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Addressing the degradation of persistent organic pollutants like Bisphenol A (BPA) and 

Rhodamine B (RhB) with a photocatalyst that is both cost-effective and 

environmentally friendly is a notable challenge. This research presents the synthesis of 

an optimized g-C3N4/Bi4O5Br2 composite featuring a Z-scheme heterojunction structure. 

The precise band alignment of this composite significantly enhances the separation of 

photogenerated charges and the production of dominant reactive species. The 

composite demonstrated exceptional photocatalytic performance, with BPA 

degradation efficiency nearing 98% and RhB achieving complete degradation within 

80 and 35 min under visible light, respectively. These results are approximately 1.3 

times greater than the individual performance of CN and BOB, surpassing recent 

literature benchmarks. Through EPR and free radical capture experiments, the role of 

h+ and ·Ο2− as the primary active free radicals in the degradation process have been 

confirmed. First-principles calculations validated the experimental results, indicating 

that the Z-type heterojunction is instrumental in generating active species, thus 

improving degradation efficiency. This study offers a promising strategy for the design 

of photocatalysts targeting emerging organic pollutants. 

Keywords: Photocatalysis; g-C3N4; Bi4O5Br2; Heterostructure; Water purification; Z-

scheme 
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1. Introduction 

Resource depletion and environmental pollution are major challenges facing 

society today, and there is an urgent need to develop environmentally friendly, cost-

effective and efficient technologies for the treatment of difficult-to-degrade organic 

wastewater to promote sustainable development.1 Advanced oxidation processes, 

including biochar2, chemicals3, photocatalytic4, electrical5 and photoelectrochemical6 

oxidation processes, are gaining attention for efficient water treatment.7  

In 1972, Fujishima and Honda set an important milestone in the field of 

photocatalysis by using n-type titanium dioxide and platinum electrodes for water 

decomposition8, which has since expanded to include dye degradations using many 

myriad semiconductor materials such as α-Fe2O3
9, WO3

10, ZnO11, layered double 

hydroxides (LDHs)12, and g-C3N4
13-15. MOFs (metal-organic frameworks) and COFs 

(covalent organic frameworks) show great potential in photocatalysis.16,17 And single 

catalysts are limited in photocatalytic applications mainly due to the problems of wide 

bandgap, low solar energy conversion efficiency, easy corrosion, easy aggregation, and 

rapid complexation of electron-hole pairs. 

To enhance the light utilization and effectively separate the photoinduced electron-

hole pair, heteroatom doping18, metal loading19, and constructed heterojunction16,20,21 

strategies were adopted.  Designing heterojunctions is the most promising approach to 

minimize the recombination of electron-hole pairs while maximizing pollutants 

degradation efficiency. Bismuth oxyhalide photocatalysts, classified as ternary (V-VI-

VII) semiconductors with the formula BiOX (X = Cl, Br, I), possess a distinctive two-
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dimensional (2D) layered structure and broad light-responsive capabilities owing to 

their suitable bandgap. This characteristic has garnered significant attention to control 

photocatalytic environments and energy conversion processes.22,23 The accepted notion 

is that the bandgap value of BiOX becomes small (X = Cl, ~3.2 eV; X =  Br, ~2.7 eV; 

X = I, ~1.7 eV) along with the increasing atomic number.24 BiOBr has garnered 

considerable attention due to its favorable bandgap value compared to other BiOX 

materials24,25. Liu et al. pass and Li et al. significantly improved the separation and 

transfer efficiency of photogenerated electron-hole pairs and the redox capacity through 

the strategies of doping and building heterostructures, respectively.26,27 Bi4O5Br2 

(BOB), a representative type of BiOBr, has exhibited excellent performance in the 

photocatalytic degradation of organically polluted wastewater because of its high 

chemical stability and non-toxic, pollution-free circulation stability.28-31  

Recently, g-C3N4 (CN), an intriguing, conjugated 2D material with tertiary amine 

fragments, has drawn multidisciplinary attention as a potential co-catalyst in visible 

light photocatalysis with excellent thermal and chemical stability.15,32 Previous studies 

on g-C3N4/Bi4O5Br2 (CN/BOB), such as Zhou et al., explored the effects of catalyst 

preparation conditions (e.g., g-C3N4 content, pH, hydrothermal reaction temperature, 

and time) on the degradation33. In contrast, Yi et al. used a precipitation method to 

prepare BOB/CN with a 2D/2D nanosheet structure for the first time, significantly 

improving its adsorption and photocatalytic abilities.34 Zhao et al. successfully prepared 

