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Abstract 

Hypothesis The development of solid-solution photocatalysts with tunable bandgaps and 

band structures, which are significant factors that influence their photocatalytic properties, is 

crucial.  

Experiments We fabricated a series of novel bismuth-rich Bi7O9I3–Bi4O5Br2 solid-solution 

photocatalysts with controlled I:Br molar ratios (denoted as B-IxBr1-x, x = 0.2, 0.3, 0.4, or 0.6) via 

a rapid, facile, and energy-efficient microwave-heating route. The photodegradations under 

visible-light irradiation of the phenolic compounds (4-nitrophenol (4NP), 3-nitrophenol (3NP), 

and bisphenol A (BPA)), and the simultaneous photodegradation of BPA and rhodamine B (RhB) 

in a coexisting BPA−RhB system were investigated.  

Findings The B-I0.3Br0.7 solid solution provided the highest photocatalytic activity toward 

4NP degradation, with degradation rates 32 and 4 times higher than those of Bi7O9I3 and Bi4O5Br2, 

respectively. The photodegradation efficiency of the studied phenolic compounds followed the 

order BPA (97.5%)>4NP (72.8%)>3NP (27.5%). The RhB-sensitization mechanism significantly 

enhanced the photodegradation efficiency of BPA. Electrochemical measurements demonstrated 

the efficient separation and migration of charge carriers in the B-I0.3Br0.7 solid solution, which 

enhanced the photocatalytic activity. The B-I0.3Br0.7 solid solution effectively activated molecular 

oxygen to produce •O2
−, which subsequently produced other reactive species, including H2O2 and 

•OH, as revealed by reactive-species trapping, nitroblue tetrazolium transformation, and o-tolidine 

oxidation experiments. 

 

Keywords: Bismuth-rich oxyhalide; Solid solution; Dye-sensitization; Photodegradation; 

Phenolic compounds; Microwave synthesis  
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1. Introduction 

Over the last few decades, urbanization and industrialization have developed at an 

unprecedented rate, resulting in an increase in water consumption and the release of wastewater 

into the environment. Colorless organic pollutants, particularly phenolic compounds, are 

commonly found in industrial effluents [1]. These compounds cannot be degraded naturally 

because of their high stability against chemical and biological degradation processes [2–8]. This 

limits water usage and threatens human health even at low concentrations. For example, 

carcinogenic and mutagenic nitrophenols are classified as major pollutants by the Agency for 

Toxic Substances and Disease Registry (ATSDR) and Environmental Protection Agency (EPA), 

with a restricted concentration of 10 ppb in water [9,10]. In addition, bisphenol A, a typical 

endocrine-disrupting chemical commonly used in plastic manufacture, has been proven to have 

estrogenic activity even at concentrations below 1 μg m−3 [11]. 

Photoactive-semiconductor-based heterogeneous photocatalysis has been considered a 

promising technology for the degradation of phenolic contaminants in wastewater using sunlight 

or artificial light sources [12,13]. The development of semiconductor photocatalysts with high 

energy-harvesting capabilities has attracted significant attention. Among the widely studied 

semiconductor photocatalysts, bismuth oxyhalides (BiOX; X = Cl, Br, I) have received significant 

attention because their unique layered structure, consisting of [X-Bi-O-Bi-X] slabs, can simulate 

an internal electric field (IEF) along the crystal orientation perpendicular to the [Bi2O2] and 

halogen layers. The generated IEF is expected to facilitate the separation and migration of 

photogenerated electron–hole pairs [14]. However, practical applications of BiOX materials are 

still limited by their poor light-absorption abilities and photocatalytic oxidation/reduction 

properties, the high recombination probability of photogenerated electron–hole pairs, and 
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ineffective photogenerated charge transfer to the photocatalyst surface [15]. Overcoming these 

drawbacks is a major concern [12]. Because the maximum valence band (VB) of BiOX primarily 

comprises O 2p and X np orbitals (n = 3, 4, and 5 for X = Cl, Br, and I, respectively), whereas the 

minimum conduction band (CB) is dominated by Bi 6p orbitals, the VB and CB edge alignments 

and energy bandgaps of BiOX can be modulated via layered-structure engineering by removing 

the halogen ions that are weakly bound by van der Waals interactions, essentially enriching the Bi 

content in the crystal structure [16,17]. Increasing the Bi-to-X ratio enhances the photon-

absorption efficiency and the hybridization of the CB to promote electron migration and 

photogenerated-charge-separation efficiency [15]. Consequently, the visible-light absorption and 

photocatalytic oxidation/reduction properties of the bismuth-rich (dehalogenated) BixOyXz 

compounds can be improved over those of ordinary BiOX materials. Various bismuth-rich 

BixOyXz photocatalysts have been developed to improve the photocatalytic performance of 

ordinary BiOX. For instance, Bi4O5I2 and Bi7O9I3 show higher photocatalytic activities toward the 

degradation of rhodamine B [18], phenol [18–20], and 4-tert-butylphenol [21] than BiOI. Bi5O7Br 

and Bi4O5Br2 exhibit higher visible-light-driven photocatalytic activities than BiOBr for the 

degradation of bisphenol A [22–24] and resorcinol [25,26]. 

