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Design of a novel direct Z-scheme BiOIO3 /Bi2WO6 heterojunction for enhanced photocatalytic 1 

degradation of norfloxacin under visible light.  2 
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Abstract 21 

The unique electronic structure, appropriate bandgap energy, and excellent electron 22 

transfer capability make bismuth-based semiconductors hotspots in the field of 23 

photocatalysis. Novel BiOIO3/Bi2WO6 Z-scheme heterojunctions were fabricated via 24 

in-situ hydrothermal synthesis. The BIOBIW-3 heterojunctions 25 

(BiOIO3:Bi2WO6=0.25:0.8, mole ratio) exhibited excellent photocatalytic activity for 26 

norfloxacin (NOR), with a degradation efficiency of 90.41 % after 90 min of 27 

photoreaction and a reaction kinetic constant of 0.02132 min−1, which was 5.02 and 9.35 28 

times higher than that of BIO and BIW, respectively. The superior photocatalytic 29 

performance can be attributed to the intimate interface between BiOIO3 and Bi2WO6, as 30 

well as the staggered energy band structure that facilitates the formation of a Z-type 31 

heterojunction. This not only widens the range of visible light absorption but also 32 

enhances the separation and transfer of photogenerated carriers while maintaining a 33 

high capacity for redox reactions. The dominant active species in the degradation 34 

process were photogenerated holes (h+) and superoxide (∙O2−) radicals, and an in-depth 35 

exploration of the possible mechanism was conducted. Furthermore, the effects of 36 

various parameters, including solution pH, catalyst dosage, and NOR concentration on 37 

the photocatalytic degradation of NOR were also investigated. The prepared 38 

BiOIO3/Bi2WO6 heterojunctions exhibited remarkable photocatalytic performance and 39 

chemical stability, presenting a novel research direction for employing layered 40 

bismuth-based materials in the degradation of fluoroquinolone antibiotic wastewater. 41 
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1. Introduction 58 

Norfloxacin (NOR), a quinolone antibiotic, has been widely used in the medical field, stockbreeding 59 

and aquaculture application[1, 2] due to its advantages including a wide treatment range, low 60 

toxicity, and good oral absorption[3]. As one of the most extensively consumed antibiotics globally, 61 

NOR has a utilization rate of approximately 30-70% in organisms[4], resulting in the discharge of 62 

a significant amount of unused antibiotics into surface and groundwater. Due to its highly mutagenic, 63 

teratogenic, and embryotoxic properties, even minute traces of NOR residues and derivatives have 64 

the potential to cause eutrophication in ecosystems and contaminate sources of food and drinking 65 

water[5]. The persistent chemical properties of NOR hinder its effective removal or degradation 66 

through conventional sewage treatment methods[6, 7], leading to the significant accumulation of 67 

NOR in the environment. The chronic release of low concentrations of antibiotics into aquatic 68 

ecosystems can induce heightened resistance in susceptible bacteria, thereby facilitating the 69 

emergence of novel pollutants such as antibiotic resistance genes (ARGs) and antibiotic-resistant 70 

bacteria (ARBs)[8-10]. Thus, it is urgent to develop effective treatment methods to remove NOR 71 

from the environment. 72 

 73 

The removal of norfloxacin from aqueous solutions has been extensively researched, including 74 

physical , chemical, biological, and oxidation processes[6, 11]. Advanced oxidation processes 75 

(AOPs) are considered an innovative technology for water treatment, possessing inherent 76 

characteristics such as environmental friendliness, economic feasibility, and simplicity of 77 

implementation[12]. It can degrade NOR into small molecules with high mineralization, which is 78 

an environmentally friendly and sustainable way to remove pollutants and has gained considerable 79 

popularity. The application of semiconductor photocatalysts, as an effective strategy for 80 

environmental purification and energy conversion, has garnered significant attention due to its 81 

potential for environmental treatment. Conventional semiconductor materials, including TiO2[13], 82 

ZnO[14], SnO2[15], and WO3[16], have a wide band gap that results in a high rate of recombination 83 

of charge carriers. This phenomenon causes the dissipation of recombined photogenerated electron-84 

hole pairs as thermal energy during internal migration or surface reactions of the semiconductor[17], 85 

leading to a decrease in photocatalytic efficiency. Consequently, the development of a novel 86 



photocatalyst with exceptional photocatalytic properties is considered imperative. 87 