BOB/CN heterostructures using a facile water-induced self-assembly method, which 

can promote carrier transfer and provide vital redox electrons to reduce · −2  and holes 
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to oxidize water.35 Li et al. established a facile microwave-assisted strategy to 

synthesize photocatalysts, which, under blue LED irradiation, can significantly improve 

benzyl alcohol conversion efficiency and high selectivity.36  

Herein, we constructed CN/BOB heterojunction via a simple hydrothermal and heat-

treating post-process. Various mass ratio CN/BOB heterostructures were fabricated, and 

optimized CN/BOB-16 catalysts were systematically studied using experimental and 

theoretical tools. Notably, under visible light conditions, the degradation rate of 

bisphenol A (BPA) and rhodamine B (RhB) dyes surpasses that of comparable 

catalysts.37,38 We have deeply explored the photocatalytic degradation pathway of 

bisphenol A (BPA) by high performance liquid chromatography-mass spectrometry 

(HPLC-MS), which not only verified the effectiveness of CN/BOB composites in the 

degradation of BPA, but also revealed more intermediates and degradation pathways, 

which provided more detailed insights into understanding the performance of the 

materials in the photocatalytic process. In addition, we proposed a Z-scheme electron 

transfer mechanism by density-functional theory (DFT) calculations and accurately 

determined the figure of merit and surface electronic structure by combining in-situ X-

ray photoelectron spectroscopy (in-situ XPS) and ultraviolet photoelectron 

spectroscopy (UPS) experiments, which provided strong experimental evidence for the 

energy band arrangement. We have also utilized a variety of spectroscopic and 

electrochemical techniques, such as surface photovoltage spectroscopy, transient 

fluorescence spectroscopy, fluorescence lifetime spectroscopy, electrochemical 

impedance spectroscopy, and transient photocurrent testing, to further confirm the 
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advantages of Z-scheme heterojunctions in reducing electron-hole complexation and 

increasing carrier lifetime. Our studies were not limited to the degradation of a single 

pollutant, but extended to a wide range of pollutants, including phenolic compounds 

and a variety of dyes, demonstrating the broad applicability and great potential of our 

catalysts for treating a wide range of real pollutants. Through the above combined 

experimental and theoretical evaluations, we have gained a deeper understanding of the 

performance of CN/BOB photocatalytic degradation materials, which provides a 

broader basis for future research on this type of heterojunction materials. 

2. Results and discussion 

2.1 Construction and confirmation of heterojunctions 

2.1.1 Preparation and structural characterization of g-C3N4/Bi4O5Br2 

The synthesis procedure of CN/BOB heterostructure and BPA(RhB) degradation is 

schematically illustrated in Fig. 1. BOB was synthesized via a straightforward 

hydrothermal method at 180 ℃, while CN was prepared using thermal 

polycondensation at 550 ℃ (Fig. S2). The CN/BOB heterostructures were synthesized 

and optimized by controlling the mass ratios of CN and BOB, including 2:1, 1:1, 1:2, 

1:4, 1:6, 1:8, and 1:10. Those catalysts were named CN/BOB-21, CN/BOB-11, 

CN/BOB-12, CN/BOB-14, CN/BOB-16, CN/BOB-18, CN/BOB-110, respectively. 

The crystal structures of CN/BOB were analyzed using X-ray diffraction (XRD) 

patterns (Fig. 2a and S3), showing the successful fabrication of CN-BOB 

heterostructures that contain g-C3N4 (PDF#87-1526)39 and Bi4O5Br2 (PDF#37-0699)40. 

Two characteristic peaks at 12.5° and 27.2° were associated with the (100) and (002) 
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crystal planes of the CN. The peaks located at 24.1°, 29.3°, 31.7°, 42.9°, 45.5°and 55.2° 

were ascribed to the (112), (113), (020), (105), (422)  and (811) crystal planes of cubic 

BOB. At low concentrations of CN, the XRD patterns closely resembled those of BOB, 

suggesting that the coupling between CN and BOB did not alter the crystal structure of 

BOB, thus facilitating the photocatalytic degradation process41.  