A solid-solution approach has also been employed to enhance the energy-utilization 

efficiencies and redox properties of BiOX photocatalysts. Accurately controlling the compositions 

of various halides can tune the energy bandgap and band-edge potential, and regulate charge 

separation and migration. However, the preparation of solid solutions has been limited to 

stoichiometric BiOX compounds such as BiOClxI1-x, BiOBrxI1-x, and BiOClxBr1-x [27–30]. 

Recently, enhanced photocatalytic properties of solid solutions of bismuth-rich BixOyXz have been 

reported [12,17,31,32]. For example, compared with Bi4O5Br2 and Bi4O5I2 as photocatalysts, 
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Bi4O5BrI solid solutions exhibit superior photocatalytic activities for CO2 photoconversion and 

Cr(VI) photoreduction [17], and in their photooxidation ability for phenol and rhodamine B 

degradation [12]. Bi3O4Cl0.5Br0.5 solid solution can remove 60% of NO in 10 min under visible-

light irradiation with a higher degradation rate than that of pure Bi3O4Cl and Bi3O4Br [31]. The 

Bi5O7Br0.5I0.5 solid solution shows a higher photocatalytic efficiency for oilfield-wastewater 

treatment than Bi5O7Br or Bi5O7I and displays universal photocatalytic activity for the degradation 

of rhodamine B, phenol, and bisphenol A [32]. However, the syntheses of both bismuth-rich 

BixOyXz and their solid solutions require complicated synthetic steps [17,32], harsh reaction 

conditions [31], and long reaction times [12,17,32]. Therefore, developing a facile and cost-

effective synthetic approach to exploring novel bismuth-rich BixOyXz solid-solution photocatalysts 

with enhanced photocatalytic performance is a challenge. To date, microwave heating method has 

been applied to synthesize bismuth-rich BixOyXz [33–35] because of several advantages over the 

conventional heating methods, such as rapid volumetric heating, savings in energy and time, fast 

crystallization kinetics, and homogeneous nucleation of the materials [36]. 

Recently, we successfully synthesized bismuth-rich Bi7O9I3 and Bi4O5Br2 photocatalysts 

using microwave heating, which is a rapid, facile, environmentally friendly, and single-step 

method [37,38]. Using microwave irradiation, highly crystalline Bi7O9I3 and Bi4O5Br2 

nanostructures were obtained over short periods (30 and 55 min for Bi7O9I3 and Bi4O5Br2, 

respectively). The outcomes of our previous studies and the aforementioned reports motivated us 

to employ the synergistic effects of bismuth-rich solid solutions for the degradation of phenolic 

compounds to improve the photocatalytic performances of Bi7O9I3 and Bi4O5Br2. In the present 

work, we first synthesized a series of bismuth-rich Bi7O9I3–Bi4O5Br2 (B-IxBr1-x) solid solutions 

with various I:Br molar ratios using a microwave irradiation method. The optimal I:Br ratio in the 
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B-IxBr1-x solid solution was determined by the photocatalytic degradation of a 4-nitrophenol (4NP) 

solution under visible-light irradiation. The Bi7O9I3–Bi4O5Br2 solid solution with an I:Br molar 

ratio of 0.3:0.7 afforded the highest photodegradation efficiency under visible-light irradiation and 

at a higher rate than the Bi7O9I3 and Bi4O5Br2 parent materials. The photocatalyst also exhibited 

universality for the degradation of other phenolic compounds, including 3-nitrophenol (3NP) and 

bisphenol A (BPA). A possible photocatalytic mechanism for 4NP degradation using this solid-

solution photocatalyst was revealed via reactive-species trapping experiments, nitroblue 

tetrazolium (NBT) transformation, o-tolidine oxidation, and the terephthalic acid 

photoluminescence (TA-PL) probing technique. The simultaneous photodegradation of the 

combined pollution systems of selected phenolic compounds with rhodamine B (RhB) dye was 

also revealed.  