 88 

Bismuth-based materials exhibit great potential as semiconductor photocatalysts due to the cost-89 

effectiveness, exceptional physicochemical properties, unique layered structure, and favorable 90 

energy band structure, and have been widely use[18-20].Some Bi-based layered photocatalysts such 91 

as Bi2WO6[21], BiOX (X= Cl, Br, I, F)[22], and BiVO4[23] have been widely used for pollutant 92 

degradation. 93 

 94 

BiOIO3 has been identified as a promising photocatalyst because of its unique photoelectric 95 

properties and excellent photocatalytic performance[24], which possesses a layered structure 96 

composed of (Bi2O2)2+ layers of the Aurivillius type interspersed with polar (IO3)- units[25]. The 97 

distinctive 2D-layered structure and non-centrosymmetric crystal arrangement of BiOIO3 lead to 98 

the creation of an internal polarized electric field, which provides an advantage for the separation 99 

of photoexcited charges[26]. Due to its wide bandgap, BIOIO3 can only be activated by ultraviolet 100 

(UV) light, which limits its practical application as a photocatalyst since UV light accounts for less 101 

than 5% of the solar spectrum.[27]. To be considered an ideal photocatalyst, a semiconductor 102 

material should possess a relatively narrow band gap, along with a negative conduction band bottom 103 

and a positive valence band top[28]. To enhance the light absorption range and prevent electron-104 

hole pair recombination, it is advantageous to construct a heterojunction by combining BiOIO3, 105 

which is responsive to UV light, with a semiconductor that has a narrower bandgap.  106 

 107 

Bi2WO6, is another suitable support with a unique morphology and relatively narrow bandgap 108 

energy (∼2.8 eV). It is highly regarded for its ability to respond to a wide spectrum of light (around 109 

470 nm) and its characteristic of not causing secondary contamination after use. The structure of 110 

Bi2WO6 is composed of perovskite-like [WO4]2− layers sandwiched between [Bi2O2]2+ layers. 111 

Similar to BIOIO3, this layered structure generates an internal electric field[29], which promotes the 112 

separation of electron-hole pairs and thus enhances the photocatalytic performance. The valence 113 

band (VB) of Bi2WO6 emerges from the hybridization of O 2p and Bi 6p orbitals, leading to a broad 114 

dispersion of VB, which boosts the movement of electron-hole pairs and Improved oxidizing 115 

capacity[30]. 116 



 117 

Herein, we designed and constructed a novel direct Z-scheme heterojunction BiOIO3/Bi2WO6 via a 118 

facile in-situ growth method for the photocatalytic degradation of NOR. Moreover, the degradation 119 

stability and detailed mechanism were also studied to provide further insights into the degradation 120 

performance in practical applications. 121 

2. Methods 122 

2.1 Preparation of BiOIO3 and Bi2WO6 123 

 124 

The ultrathin BiOIO3 nanosheets were prepared via a simple hydrothermal method according 125 

to previous research[31]. Firstly, 0.485g Bi(NO3)3·5H2O were dissolved in 80 mL deionized water 126 

for 30 min using ultra-sonication, then 0.214 g of KIO3 was added into the above aqueous 127 

solution and stirred continuously for 30 min. Secondly, the mixtures were filled into 150 mL 128 

Teflon-lined steel autoclave and reacted at 150 ℃ for 5 h, then rinsed with water and ethanol 129 

through centrifugation after chilling. Eventually, the ultrathin BiOIO3 nanosheets were dried 130 

at 60℃ for use and labeled as BIO. 131 

 132 

The hydrothermal method was utilized for the synthesis of Bi2WO6 as well[32]. Namely, 0.97g 133 

Bi(NO3)3·5H2O were dissolved in 80 mL deionized water, then 0.05g cetyltrimethylammonium 134 

bromide (CTAB) and 0.33g Na2WO4·2H2O was added into the above aqueous solution and 135 

stirred continuously for 30 min. Afterwards, the mixtures were filled into a 150 mL Teflon-136 

lined steel autoclave and reacted at 120 ℃ for 24 h. Subsequent operations are the same. The 137 

synthesized Bi2WO6 is named BIW. 138 

 139 

2.2 Preparation of BiOIO3/Bi2WO6 heterojunctions 140 

 141 

The BiOIO3/Bi2WO6 heterojunctions were synthesized via an in-situ hydrothermal method. 0.25 142 

mol of as-prepared BIO was suspended in 80 mL of deionized water for 30 min using ultrasonication. 143 

