelerate the photodegradation of 

antibiotics [62-64]. [63]; (2) At the high concentration of surfactants, although the 

adsorption of antibiotics increased, the surfactants tend to form micelles, which could 

package the antibiotic molecule thus hindering the photodegradation of antibiotics. 

Meanwhile, the high concentration of surfactants could reduce light penetration to the 

surface of the photocatalyst, thus restraining the photocatalytic performance. 

Furthermore, the competitive adsorption and degradation could easily happen between 

antibiotics and surfactants at the high concentration surfactants [63-67].         

3.2.6 Photostability and mineralization capacity tests 

The mineralization efficiency and photostability (namely the chemical state 

(including composition and structure) and the photocatalytic performance of the 

photocatalyst will not be changed under the illumination) are two very important 
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indicators for the practical application of the photocatalyst. As displayed in Fig. 13A, 

the ABB-3 composite exhibited the high mineralization efficiency for both SAZ and 

CLX, it was 85.00% and 75.10%, respectively, under the illumination of 3 h. To study 

the photostability of Ag3PO4 and the ABB-3 composite, the SAZ and CLX 

photocatalytic tests of Ag3PO4 and the ABB-3 composite were carried out for four 

cycles under visible light illumination. After each cycle, the photocatalyst was 

recovered by centrifugation, rinsing and drying for the next cycle. As displayed in Fig. 

12A and C, the photodegradation efficiencies of SAZ and CLX by the ABB-3 

composite were declined in 17.18% and 15.67%, respectively, after four cyclic tests. 

However, the photodegradation efficiencies of SAZ and CLX by the Ag3PO4 were 

declined in 31.07% and 25.95%, respectively, after four cyclic tests. In the meantime, 

the crystal texture of Ag3PO4 and the ABB-3 composite had also been studied, as 

displayed in Fig. 12B and D, a new diffraction peak appeared at 38.1 in their XRD 

patterns, which should correspond to the (1 1 1) plane of metallic silver due to the 

happen of photocorrosion [68]. Grilla et al. [53] found the same phenomenon in the 

photocatalytic of sulfamethoxazole by Ag3PO4/WO3 composites. Otherwise, their 

XRD patterns had no significant change after the cyclic tests. Thus, the decrease of 

photocatalytic performance could be caused by the occurrence of some 

photocorrosion. Meanwhile, several cycle experiments will reduce the available active 

sites of the photocatalyst to some extent due to the adsorbed antibiotic molecules or 

intermediate products that had not been completely mineralized or washed away, thus 

reducing the photocatalytic performance of photocatalyst. These results indicated that 
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although some photocorrosion would happen in ABB-3 composite, it still exhibited 

favorable photostability and mineralization capacity, and could performe great 

application potential in practical.  

3.3. Photocatalytic mechanism 

The ABB-3 composite exhibited excellent photocatalytic performance for 

antibiotic degradation, which could owe to the generation of some radical species in 

the photocatalytic process [69]. As displayed in Fig. 13B, while 1 mmol of IPA was 

added into the photodegradation system, the photodegradation efficiency of two 

antibiotics was decreased slightly, which indicated that few ·OH participated in the 

antibiotic degradation. Differently, when 1 mmol of TEA or BQ was added into the 

photodegradation process, the photodegradation of two antibiotics was restrained 

significantly. The degradation efficiency of SAZ and CLX decreased to 29.83%, 

36.45% and 24.19%, 35.49% in the presence of TEA, BQ, respectively. The results 

indicated that the h+ and ·O2
− both played important roles in the photodegradation of 

two antibiotics. To further verify the point, a N2 purging test was also performed. The 

results indicated that the photodegradation efficiency of two antibiotics was depressed 

obviously, which confirmed the dissolved oxygen plays an important role in the 

generation of ·O2
− radical species [9]. Consequently, it could be preliminarily 

concluded that h+ and ·O2
− produced in the photocatalytic process could be 

responsible for the improved photocatalytic performance towards antibiotics 

degradation. 
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To validate the existence of these radical species in the photocatalytic system 

under visible illumination, the ESR test with DMPO technique was employed. All the 

tests were performed under the dark condition and visible light illumination of 4 min 

and 8 min. As showed in Fig. 13C and D, it is obvious that there is no peak formed 

under the dark condition for both DMPO-·O2
− and DMPO-·OH. Whereas, under the 

visible light illumination, the characteristic peaks of both DMPO-·O2
− and 

DMPO-·OH were obvious, and the signal intensity increased with the increase of 

illumination time. The results verified that the ·O2
− and ·OH generated in the ABB-3 

photocatalytic system. The scavenger experiments and ESR results both proved that 

the h+, ·O2
−, and ·OH worked together in the photocatalytic of two antibiotics by 

ABB-3 composite. 