 

Fig. 1 The synthesis procedure demonstration: Schematic illustration of the 

preparation strategy of g-C3N4/Bi4O5Br2-16. EG: ethylene glycol; CTAB: Hexadecyl 

trimethyl ammonium Bromide.  

The surface element composition was explored through XPS survey spectra (Fig. S4), 

confirming the successful fabrication of CN/BOB due to containing C, N, O, Bi, and 

Br elements, consistent with the XRD pattern. The N 1s spectra (Fig. 2c) of CN/BOB-

16 heterojunction show the sp2-hybridized nitrogen of C–N=C at ~398.5, the tertiary 
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nitrogen of N-(C)3 at ~399.4, and the free amino group of C-N–H at ~400.742. Note that 

N 1s in CN/BOB-16 has a lower energy shift than that in CN. Three peaks centered at 

~284.8 eV, ~286.0 eV and ~288.0 eV was related with C–C bonds, C-N and N-C–N 

bonds, respectively. A similar phenomenon was observed for the peak of C 1s (Fig. 2b), 

indicating that CN obtained the electron from BOB. O 1s XPS spectra (Fig. 2e) show 

the three peaks attributed to the lattice oxygen (~529.1 eV), adsorbed hydroxide 

(~530.3 eV), and adsorbed water (~531.8 eV) for CN/BOB-16. The Bi 4f spectra (Fig. 

2d) of CN/BOB-16 display two peaks at approximately ~158.52 eV (Bi 4f7/2) and 

163.80 eV (Bi 4f5/2), indicating the presence of Bi3+43. Br 3d spectra (Fig. 2f) of 

CN/BOB-16 has two peaks at 67.9 eV and 68.9 eV44.  

 

Fig. 2 Structure characterization: (a) XRD pattern; XPS spectra normal and in situ 

irradiated XPS of (b) C 1s, (c) N 1s, (d) Bi 4f, (e) O 1s and (f) Br 3d.  

The elemental chemical state of CN/BOB-16 exhibits a higher energy shift compared 

to that of pure BOB (Fig. 2d-f), suggesting that CN acquired electrons from BOB. This 

observation is consistent with the XPS data of C 1s and N 1s (Fig. 2c and 2b). The 
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findings indicate that an internal electron field at the interface between CN and BOB 

facilitates electron transfer from BOB to CN, indicating a strong interaction between 

CN and BOB and confirming that CN/BOB was successfully constructed.   

In-situ irradiated XPS further verified the transfer pathway of photogenerated 

carriers. Compared to CN/BOB-16 in the dark, the binding energy of N 1s in CN/BOB-

16-UV under UV irradiation shifted to a lower energy level (Fig. 2c). As shown in Fig. 

2d-f, compared to the non-irradiated condition, the binding energies of Bi 4f, O 1s, and 

Br 3d in CN/BOB-16-UV exhibited significant positive shifts. This confirmed that the 

transfer pathway of photogenerated carriers is from BOB to CN. Additionally, a pair of 

sub-peaks with lower binding energies were observed in Bi 4f of CN/BOB-16-UV, 

which could be attributed to the reduced metallic Bi0 after UV irradiation. Metallic 

bismuth can be introduced into bismuth compounds through photoreduction to enhance 

the reactivity of the catalytic system, effectively improving visible light absorption and 

promoting the separation of photogenerated carriers.6 

2.1.2 Morphology characterization 

Scanning electron microscopy (SEM) was conducted to assess the morphology of the 

prepared samples (Fig. S5). As a result, pure BOB presented many micro and nanosheet 

clusters (Fig. S5a), and pristine CN exhibited curved lamellar structures (Fig. S5b). In 

Fig. S5c, the small size of BOB particles is evident, coating the surface of CN and 

facilitating intimate interfacial contact between CN and BOB. This observation is 

further supported by transmission electron microscopy (TEM) images (Fig. 3a-e). In
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Fig. 3 Analysis morphology characterization of g-C3N4/Bi4O5Br2 by TEM. (a-e) 

TEM images; (f) TEM-EDS elemental mapping images. 

The insert image of Fig. 3a shows the two-part CN and BOB, evidenced by the EDS. 