Then different contents of Bi(NO3)3·5H2O, CTAB, Na2WO4·2H2O were dispersed into mixtures 144 



illustrated above and stirred continuously for 30 min. Subsequently, the mixed solution was 145 

transferred into a 150 mL Teflon-lined autoclave and heated at 120 ℃  for 24 h. Subsequent 146 

operations are the same. Different composites were obtained by varying the molar mass of Bi2WO6 147 

(0.2 mol, 0.4 mol, 0.6 mol 0.8 mol, 0.9 mol), denoting them as BIOBIW-1, BIOBIW-2, BIOBIW-148 

3, BIOBIW-4 respectively. 149 

 150 

2.3 Photocatalytic experiment 151 

 152 

The photocatalytic activities of as-prepared samples were evaluated for the removal of 153 

NOR from aqueous solutions when exposed to visible light. In the degradation 154 

experiment, 30 mg of the prepared catalyst was dispersed in 50 ml of NOR solution 155 

(10 mg/L). The solution was first stirred in the dark for 30 min to achieve equilibrium 156 

between adsorption and desorption. A xenon lamp was then used as the light source 157 

and the solution was stirred for 90 min under light conditions. Samples were taken at 158 

15 min intervals and the catalytic activity was assessed by measuring the 159 

characteristic peak absorption intensity using a UV-Vis spectrophotometer. The 160 

characteristic peak for NOR was at 272.0 nm. 161 

 162 

3. Results and discussion 163 

3.1 Morphology and structure characterizations 164 

 165 

X-ray diffraction (XRD) analysis was performed to characterize the crystal phase and purity of as-166 

prepared pure BIO, BIW and BIOBIW-x heterojunctions, and the results were shown in Fig. 1a. The 167 

(121) plane of BIO exhibits the highest characteristic peaks at 2θ of 27.39◦, while the rest of the 168 

peaks can be fully attributed to orthorhombic BiOIO3 based on the ICSD # 262019[33]. For pure 169 

BIW, the characteristic peaks at 2θ of 28.43, 33.03, 47.02, and 56.02◦ are assigned to the (131), 170 



(200), (202), (331) crystal planes of the orthorhombic phase Bi2WO6 (JCPDS#39-0256)[34]. The 171 

characteristic peaks of BIO (121) crystal plane and all the peaks of BIW were observed in BIOBIW-172 

x heterojunctions, indicating the successful synthesis of BIO and BIW. The absence of other 173 

characteristic peaks corresponding to different crystal planes of BIO in BIO-BIW heterojunctions 174 

is attributed to the strong characteristic peaks of BIW attribution (121) and (331) crystal planes, 175 

which effectively shelter them. Furthermore, an increase in BIW content leads to a decrease in the 176 

characteristic peak intensity of BIO (121) crystal plane. Hence, a heterostructure consisting of BIO 177 

and BIW was created to enhance charge transfer. 178 

 179 

FTIR was performed on the BIO, BIW, and BIOBIW-3 heterojunctions (Fig. 1b) to understand the 180 

chemical bond vibration. For all catalysts, the absorptive peaks at 1638 and 3430 cm−1 are related 181 

to the H-O-H and O-H. stretching vibration of the adsorbed H2O molecule[35, 36]. These adsorbed 182 

water molecules play an important role in photocatalytic activity by preventing electron-hole 183 

recombination and improving removal efficiency and oxidative elimination of contaminants[37]. 184 

The two strong bands can be observed at 683 and 771 cm−1, corresponding to I-O bond vibration of 185 

BIO[38]. And the peak at 517 cm−1 is ascribed to the Bi-O stretching vibrations[39]. For pure 186 

Bi2WO6, the characteristic bands at 597, 720, and 1389 cm−1 are attributed to the stretching 187 

vibrations mode of W-O, Bi-O, and W-O-W, respectively[40]. The W-O, Bi-O, and W-O-W bands 188 

attached to BIW is observed in BIOBIW-3 heterojunctions. Nonetheless, the low content of BIO 189 

poses a challenge in distinguishing the peaks related to BIO in BIOBIW-3 heterojunctions[41]. 190 