Basing on the above experimental results, a plausible photocatalytic mechanism 

of antibiotics by ABB-3 composite was presented. Beforehand, the VB and CB 

positions of three semiconductors can be determined by the following equation: 

EVB=X-Ee+1/2Eg, ECB=EVB-Eg, where the X is the absolute electronegativity of the 

semiconductor, and the value of X is approximately 6.24 eV, 5.56 eV and 5.96 eV for 

Bi2O3, Bi2S3 and Ag3PO4, respectively [19]. Ee is the energy of free electrons on the 

hydrogen scale (approximately 4.5 eV). Therefore, the EVB is 3.08 eV, 1.71 eV and 

2.64 eV for Bi2O3, Bi2S3 and Ag3PO4, respectively, and the ECB is 0.41 eV, 0.42 eV 

and 0.28 eV, respectively. 

As is well-known, the potential of VB and CB could determine the oxidbillity 

and reducibility of the photocatalyst, respectively [70]. When combined with Bi2O3, 
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Bi2S3 and Ag3PO4, the heterojunction photocatalyst will be constructed, and two 

likely charge separation approaches of photogenerated e--h+ may be present between 

Bi2O3, Bi2S3 and Ag3PO4 (i.e. p-n heterojunction photocatalytic mechanism and 

double Z-scheme photocatalytic mechanism). As showed in Fig. 14, firstly, before 

contact, the Fermi levels of p-type Bi2O3 (EFp) was close to VB, whereas Bi2S3 and 

Ag3PO4 are n-type semiconductors with the Fermi level (EFn) close to their CB [1, 71]. 

However, when they contacted with each other to form a heterojunction, the energy 

levels of the Bi2O3 shift upward, whereas those of Bi2S3 and Ag3PO4 shift downward 

until the Fermi levels of Bi2O3, Bi2S3 and Ag3PO4 reached an equilibrium (EF). 

Consequently, the CB bottom of Bi2O3 moved up to the negative potential and higher 

than those of Bi2S3 and Ag3PO4, while the VB top of Bi2S3 and Ag3PO4 became more 

positive than that of Bi2O3 [22, 72]. When the ABB-3 composite presented to visible 

light, the photogenerated e- will migrate from VB into CB and remaining holes in the 

VB for three semiconductors. If followed the p-n heterojunction photocatalytic 

mechanism, the e- on the CB of the Bi2O3 would transfer to the CB of Bi2S3 and 

Ag3PO4, and the h+ transferred in the opposite direction. The e- will accumulate to the 

CB of Bi2S3 and Ag3PO4, and the h+ will accumulate to the VB of Bi2O3 [22, 71]. If 

reasonable, the accumulated e- on the CB of Bi2S3 and Ag3PO4 could not reduce O2 to 

produce ·O2
− because the CB of Bi2S3 and Ag3PO4 was more positive than the 

potential of O2/·O2
− (-0.33 eV) [70]. Additionally, the holes on the VB of Bi2O3 could 

not oxidize OH− or H2O to generate ·OH due to the VB potential of Bi2O3 was lower 

than the standard redox potential of OH−/·OH (2.40 eV) and H2O/·OH (2.72 eV) (Fig. 
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14) [24]. Nevertheless, the above experimental results indicated that the h+, ·O2
−, 

and ·OH were the major active species in the ABB-3 photocatalytic system, indicating 

the separation approach of the photogenerated e--h+ pairs could not obey the p-n 

heterojunction photocatalytic mechanism. The second approach was the double 

Z-scheme photocatalytic mechanism (Fig. 14), i.e., the e- on the CB of Bi2S3 and 

Ag3PO4 could transfer to the VB of Bi2O3, and then transfer to the CB of Bi2O3. After 

that, the accumulated e- in Bi2O3 CB possesses more negative potential for reducing 

O2 to form ·O2
−, and the h+ retained in Bi2S3 and Ag3PO4 VB possesses more positive 

potential to oxidize OH− and H2O to produce ·OH [73]. Hence, it verified that the 

ABB-3 heterojunction follows the double Z-scheme photocatalytic mechanism. 