Fig. 3f displays the presence of C, N, O, Bi, and Br elements, consistent with the XPS 

survey spectra, confirming the successful fabrication of the CN/BOB-16 heterojunction. 

HRTEM images of CN/BOB-16 (Fig. 3b-e) illustrate crystal facets measuring 

approximately 0.31 nm and 0.33 nm, corresponding to the (303̅) facet of BOB and the 
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(002) facet of CN, respectively. 

2.1.3 Confirmation of heterojunction type 

To gain insight into the band scheme of the heterostructure of CN/BOB-16, it is 

essential to know the work function before/after contact between the CN and BOB.  

Density functional theory (DFT) calculations were conducted for the (303) facet of 

BOB, (002) facet of CN, and CN/BOB interface, work function of 2.98 eV, 5.09 eV, 

and 3.46 eV, respectively (Fig. 4a-c). We also conducted Mott-Schottky 

characterization tests on CN and BOB, and the results are shown in Fig. S6. The slope 

of the Mott-Schottky curve is related to the type of semiconductor. When the slope is 

positive, the semiconductor is considered an n-type semiconductor. Since the Mott-

Schottky curves of CN and BOB have positive slopes. Therefore, CN and BOB are n-

type semiconductors, which is also consistent with the conclusion of Zhou et al. 

BecaBecause The flat-band potential values of CN and BOB are -1.22 and -0.32 eV. 

The difference in potential of Ag/AgCl concerning the standard hydrogen electrode is 

0.197 eV, so the conduction bands of CN and BOB are -1.06 eV and -0.13 eV, 

respectively. The UV-vis data of CN and BOB were analyzed using the Kubelka-Munk 

theorem, and the corresponding band gaps (Eg) were 2.60 eV and 2.16 eV (Fig. 6a and 

S7), respectively. The valence band (VB) potentials of CN and BOB were calculated to 

be 1.54 and 2.03 V (vs. NHE), respectively. 

To ensure that the heterojunction type is determined accurately, we obtained the work 

function (WF) of CN and BOB using ultraviolet photoelectron spectroscopy (UPS). As 

shown in Fig. 4d and 4e, the WF of CN and BOB are 3.94 and 2.02, respectively. The 
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WF obtained by UPS is consistent with the trend of the results obtained from the DFT 

calculations. The results above demonstrate the band scheme before/after the contact 

between CN and BOB (Fig. 4g). It's worth noting that the band bending at the interface 

of the CN/BOB heterojunction inhibits the recombination of photoinduced electrons 

and holes generated at the valence band (VB) and conduction band (CB) positions in 

CN and BOB, respectively, which can be attributed to the build-in electrostatic potential 

field between the BOB and the CN. Additionally, charge density difference simulations 

were conducted using DFT, revealing electron transfer from BOB to CN attributed to 

the built-in electrostatic potential field (Fig. 4f). This finding aligns with the band 

scheme depicted in Fig. 4g and is supported by XPS results. 
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Fig. 4 (a-c) The calculated work function for Bi4O5Br2(303 ), g-C3N4 (002), and g-

C3N4/Bi4O5Br2. Red and blue dashed lines are the Fermi and vacuum levels; (d-e) UPS 

work function spectra of (a) g-C3N4 and (b) Bi4O5Br2; (f) Charge density difference for 

g-C3N4/Bi4O5Br2 heterojunction. Yellow and cyan regions represent electron 

accumulation and depletion; (g) Schematic diagram of carrier migration mechanism 

based on Z-scheme heterojunction.  

Based on the study's findings, the photoinduced carrier migration in CN/BOB can 

be described as a direct Z-scheme (Fig. 4g), facilitating the separation of photoinduced 

carriers and maximizing photodegradation efficiency. Photoinduced electrons in the 

BOB migrate to the CN until the Fermi level aligns. Consequently, the energy band 

edge in the CN, characterized by a high Fermi level, gradually bends upward towards 

the interface, while the energy band edge in the BOB, featuring a low Fermi level, bends 

downward. Consequently, electrons of BOB are combined with the hole CN, while 

holes of BOB and electrons of CN are confined to the VB and CB for the 

photodegradation reaction.[30,50] 