 191 

The microstructure of BIO, BIW, and BIOBIW-3 heterojunctions was determined from scanning 192 

electron microscope (SEM) and transmission electron microscope (TEM) images. The SEM image 193 

of BIO in Fig. 2(a) illustrates a structure of relatively smooth amorphous two-dimensional nanosheet 194 

with irregular size distribution, which in accordance with the previous reports[39]. The SEM images 195 

presented in Fig. 2. (b) reveal that the BIW prepared consists of microrods that are coated with small 196 

nanosheets. BIOBIW-3 showed a three-dimensional lamellar flower-like self-assembled structure 197 

(Fig. 2c-d) different from that of pure BIO and BIW, suggesting that the introduction of BIW 198 

changed the fundamental microstructure of BIO. The TEM micrograph in Fig. 2e-f provides further 199 

details on the surface morphology of BIOBIW-3, revealing the intimate interfacial contact between 200 



BIO nanosheets and BIW nanorods. The lattice spacings of 0.323 nm and 0.315 nm can be attributed 201 

to the (121) plane of orthorhombic phase BiOIO3 (ICSD PDF #262019)[33] and the (131) plane of 202 

orthorhombic phase Bi2WO6 (JCPDS PDF #39-0256)[34, 39], respectively, which is consistent with 203 

XRD results. In addition, the energy-dispersive spectroscope (EDS) (Fig. S1 ) analysis further 204 

confirms that BIOBIW-3 contains only Bi, O, I, and W elements, and the atomic percentages of 205 

which are consistent with theoretical calculations. The above results prove that the BIOBIW-3 206 

heterojunctions has been successfully synthesized. 207 

 208 

The X-ray photoelectron spectroscopy (XPS) profiles of BIO, BIW, and BIOBIW-3 photocatalysts 209 

are presented in Fig. 3. The survey profiles in Fig. S2 disclose the specific sample components, Bi, 210 

O, I, W, and C elements are observed in BIOBIW-3, the presence of carbon is because of the exotic 211 

carbon during the instrumental testing. This is consistent with the EDS results above, further 212 

disclosing the composite of BIO and BIW. High-resolution XPS spectra were presented in Fig. 3b-213 

e. In the high-resolution spectra of Bi 4f (Fig. 3a), two detached signal peaks of BIOBIW-3 at 159.24 214 

and 164.54 eV are assigned to Bi 4f7/2 and Bi 4f5/2 of the Bi3+ ions in the [Bi2O2]2+[42, 43], 215 

respectively. The position of the outgoing peaks of BIOBIW-3 is shifted toward higher binding 216 

energies relative to BIO and BIW, which implies the formation of surface bismuth defects[44]. In 217 

Fig. 3b the O1s peak of BIO and BIW show the characteristic peaks of lattice oxygen at 529.60 218 

and529.94 eV[45], respectively. Compared to BIO and BIW, the O1s peak of BIOBIW-3 exhibits 219 

characteristic peaks of lattice oxygen at higher energy levels, with shifts of 0.46 and 0.12 eV, 220 

respectively. The characteristic peaks observed at 531.80 eV, 531.07 eV, and 530.89 eV in BIO, 221 

BIW, and BIOBIW-3, respectively, are attributed to the hydroxyl groups bound to water on the 222 

surface of the sample[46]. In the I 3d resolution spectra (Fig. 3c), it is observed that the binding 223 

energy of pure BIO at 634.90 and 623.40 eV, corresponding to I 3d3/2 and I 3d5/2 of I5+[47], 224 

respectively, experiences a negative shift to 630.50 and 619.03 eV in BIOBIW-3 of I-. This shift can 225 

be attributed to the reduce of I5+ from IO3
-  to I-[48]. In Fig. 3d, the W 4f7/2 and W 4f5/2 peaks locate 226 

at 35.24 eV and 37.38 eV for pure BWO respectively, indicating the W6+ in the [WO4]2-[49]. While 227 

for BIOBIW-3 heterojunctions, the binding energies of W 4f were slight red shift to 35.48 and 37.62 228 

eV, respectively, which could be indexed to the synergistic effect of BIO and BWO[50]. The 229 