 

2. Materials and methods 

2.1. Preparation of the Bi7O9I3, Bi4O5Br2, and Bi7O9I3–Bi4O5Br2 solid solutions 

To prepare the Bi7O9I3 and Bi4O5Br2 powders, Bi(NO3)3·5H2O (1 mmol; Sigma-Aldrich, 

≥95%) was dissolved in 30 mL of ethylene glycol (Carlo Erba Reagents, 99.5%). A solution of KI 

or KBr (1 mmol; Sigma-Aldrich, 99%) in ethylene glycol (10.0 mL) was added to the 

Bi(NO3)3·5H2O solution and stirred vigorously for 30 min. Next, the mixed solution was placed 

in a microwave oven (2450 MHz-EMS28205, Electrolux, China) and irradiated at 600 W for 110 

cycles, where one cycle was ‘on’ for 30 s and ‘off’ for 60 s. The powder obtained was washed 

several times with deionized water and ethanol, collected via filtration, and finally dried in an oven 

at 70 °C. 
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The procedure for the preparation of the Bi7O9I3–Bi4O5Br2 solid solutions was the same as 

that for Bi7O9I3 and Bi4O5Br2; however, a mixture of KI and KBr (a total of 1 mmol) was used. 

The Bi7O9I3–Bi4O5Br2 solid-solution samples were labeled as B-IxBr1-x, where x = 0.2, 0.3, 0.4, or 

0.6. 

 

2.2. Characterization 

The composition, phase, and structure of the as-prepared powders were examined by X-

ray diffraction (XRD) spectroscopy using an X-ray diffractometer (Rigaku Smartlab). The 

microstructures and morphologies of the samples were investigated using field-emission scanning 

electron microscopy (SEM, JEOL JSM-6335F) and transmission electron microscopy (TEM, 

JEOL JEM-2010). The elemental compositions were determined using a scanning electron 

microscope equipped with an energy dispersive X-ray spectroscope (SEM–EDS). The elemental 

distribution mappings were observed using a scanning TEM–EDS. The surface compositions were 

analyzed using X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos Analytical Ltd.) 

with an Al Kα X-ray source. UV–Vis diffuse-reflectance spectra were recorded (UV–Vis DRS, 

UV-1800 Shimadzu) using BaSO4 as the reference material. The specific surface area was 

investigated by N2 adsorption at −196 °C using a Quantachrome instrument and calculated using 

the Brunauer–Emmett–Teller (BET) method. Prior to the analysis, the samples were degassed at 

120 °C for 3 h under vacuum. Inductively coupled plasma mass spectrometry (ICP-MS) was used 

to determine the concentrations of I and Br in the B-IxBr1-x solid-solution samples. Before analysis, 

the sample powder was completely dissolved in nitric acid solution [39], and the analysis was then 

performed on Shimadzu’s ICPMS-2030 using the analytical conditions and ICP-MS parameters 

provided in the Supporting Information.  
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The electrochemical properties were examined on a potentiostat/galvanostat 

electrochemical work-station (Autolab PGSTAT128N, Metrohm Siam Ltd.) equipped with a 

three-electrode configuration system using Na2SO4 aqueous solution (0.5 M, pH = 5.0) as the 

electrolyte. A platinum wire and a commercial Ag/AgCl (3.0 M KCl) electrode were used as the 

counter and reference electrodes, respectively. To fabricate the working electrode, the synthesized 

powder was dispersed in isopropanol and sonicated for 5 min. Subsequently, the dispersion was 

deposited on a fixed area (1 cm2) of a fluorine-doped tin oxide (FTO)-coated glass substrate, which 

was dried at room temperature for 1 h. Electrochemical impedance spectroscopy (EIS) was 

performed in the frequency range of 105 to 10−1
 Hz, with an amplitude of 0.05 V at a bias potential 

of 1.50 V in the dark. Mott–Schottky plots were recorded at a frequency of 10 Hz, without an 

external bias. Linear sweep voltammetry (LSV) was performed in an applied potential range of 0–

2.0 V, with a scan rate of 50 mV s−1. The transient photocurrent response was recorded at an 

applied potential of 1.0 V, using two 50 W white LED lamps to irradiate the front and back of the 

working electrode. 