Furthermore, the UV-vis DRS results indicated that the Bi2S3 could serve as a 

photosensitization, which will increase the response and absorption of visible light by 

the heterojunction, thus further improving the photocatalytic performance of 

heterojunction. Therefore, the remarkable photocatalytic performance of ABB-3 

composite could be ascribed to the combined action of the double Z-scheme 

photocatalytic system and the photosensitization of Bi2S3.   

4.  Conclusions 

Herein, the novel visible light photocatalyst Ag3PO4/Bi2S3/Bi2O3 were prepared 

by the facile method. The composite, which contains 20% of Ag3PO4 (namely ABB-3) 

exhibited the higher photocatalytic performance of antibiotics (namely SAZ and CLX) 

than the single-phase photocatalysts and other composites under the visible light 
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illumination. Furthermore, the effects of initial antibiotic concentrations, reaction pH, 

supporting electrolytes and surfactants on photocatalytic performance had also been 

investigated. The results indicated that the superior photocatalytic performance would 

be performed under low initial antibiotic concentrations, neutral pH, no supporting 

electrolytes and low surfactant concentrations conditions. Variety characterization 

techniques further manifested that the promoted photocatalytic performance of 

ABB-3 composite owed to the photosensitization of Bi2S3 and the double Z-scheme 

photocatalytic mechanism, which significantly improved visible light absorption and 

hindered the e--h+ pairs recombination. Meanwhile, the theoretical calculations based 

on DFT also indicated that the Ag3PO4/Bi2S3/Bi2O3 composite could show high 

photocatalytic performance due to the narrow band gap. The scavenger experiments 

and ESR results verified that active substances h+, ·O2
−, and ·OH worked together in 

the photocatalytic system. Besides, the cyclic tests indicated that the ABB-3 

composite showed favorable photostability after four times recycle, which is 

important for the practical application of photocatalyst. This study provides a new 

idea for the construction of novel and efficient heterogeneous photocatalysts, which 

benefits the practical application in environmental remediation. 
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Fig. 6 
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Fig. 7 
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Fig. 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

46 
 

 

 

Fig. 9 
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Fig. 10 
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Fig. 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

49 
 

 
 

Fig. 12 
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Fig. 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

51 
 

 

 

Fig. 14 
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Fig. 1 Schematic illustration of the preparation process of the Ag3PO4/Bi2S3/Bi2O3 

composite. 

Fig. 2 SEM images of BO (A), AP (B), BB (C) and ABB-3 (D); TEM images of BO 

(E), AP (F), BB (G) and ABB-3 (H); HRTEM images of BB (I), ABB-3 (J); 

corresponding elemental mapping images of ABB-3 (K). 

Fig. 3 EDS patterns of ABB-3 (A); XRD patterns of the as-prepared samples (B); 

FTIR patterns of the as-prepared samples (C); N2 adsorption-desorption analysis of 

the as-prepared samples (D). 

Fig. 4 XPS spectra of as-prepared samples.  

Fig. 5 UV-vis spectrum of the as-prepared samples (A); The band gap energies of AP, 

BS and BO (B); The transient photocurrent of the as-prepared samples (C); The EIS 

for different catalyst under visible light illumination (D); The photoluminescence 

spectra of the as-prepared samples (F). 

Fig. 6 Optimized geometric structures of Ag3PO4 (A), Bi2S3 (B), Bi2O3 (C) and 

Ag3PO4/Bi2S3/Bi2O3 (D). Red, blue, pink, yellow and purple spheres represent O, P, 

Ag, S and Bi atoms, respectively. 

Fig. 7 Band structures and the density of states of Ag3PO4 (A), Bi2S3 (B), Bi2O3 (C) 

and Ag3PO4/Bi2S3/Bi2O3 (D) calculated through the DFT. 

Fig. 8 TDOS and PDOS of Ag3PO4 (A), Bi2S3 (B), Bi2O3 (C) and 

Ag3PO4/Bi2S3/Bi2O3 (D). 