BIOBIW-3 heterojunctions exhibited slight changes in the Bi 4f, O1s, I 3d, and W 4f peaks 230 



compared to BIO and BIW. Specifically, the binding energy of the Bi and W 4f state in BIOBIW-3 231 

shifted to a higher value compare to BIW, indicating a decrease in electron density on BIW within 232 

the BIOBWO-3 structure. On the other hand, the binding energy of the I 3d state in BIOBIW-3 233 

shifted to a lower value, suggesting an increase in electron density on BIO. The observed 234 

phenomenon was attributed to electron transfer from BIW to BIO, thus providing evidence of a 235 

direct Z-scheme charge transfer pathway between BIO and BIW[51, 52]. 236 

 237 

3.2 Optical properties 238 

 239 

The optical absorption characteristics of the photocatalysts play a significant role in the 240 

photocatalytic process. Hence, the optical property of BIO, BIW and BIOBIW-3 heterojunctions 241 

were conducted by UV–vis diffuse reflectance spectroscopy (DRS), as shown in Fig. 4a. BIO 242 

exhibits a well-established absorption edge at around 398 nm, indicating its exclusive response to 243 

UV light. The light absorption band edges of BIW are approximately 430 nm, which proves that it 244 

can be excited by visible light. Compared to BIO and BIW, the visible light absorbance of the 245 

BIOBIW-3 heterojunctions was found to be further extended, with an absorption edge of 475 nm 246 

and a significant increase in absorption intensity in the range of 350-475 nm. It implies that the 247 

incorporation of BIW in the BIOBIW-3 heterojunctions makes the absorption edge shift to longer 248 

wavelength, which can absorb more light and produce more electrons and holes[48]. 249 

 250 

Besides excellent optical property, the separation, recombination and migration of photogenerated 251 

carriers in catalysts are important for the enhancement of photocatalytic performance. Therefore, 252 

the photoelectric chemical properties of BIO, BIW, and BIOBIW-3 heterojunctions were 253 

characterized by photoluminescence (PL) spectra, electrochemical impedance spectroscopy (EIS) 254 

and transient photocurrent response. For PL, higher ability to separate electrons and holes is 255 

associated with weaker and lower peaks, while poorer charge separation ability is indicated by 256 

stronger and higher peaks[53]. As shown in Fig. 4b, the photoluminescence intensity of BIOBIW-3 257 

heterojunctions is significantly weaker than that of BIO and BIW, which implies that the 258 



heterojunction formed between BIO and BIW greatly hinders the recombination of photogenerated 259 

carriers. The interfacial charge transfer resistance was evaluated by EIS, which showed a smaller 260 

semicircular arc in the EIS Nyquist plots, indicating a weaker in charge transfer resistance[54, 55]. 261 

Fig. 4c shows that BIOBIW-3 has a smaller radius than BIO and BIW, indicating its lowest charge 262 

transfer resistance as well as superior interfacial charge transfer capacity. According to the Fig. 4d, 263 

BIOBIW-3 heterojunctions has the highest transient photocurrent density, which is 1.78 and 2.70 264 

times higher than that of BIO and BIW, respectively, further suggesting a faster charge transfer 265 

capability[55]. The above results show that BIOBIW-3 heterojunctions have excellent 266 

photoelectrochemical properties. The heterojunction formed between BIO and BIW enhances 267 

charge separation and reduces electron transfer resistance, so that the photogenerated carriers are 268 

easily transferred to the surface of the reactants[40, 53], which greatly improves the photocatalytic 269 

performance. 270 

 271 

3.3 Photocatalytic performance 272 

3.3.1 Photocatalytic performance of NOR degradation 273 

 274 

The photocatalytic performance of BIO, BIW, and BIOBIW-x heterojunctions were evaluated for 275 

NOR degradation under visible light irradiation. According to Fig. 5a, BIO and BIW exhibited low 276 

catalytic behavior, degrading only 40.8% and 24.6% of NOR within 90 min, respectively, while the 277 

BIOBIW-x heterojunctions displayed significant photocatalytic activity. And the BIOBIW-x 278 

heterojunctions had the highest NOR photodegradation efficiency of 90.41% (82.85% for BIOBIW-279 

1, 88.89% for BIOBIW-2, and 72.91% for BIOBIW-4). However, the photoactivity of BIOBIW-4 280 

composites decreases with excessive BIW, which weaks light trapping and serves as a 281 

recombination center for photogenerated carriers, thus reducing their separation efficiency[56, 57]. 282 