2.2 Photocatalytic degradation characterization.  

We conducted the blank experiment with the same experimental condition to gain 

insight into the intrinsic catalysts and eliminate the light effect, demonstrating the 

negligible self-photolysis for the RhB and BPA (Fig. S8). When as-prepared 

photocatalysts were adopted, the BPA/RhB concentration progressively decreased with 

irradiation time (Fig. 5a and 5d). As the CN content of the CN/BOB heterojunctions 

increased, the photocatalytic efficiency increased to the maximum and then decreased 

due to CN redundancy (Fig. S9). CN/BOB-16 exhibits the best photocatalytic 

performance among the catalysts studied in this work, presenting nearly 100% 
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degradation efficiency within 105 min (Fig. 5a). Thus, CN/BOB-16 was adopted to 

degrade BPA (Fig. 5d). Photocatalytic degradation of BPA was conducted, achieving 

98% efficiency within 80 min. Fig. 5b and 5e show the UV-Vis spectra of RhB and BPA 

degradation over time, with RhB almost always converted to CO2 and H2O. In Fig. S16, 

we tested the degradation properties of CN/BOB-16 for three other dyes: methyl blue 

at 90%, methyl orange at 71%, and methyl violet at 75%. The catalyst is suitable for a 

broader range of applications. 

Additionally, kinetic curves and correlation coefficients (r2) were presented in Fig. 

S9b-d and Table S1 and S2 to analyze the photocatalytic process of BPA and RhB. All 

catalysts were observed to conform to the pseudo-first-order kinetic model, as shown 

in Fig. S9c and S9d. As anticipated, CN/BOB-16 exhibits the highest rate constant (k) 

value of 0.1 min-1, surpassing the other catalysts investigated in this study (Table S1). 

The CN/BOB-16 exhibited the highest photocatalytic degradation efficiency and 

recorded the lowest time among the recently reported literature (Fig. S10 and Table S4).  
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Fig. 5  Photocatalytic degradation performance evaluation using RhB & 

BPA. (a) RhB and (d) BPA concentration (C/C0) against photodegradation time; 

UV-Vis absorption spectroscopy of (b) RhB and (e) BPA solutions after the 

reaction of catalysts at different times;  The slope of degradation rate and extent 

of degradation of CN/BOB-16 ((c) RhB and (f) BPA) before and after addition 

of  capture agent; EPR signals of CN, BOB, and CN/BOB-16 for (g-i) DMPO-•

−2  and (j-l) DMPO-•OH generated under visible light. 

    Moreover, the long-term stability of the catalyst is a crucial consideration for 

practical applications. To investigate the stability of the CN/BOB-16, a recycling 
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photocatalytic degradation RhB test was performed for five cycles and demonstrated 

excellent stability without significantly reducing the photocatalytic efficiency (Fig. 

S11a). The photographs of the dye solvent for the degradation experiment of the fifth 

cycle were illustrated along with the reaction time (Fig. S12a), confirming that 

CN/BOB-16 indeed has superior photocatalytic efficiency and durability. SEM was 

initially conducted before and after the degradation test to understand the underlying 

reasons, revealing minimal changes in the morphology of the CN/BOB-16 surface (Fig. 

S12b). Also, its crystal structure was characterized via XRD profiles (Fig. S11b), 

asserting the retention of the crystal structure, consistent with the SEM images. The 

result above depicts CN/BOB-16 as a suitable catalyst for applying dye degradation. 

2.3 The Photocatalytic degradation mechanism investigations. 

Radical trapping experiments were conducted on CN/BOB-16 to investigate the 

involvement of reactive active species during photocatalytic degradation (Fig. 5c and 

5f). Potassium iodide (KI) and isopropanol (IPA) were used to scavenge the three most 

active intermediate radicals, h+ and ·OH, respectively, while nitrogen (N2) excluded 

oxygen from the system and inhibited the formation of · −2 . The degradation rate of 