Fig. 9 The photocatalytic activities of as-prepared samples for SAZ (A) and CLX (B) 

degradation under visible light (Experimental conditions: initial antibiotic 



  

53 
 

concentration = 10 mg L-1, pH = 6.85, photocatalyst dosage = 100 mg, antibiotic 

solution volume = 100 mL, visible light: λ > 420 nm);  

Fig. 10 Effect of supporting electrolytes for SAZ (A) and CLX (B) degradation by 

ABB-3 composite under visible light illumination (Experimental conditions: initial 

antibiotic concentration = 10 mg L-1, pH = 6.85, ABB-3 dosage = 100 mg, antibiotic 

solution volume = 100 mL, visible light: λ > 420 nm); Effect of initial concentration 

for SAZ (C) and CLX (D) degradation by ABB-3 composite under visible light 

illumination (Experimental conditions: pH = 6.85, ABB-3 dosage = 100 mg, antibiotic 

solution volume = 100 mL, visible light: λ > 420 nm); Effect of reaction pH for SAZ 

(E) and CLX (F) degradation by ABB-3 composite under visible light illumination 

(Experimental conditions: initial antibiotic concentration = 10 mg L-1, ABB-3 dosage 

= 100 mg, antibiotic solution volume = 100 mL, visible light: λ > 420 nm). 

Fig. 11 Effect of SDBS for SAZ (A) and CLX (B) degradation by ABB-3 composite 

under visible light illumination; Effect of CTAB for SAZ (C) and CLX (D) 

degradation by ABB-3 composite under visible light illumination.  

Fig. 12 The cyclic photocatalytic experiments of Ag3PO4 (A) and ABB-3 composite 

(B) for the degradation of antibiotics (Experimental conditions: initial antibiotic 

concentration = 10 mg L-1, pH = 6.85, photocatalyst dosage = 100 mg, antibiotic 

solution volume = 100 mL, visible light: λ > 420 nm); The XRD pattern of Ag3PO4 (C) 

and ABB-3 composite (D) after 4th run cycle photocatalytic experiments. 

Fig. 13 TOC removal of SAZ and CLX by ABB-3 composite illumination for 180 

min (A); Trapping experiment of radical species during the photocatalytic degradation 
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of two antibiotics over ABB-3 composite under visible light illumination (B); ESR 

spectra of radical adducts trapped by DMPO (•O2
− and •OH) in ABB-3 dispersion in 

the dark and under visible light illumination: in methanol dispersion for DMPO-•O2
− 

(C); in aqueous dispersion for DMPO-•OH (D). 

Fig. 14 Schematic diagram for possible charge separation and photocatalytic 

mechanism of ABB-3 composite. 
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Table 1. Pore structure parameters of Ag3PO4, Bi2O3, BB and ABB-3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample BET surface area (m2/g) Pore volume (cm3/g) Average pore size (nm) 

Ag3PO4 0.761 0.0059 5.83 

Bi2O3 1.067 0.0011 14.361 

BB 5.479 0.0072 18.16 

ABB-3 6.187 0.0083 20.41 
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Table 2. Lattice parameters of the samples. 

Samples Lattice types 
Lengths (Å) Angles (°) 

a b c α β γ 

Ag3PO4 3D cubic 5.858804 5.858804 5.858804 90 90 90 

Bi2S3 3D orthorhombic 11.731377 3.762958 11.257090 90 90 90 

Bi2O3 3D tetragonal 8.224678 8.224678 5.828303 90 90 90 

Ag3PO4/Bi2S3/Bi2O3 3D triclinic 8.604953 5.948813 46.338558 90 90 90 
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Table 3. The Zeta potentials of ABB-3 composite in ultrapure water of different pH. 

pH 3.00 5.00 6.85 9.00 11.00 

Zeta potential -5.83 -10.72 -23.88 -38.49 -45.12 
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Graphical abstract： 
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Highlights: 

 Double Z-scheme Ag3PO4/Bi2S3/Bi2O3 photocatalyst was prepared by the facile 

way. 

 Band structures and density of states of the samples were calculated based on 

density functional theory. 

 The Ag3PO4/Bi2S3/Bi2O3 photocatalyst exhibited high photodegradation for 

antibiotics under visible light irradiation. 

 Bi2S3 served as a photosensitization in the Ag3PO4/Bi2S3/Bi2O3 photocatalytic 

system. 

 The h+ and ·O2
− play a significant role in the photocatalytic process.     
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