The NOR degradation data were fitted with the first-order kinetics model as follows[42]: 283 

ln(C
0
/C)=kt, where k, C0, and C are the reaction kinetic constant, the NOR concentration at the 284 

radiation time of 0 and t, respectively. Fig 5b demonstrated that BIOBIW-3 heterojunctions reached 285 

maximum k of 0.02132 min−1, which was 5.02 and 9.35 times higher than BIO and BIW, 286 



respectively. Therefore, the formation of heterojunctions between BIO and BIW leads to a 287 

significant increase in NOR degradation efficiency. 288 

 289 

Probing the recyclability and stability of prepared BIOBIW-3 composites is crucial for practical 290 

applications. As shown in Figure 5c, the NOR photodegradation efficiency was still more than 70% 291 

after four recycles (decreased from 89.14% to 72.74%), which was attributed to the unavoidable 292 

loss of catalyst during the recovery procedure[58]. Moreover, the FTIR spectra analysis revealed 293 

that the chemical bonding vibrations of BIOBIW-3 remained consistent before and after the reaction 294 

(Fig. 5d), indicating that the photocatalyst has high structural stability. 295 

 296 

3.3.2 Factors affecting NOR degradation 297 

 298 

Considering the complexity of environmental pollution, a comprehensive study of the effects of 299 

solution pH, catalyst dosage, and NOR concentration is necessary for the photocatalytic degradation 300 

of NOR by BIOBIW-3 heterojunctions (Fig. S3a-c). The photocatalytic process is significantly 301 

influenced by the solution pH, which affects various aspects such as the surface charge of the 302 

photocatalyst, nanoparticle aggregation, and the energy band potential[59]. In Fig S3(a), the NOR 303 

degradation efficiency exhibited a notable increase from 40.04% to 94.87% as the pH rose from 3 304 

to 9. However, with a further increase in pH to 11, the NOR degradation efficiency decreased to 305 

80.62%. Obviously, BIOBIW-3 exhibits excellent performance under neutral or alkaline conditions. 306 

This may be due to the fact that the solution pH increases and the concentration of H+ decreases 307 

correspondingly, resulting in fewer ·O2− reacting with H+. Therefore, more ·O2− can participate in 308 

the photocatalytic degradation of NOR[60], which is the dominant reactive oxygen species for 309 

photocatalytic degradation of NOR. 310 

 311 

It is imperative to identify a catalyst concentration that strikes a balance between cost-effectiveness 312 

and efficiency. As shown in Fig S3(b), the degradation efficiency of NOR increased from 80.96% 313 

to 86.52% with the increase of catalyst dosage from 0.4 g/L to 0.6 g/L. By increasing the amount of 314 

catalysts, the number of active sites and free radicals can be increased, resulting in a faster reaction 315 

rate[59]. However, the high degradation efficiency at dosages above 0.7 g/L was due to the fact that 316 



more than half of the NOR was adsorbed[34].  317 

 318 

The impact of varying initial concentrations (ranging from 5 to 20 mg/L) on the photoactivity was 319 

investigated, as depicted in Fig S3(c). The degradation efficiency exceeds 90% for the initial 320 

concentrations of NOR at 10mg/L and 15mg/L, but decreases to 82.74% when the concentration of 321 

NOR reaches 20mg/L. This could be attributed to the higher NOR concentration, which not only 322 

competes with the catalyst for the absorption of photons, but also increases the adsorption of NOR 323 

molecules on the surface of the catalyst, covering the active sites[58, 61]. 324 

 325 

3.4 Photocatalytic mechanism of BIOBIW-3 heterojunctions 326 

 327 

The photogenerated carriers by photoexcitation react with oxygen (O2), water (H2O), and hydroxyl 328 

groups, leading to the production of reactive oxygen species (ROS) including hydroxyl radicals 329 

(·OH) and superoxide radical anions (·O2−)[62]. The degradation and mineralization of organic 330 

pollutants in wastewater depend on these ROS[63]. Capture experiments were conducted to 331 

investigate the activity species involved in the photodegradation of NOR by BIOBIW-3, using BQ 332 

(0.1 mmol/L), IPA (100 mmol/L), and FA (100 mmol/L) for capturing hydroxyl holes (h+), radicals 333 