RhB decreased to 28.1% and 50% upon introducing the scavengers N2 and KI, 

respectively, suggesting that · −2   and h+ are the dominant active species during 

photocatalytic reactions. The trend of the degradation rate of BPA under different 

inhibitors was similar to that of RhB. Simultaneously, we used EPR spectroscopy to 

detect the radicals · −2  and ·OH. As shown in Fig. 5g-l, no significant radical signals 

were observed under dark conditions, but corresponding peaks appeared after 15 min 
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of light exposure, indicating the generation of · −2   and ·OH radicals during the 

photocatalytic process. It can be observed that all samples exhibited characteristic peaks 

of · −2  and ·OH radicals, with CN/BOB-16 showing the most vigorous intensity. This 

indicates that forming a Z-scheme heterostructure leads to more efficient generation 

of · −2  and ·OH radicals. For the · −2  radicals, the intensity of CN was significantly 

more robust than that of BOB, which is consistent with the characteristics of Z-scheme 

photocatalysts. The degradation products of bisphenol A (BPA) were investigated using 

high-performance liquid chromatography-mass spectrometry (HPLC-MS). The seven 

product ions detected were m/z 243, m/z 241, m/z 275, m/z 183, m/z 133, m/z 149, and 

m/z 151, as shown in Fig. S14 and S15. two possible degradation pathways of BPA 

were proposed and demonstrated (additional information was added in the Supporting 

Information Figure note). In the later stages of the reaction, the above products undergo 

ring-opening reactions under sustained attack by free radicals to generate small 

molecule products, which are eventually converted to CO2 and H2O. The total organic 

carbon (TOC) content was directly tested by combustion oxidation-non-dispersive 

infrared absorption, and the TOC removal rates of CN/BOB-16 were 78.8% and 92.7% 

for BPA and RhB, respectively (Table S3). 
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Fig. 6 (a) (αhv)1/2-hv UV-Vis DRS spectra; (b) EIS measurement results; (c) Transient 

photocurrent response; (d) Photoluminescence spectra; (e) SPV spectrum; (f) PL 

decay curves of g-C3N4/Bi4O5Br2-16 and g-C3N4.  

Additionally, to assess the bandgap of CN, BOB, and CN/BOB-16, UV-Vis diffuse 

reflectance spectroscopy (DRS) was employed, utilizing the Kubelka-Munk formula 

(Fig. S7 and 6a, Equation S1), indicating that CN, BOB, and CN/BOB-16 displayed a 

bandgap value of 2.60, 2.16, and 2.28 eV, respectively. Electrochemical impedance 

spectroscopy (EIS) was also tested, as shown in Fig. 6b. CN/BOB-16 has the smallest 

semicircular arc radius, which confirms that the heterostructure formed promotes the 

migration of photogenerated carriers. Furthermore, the photocurrent response spectra 

were measured, indicating the photocatalytic carrier transfer processes. As expected, 

The photocurrent response of the CN/BOB-16 was more remarkable than that of CN 

and BOB, respectively (Fig. 6c). Pure CN exhibited a prominent emission peak centered 

at 467 nm, indicating significant charge recombination (Fig. 6d). Upon addition of BOB 

to CN, the emission intensity decreased due to the formation of a heterojunction 
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between CN and BOB. The photoelectric effects of the three catalysts in the samples 

were explored using locked-base surface photovoltage (SPV) measurements (Fig. 6e). 

The SPV response of CN/BOB-16 was significantly more robust than that of CN and 

BOB, probably due to the interfacial interactions between CN and BOB. BOB showed 

a pronounced response to light irradiation in the range of 300-410 nm, which was 

attributed to the interband charge of the BOB jump induced. In contrast, the intensity 

of the SPV response of CN/BOB-16 is much stronger than that of BOB, and the 

response region can be significantly extended to visible light. This suggests that the 

composition of CN/BOB-16 heterojunction enhances the photogenerated charge-carrier 

separation efficiency compared with CN and BOB.  

The lifetime of electron-hole pairs' carriers is assessed through Photoluminescence 

(PL) (Fig. 6f). Consequently, CN-BOB-16 exhibits a longer lifetime than CN, 

indicating a lower recombination rate of electron-hole pairs and, higher photocatalytic 

activity. Finally, we proposed the reaction pathway to elucidate the degradation 

mechanism (Fig. S13 and Equations S7-12). Thus, from Fig. S6 and S7, the CB values 

of CN and BOB can be calculated to be -1.06 eV and -0.13 eV, respectively, while the 

corresponding VB values are 1.54 eV and 2.03 eV, respectively. 