(·OH), and superoxide radical anions (·O2−), respectively. As depicted in Fig. 6a, the NOR 334 

degradation efficiency barely decreased after the addition of IPA, suggesting that ·OH is not the 335 

vital active species in the degradation process. However, the introduction of FA and BA had a 336 

notable inhibit on the degradation of NOR, resulting in a 52.46% and 26.18% reduction in 337 

photocatalytic efficiencies, respectively, compared to no scavenger system. The above results 338 

revealed that h+ play a major role and ·O2− play a subordinate role in the photocatalytic mechanism 339 

of BIOBIW-3 degradation of NOR. ESR spin-trapping spectra were used to further confirmed the 340 

photocatalytic mechanism of BIOBIW (Fig. 6b). After the addition of DMPO (trapping agents), the 341 

strong characteristic signal of DMPO-·O2
-  was detected under visible light irradiation, while the 342 

signal of DMPO-·OH was almost undetectable. These results of ESR spectra are consistent with the 343 

capture experiments described above. 344 



 345 

The band gap energy (Eg) of photocatalysts was determined from the Kubelka-Munk equationas 346 

follows[64]: αhv = A(hv − Eg)n/2, which α, hv, and A are the absorption coefficient, photon energy, 347 

and a constant, respectively. Both of BIO and BIW are indirect transition semiconductor, so for them, 348 

n is 4[35, 65]. The valence band (VB) and conduction band (CB) potentials of the photocatalyst 349 

play a crucial role in the redox ability of photogenerated carriers[40]. The valence band energy (EVB) 350 

of BIO and BIW were further obtained by analyzing the VB-XPS spectrum (Fig. 6c), which were 351 

2.39 eV and 1.80 eV, respectively. The band gap energy of BIO, BIW, and BIOBIW-3 can be 352 

estimated from the (αhv)1/2 VS hv plot (Fig. 6d), which are found to be 3.04 eV, 2.69 and 2.41 eV, 353 

respectively. Thus, the conduction band potential (ECB) of BIO and BIW was determined to be -1.24 354 

eV and -0.30 eV, respectively, using the following empirical formulas[58]: EVB =ECB +Eg. 355 

 356 

The band gap position of the semiconductor determines the direction of migration and the degree of 357 

effective separation of photogenerated electrons and holes[35, 66]. Based on the structural positions 358 

of the BIO and BIW energy bands (Fig. 7a), the electron-hole transfer mechanism for the 359 

photocatalytic degradation of NOR by BIOBIW-3 was first hypothesized to be conventional type II 360 

heterojunction. When irradiated with visible light, the electrons in the VB of BIO and BIW are 361 

excited to form electron-hole pairs, and then the electrons are transferred to the CB, with a 362 

corresponding number of photogenerated holes remaining in the VB. As both VB and CB energy 363 

band positions of BIO are higher than that of BIW, photogenerated electrons flow from BIO to BIW 364 

and photogenerated holes flow from BIW to BIO. However, the reduction potential of O2/∙O2
-  was 365 

-0.33 eV [5, while the CB of BIW (-0.28 eV) was not sufficient to reduce O2 to ∙O2
-  , which 366 

contradicts the above results of the reactive free radical trapping assay and ESR experiment. 367 

Therefore, the traditional type-II heterojunction cannot explain the photocatalytic mechanism of the 368 

BIOBIW-3. Considering the previous discussion, the direct Z-scheme NOR photodegradation 369 

mechanism of BIOBIW-3 composites is rationally proposed as shown in Fig. 7b. Due to the 370 

difference in the work function, an internal electric field from BIO to BIW is formed upon contact 371 

between BIO and BIW, which results in the transfer of e- on the CB of BIW to BIO and 372 

recombination with h+ on the VB of BIO. 373 

 374 



As a result, the strongly reducing photogenerated electrons in the CB of the BIO and the strongly 375 

oxidizing holes in the VB of the BIW are retained for photocatalytic degradation of NOR. The more 376 

negative ECB potential of BIO (-1.24 eV) in comparison to the standard redox potential of O2/∙O2
-  (-377 

0.33 eV) allows for the conversion of O2 to ∙O2
- . Additionally, the EVB potential of BIW (2.39 eV) 378 

is also negative than the standard redox potentials of OH-/∙OH (+2.40 eV) and H2O/∙OH (+2.72 379 

eV)[67, 68], indicating that oxidation of h+ to ∙OH is impossible. Hence h+ on the CB of BIW are 380 

straightforwardly involved in NOR oxidation. The aforementioned results align with band gap 381 

analysis, X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR) 382 

spectroscopy, and radical scavenging assays, confirming that BIOBIW-3 follows the charge transfer 383 

mechanism of a Z-type heterojunction. The formation of Z-scheme heterojunction in BIOBIW-3 384 

composite could effectively improve electron-hole pairs separation, expand the range of light 385 

responsiveness and retain the high redox potentials of a single semiconductor, which contributed to 386 

the higher photocatalytic activity. 387 



4. Conclusion 388 

A direct Z-scheme BiOIO3/Bi2WO6 heterojunction with interfacial contact was was successfully 389 

synthesized via in-situ hydrothermal methods for the degradation of NOR. The light absorption 390 

range of the BiOIO3/Bi2WO6 heterojunction was enhanced by combining UV-light-responsive 391 

BiOIO3 and visible-light-responsive Bi2WO6. The Z-scheme mechanism formed by 392 

BiOIO3/Bi2WO6 photocatalyst promotes efficient charge separation and decreases migration 393 

resistance, leading to enhanced oxidation-reduction capabilities of the individual photocatalysts, 394 

thereby improving overall photocatalytic performance. The heterojunction more efficiently 395 

produces ∙O2
-  , a key active radical in NOR photocatalytic oxidation, with holes significantly 396 

influencing the reaction process. As a result, BIOBIW-3 heterojunctions exhibited the highest 397 

photocatalytic activity, with a 90.41% NOR degradation efficiency for 90 minutes of light reaction. 398 

Surprisingly, the crystal structure and photocatalytic activity of the BIOBIW-3 heterojunctions 399 

remained largely unchanged even after 5 cycles. In addition, the BIOBIW-3 heterojunctions had the 400 

highest degradation rate of NOR at pH = 9, NOR concentration at 10 mg/L, and catalyst 401 

concentration at 0.7 g/L. This study provides a facile and feasible method to prepare layered 402 

bismuth-based semiconductor heterojunctions to optimize the photocatalytic degradation 403 

performance of fluoroquinolone antibiotics. 404 
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 609 

Fig. 1 (a) XRD spectrum of BIO, BIW, and BIOBIW-x heterojunctions, (b) FTIR spectra of BIO, 610 

BIW, and BIOBIW-3 heterojunctions. 611 

 612 



 613 

Fig. 2. SEM images of BIO (a), BIW (b), and BIOBIW-3 heterojunctions (c,d); TEM (a) and 614 

HRTEM (b) images of BIOBIW-3 heterojunctions. 615 

 616 



 617 

Fig. 3. (a) The survey XPS spectrum of BIO, BIW and BIOBIW-3 heterojunctions; (b) Bi 4f, (c) O 618 

1s, (d) I 3d and W 4f high resolution XPS spectra of BIO, BIW and BIOBIW-3 heterojunctions. 619 

 620 

 621 



 622 

Fig. 4. (a) UV-Vis DRS, (b) PL spectra, (c) EIS and (d) Transient photocurrent response of BIO, 623 

BIW and BIOBIW-3 heterojunctions. 624 

 625 

 626 



 627 

Fig. 5. (a) Photocatalytic degradation NOR of BIO, BIW and BIOBIW-x heterojunctions; (b) 628 

Corresponding first-order kinetics; (c) recycling stability of BIOBIW-3 heterojunctions for the 629 

degradation of NOR; (d) FTIR spectra of BIOBIW-3 heterojunctions before and after the 630 

photocatalytic reaction. 631 

 632 



 633 

Fig. 6. (a) Reactive species capture experiments and (b) ESR spectra of DMPO spin-trapping over 634 

BIOBIW-3heterojunctions; (c) VB-XPS spectrum of BIO and BIW; (d) bandgap energies of BIO, 635 

BIW and BIOBIW-3. 636 

 637 



 638 

Fig. 7. The possible photocatalytic mechanism of BIOBIW-3 heterojunctions for NOR degradation 639 

under solar light irradiation: (a) type-II mechanism and (b) Z-scheme mechanism. 640 
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