The dominant active species, h+ and •O2
-, identified through the free radical 

capture experiment, are generated at the CB of CN and the VB of BOB. Standard redox 

potential O2/· −2   about −0.33 eV  is higher than the CB of CN, depicting that the 

electron can reduce the O2 to · −2 (Equation S9). Furthermore, the holes located at the 

valence band (VB) of BOB possess a more positive potential for oxidizing OH- to form 
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•OH (Equation S10). As a result, h+ and · −2   could be generated from this 

heterostructure system to decompose RhB molecules into smaller intermediates or final 

products such as CO2 and H2O (Equations S11 and S12). Based on the preceding 

discussion, the CN/BOB-16 heterojunction, featuring a Z-scheme band scheme, 

enhances the separation efficiency of photoinduced carriers and preserves a high redox 

capacity, thereby enhancing photocatalytic performance. The synergistic effects of 

CN/BOB-16 are crucial in converting RhB pollutants into non-toxic CO2 and H2O via 

the excellent active radicals of h+ and · −2  under visible light conditions. 

3. Conclusion 

In summary, we fabricated various mass ratio CN/BOB heterostructures utilizing a 

simple and economical ultrasonic-assisted stir process. The optimized CN/BOB-16 

exhibited superior photocatalytic performance compared to the catalyst investigated in 

this study, showcasing rapid kinetics and outstanding stability. It displayed high 

degradation efficiency for RhB and BPA under visible light conditions, surpassing 

recently reported catalytic systems in the literature. Through experimental and 

theoretical approaches, it is shown that the successful formation of CN/BOB 

heterojunctions is related to the electrostatic potential field at their interfaces, and that 

CN/BOB-16 as the optimal ratio allows for optimal photogenerated carrier lifetimes, 

and hole- and electron-pair compositions with respect to other ratios. Through free 

radical trapping and ESR experiments, it was confirmed that h+ and · −2  its play the 

most important role in the photocatalytic reaction, and also because of the composition 

of the z-type heterojunction of CN/BOB, the enhancement of the light utilization 
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reduces the complexation of photogenerated electrons. Ultimately, it makes the redox 

action of holes and electrons respectively. This study demonstrated the potential of the 

CN/BOB-16 heterojunction for environmental remediation applications and offers a 

promising approach for developing mediated Z-scheme heterojunctions with enhanced 

photocatalytic performance. 

4. Experimental section 

4.1 Chemical reagents 

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), hexadecyl trimethyl ammonium 

Bromide (CTAB), and sodium hydroxide (NaOH) were purchased from Shanghai Yien 

Chemical Technology Co., LTD. Melamine and ethylene glycol (EG) were supplied by 

Tianjin Kemiou Chemical Reagent Co., LTD. All of these materials were analytically 

pure and utilized directly.  

4.2 Preparation of Bi4O5Br2 

Weigh the drug Bi(NO3)3·5H2O (2.9625g) and CTAB (cetyltrimethylammonium 

bromide,1.3666g) respectively, and pour 40ml of EG into solution A and solution B 

respectively. Both solutions were put into ultrasonic equipment for 15 min, then 

solution B was pure into solution A, stirred in an agitator for 30 min, and the pH=8.5 

of mixed solution. Pour the prepared solution into a reactor lined with 

polytetrafluoroethylene, react at 180 ℃ by microwave hydrothermal method for 30min, 

cool to room temperature, wash the reaction product with deionized water, and absolute 

ethanol many times, dry and grind to obtain BOB sample. 

4.3 Preparation of g-C3N4 
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Pristine CN was synthesized using a simple thermal polycondensation method. In 

a typical procedure, 30 g of melamine was placed in a covered crucible, then heated in 

a muffle furnace at 550 °C for 4 hours and allowed to cool to room temperature. Next, 

the powder underwent a second reaction in a muffle furnace, where it was maintained 

at 550 °C for three hours and then cooled to room temperature at a ramp rate of 3 °C 

min-1. Finally, the resulting white samples were ground into powders for further use. 

4.4 Preparation of g-C3N4/Bi4O5Br2 

Using a simple ultrasonic agitation method, weigh CN and BOB in 50ml deionized 

water according to the mass ratio of 2:1, 1:1, 1:2, 1:4, 1:6, 1:8, 1:10, ultrasonic treatment 

for 2h, and then stir for 24h. They are named CN/BOB-21, CN/BOB-11, CN/BOB-12, 

CN/BOB-14, CN/BOB-16, CN/BOB-18, CN/BOB-110, respectively.  

4.5 Characterization parameters 

The specimens' microstructure was analyzed using X-ray diffraction (XRD) in the 

2θ range of 10-80° with a Cu target (λ, Kα1= 1.54056 Å) generating X-ray radiation. 

The instrument operated at 40 kV and 30 mA, scanning at 6° min-1 with a step size of 

0.02°. Transmission electron microscopy (TEM) was utilized to examine 

micromorphology and microstructure at an operating voltage of 200 kV. Scanning 

electron microscopy (SEM) was employed to observe morphology with a 3.0 kV beam 

voltage. Elemental mapping was conducted using energy-dispersive X-ray 

spectroscopy (EDS). The samples were measured by in situ irradiated X-ray 

photoelectron spectroscopy (ISIXPS) using an Al Kα source to characterize the element 

types, chemical valence states, chemical bonds, and other electronic structure 
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information. The relevant energy spectra of the samples before and after illumination 

were detected by using axenon lamp (500 W) under normal temperature and pressure. 

The visible light response range of the sample was tested by ultraviolet‒visible diffuse 

reflectance spectroscopy (UV‒Vis DRS), and the band gap value of the sample can be 

obtained according to the formula (αhν=A(hν-Eg)1/2). Photoluminescence (PL) was 

used to analyze the recombination rate of photogenerated electron-hole pairs. The time-

resolved fluorescence data for samples were measured using the Edinburgh FLS1000. 

The electrochemical workstation studied the electrochemical impedance spectrum, 

transient photocurrent and Mott-Schottky experiment of the samples. Electron 

paramagnetic resonance (EPR) was used to verify the production of free radicals. The 

high-performance liquid chromatography‒mass spectrometry (HPLC ‒ MS) method 

was used to detect the intermediates of photocatalytic degradation and analyze the 

degradation pathway of pollutants. Total organic carbon was tested by a vario-TOC 

instrument of German ELEMENTAL. 

4.6 Photocatalytic degradation experiment 

BPA and RhB were selected as the target pollutants to assess photocatalytic activity. 

Specifically, 50 mg of catalyst was added to a 10 mg L-1 BPA or RhB solution, and the 

mixtures were stirred in darkness for 30 min to reach adsorption-desorption equilibrium. 

A 500W xenon lamp served as the light source for the photodegradation of the RhB 

solution. (Fig. S1) The degradation reaction took place under stirring conditions at 

various time points. At each interval, 5 ml of solid particles were extracted for 

centrifugation to precipitate, and the respective supernatants were collected. The 
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absorbance (ABS) values were measured using a UV spectrophotometer, with 

absorption wavelengths ranging from 190 to 400 nm (450 nm to 600 nm). The residual 

degradation ratio of BPA or RhB was calculated as η = C/C0, where C0 (mg L-1) and C 

(mg L-1) represent the initial concentration of the dye and the mass concentration of the 

dye solution at time t, respectively.  

4.7 Reactive species capture experiment 

Various radical scavengers were employed to investigate their impact on the 

degradation of RhB, aiming to elucidate the underlying photodegradation mechanism. 

A 500 W Xenon gas lamp with a 400 nm cut-off filter to eliminate UV light served as 

the light source. In a typical photocatalysis experiment, 50 mg of photocatalyst powder 

was dispersed into a 50 mL RhB aqueous solution (10 ppm). Potassium iodide (KI), 

isopropanol (IPA), and nitrogen (N2) were used as scavengers for energetically 

oxidizing valence band maximum (VBM)-generated holes (h+), hydroxide radicals 

(·OH−), and superoxide radicals (· −2 ), respectively. The presence and roles of various 

active species were validated by assessing the intensity of photodegradation. 

4.8 Computational details 

All theoretical investigations were performed via the DS-PAW code45 integrated 

with the Device Studio program46. To investigate the interface charge transfer, the work 

function of the surface was conducted using the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation function and the Hartre-Fock method to get a highly accurate 

interatomic potential. The cutoff energy and k-point were set to 400 eV, and 5×3×1, and 

the optimal geometry was collected based on the electron-step energy convergence 
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criterion of 10-4 eV. Moreover, To avoid the interaction between layers, the vacuum 

thickness was set to 20 Å, and the method of dipole correction was adopted45. 
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The data that support the findings of this study are available from the corresponding authors, 
upon reasonable request. 
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