 

2.3. Photocatalytic degradation of phenolic compounds 

A suspension of the photocatalyst (100 mg) in 4NP solution (10 ppm; Sigma-Aldrich, 

≥99%) was stirred for 30 min in the dark to establish an adsorption–desorption equilibrium on its 

surface, and then exposed to visible light (50 W LED lamp). At regular time intervals, 2.5 mL of 

the suspension was sampled, and the photocatalyst powder was separated by centrifugation. The 

concentration of the remaining 4NP was determined using a UV–Vis spectrophotometer (UV-

1800, Shimadzu) at its characteristic absorption wavelength of 318 nm. In addition, the 

photodegradation of 3NP (Sigma-Aldrich, ≥99%) and BPA (Sigma-Aldrich, ≥99%) was carried 
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out at the same concentration (10 ppm) under the same photocatalytic conditions, and the 

centrifuged solutions were analyzed for 3NP and BPA by measuring the absorbance at 

characteristic wavelengths of 273 and 277 nm, respectively. The photodegradation efficiency 

(%DE) and pseudo-first order kinetics were calculated using the following equations: 

%𝐷𝐸 =  
𝐴0  − 𝐴

𝐴0
 ×  100   (1) 

ln (
𝐴0

𝐴
) = 𝑘𝑎𝑝𝑝𝑡    (2) 

where A0 and A represent the concentrations of the organic pollutant after the surface of the 

photocatalyst had reached adsorption–desorption equilibrium and after light irradiation, 

respectively, and kapp and t represent the apparent rate constant (min−1) and reaction time (min), 

respectively. The phenolic compounds were also photolyzed under the same experimental 

conditions (a blank experiment). 

To determine the reactive species in the photocatalytic reaction, reactive-species trapping 

experiments were conducted by adding 1 × 10−3 mol L−1 of various scavengers to the 4NP 

degradation system; p-benzoquinone (BQ; Sigma-Aldrich, ≥98%) [13], 

ethylenediaminetetraacetic acid disodium salt (EDTA-2Na; Sigma-Aldrich, ≥99%) [40], and 

isopropyl alcohol (IPA; QRëC™, ≥99.7%) [13] were added to the reaction systems to scavenge 

•O2
−, h+ (positive hole), and •OH, respectively. The generation of •O2

− was further confirmed by 

monitoring the conversion of NBT (1.5 × 10−5 mol L−1; Sigma-Aldrich, 90.0-110.0%) to a 

formazan derivative under visible-light irradiation [41]. Considering the reaction between NBT 

and •O2
− in the molar ratio of 1:4 [42], the amount of •O2

− was quantitatively determined by 

measuring the decrease in the absorbance of the NBT solution at its maximum absorption 

wavelength (max) of 259 nm using the UV–Vis spectrophotometer. The formation of hydrogen 
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peroxide (H2O2) in the photocatalytic reaction was detected using o-tolidine (1 × 10−3 mol L−1; 

Sigma-Aldrich, ≥95%) as a probe molecule to form the 2-electron oxidation product (2-electron 

oxidized tolidine) [43,44]; the concentration of oxidized tolidine was determined by measuring its 

absorbance at a max of 446 nm using the UV–Vis spectrophotometer. The presence of •OH was 

verified using the TA-PL probing technique [45]; the evolution of the highly fluorescent 2-

hydroxyterephthalic acid (TAOH; Sigma-Aldrich, 98%) was detected using a fluorescence 

spectrophotometer (RF-5301PC, Shimadzu) at an emission wavelength of 425 nm and an 

excitation wavelength of 315 nm. 

 

3. Results and discussion 

3.1. Phase and morphology 

The XRD patterns of Bi7O9I3, Bi4O5Br2, and the B-IxBr1-x solid solutions with various 

values of x are shown in Fig. 1(a). For Bi7O9I3, the positions of the diffraction peaks of the 

synthesized Bi7O9I3 sample shifted slightly to angles smaller than those of standard tetragonal BiOI 

(Joint Committee of Powder Diffraction Standards (JCPDS) number 010-0445), which is in 

agreement with the properties of Bi7O9I3 previously reported [46–49]. This was ascribed to the 

higher bismuth and oxygen contents in the BiOI lattice, which caused its structural distortion and 

expansion [18,47]. The diffraction peaks of the synthesized Bi4O5Br2 sample matched well with 

those of standard monoclinic Bi4O5Br2 (JCPDS number 037-0699) and those reported previously 

[12,41,50]. For the B-IxBr1-x solid solutions, the diffraction peaks gradually shifted to larger angles 

with increasing Br content, as observed in the enlarged XRD patterns (Fig. 1(b)). This was 

attributed to atomic distance contraction arising from the replacement of the larger ionic radius of 

I− (2.16 Å) by the smaller ionic radius of Br− (1.96 Å) in the Bi7O9I3 crystal lattice [27,51,52]. 
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Notably, the XRD pattern of B-I0.2Br0.8 resembled that of Bi4O5Br2, indicating nearly complete 

formation of Bi4O5Br2. These results suggest that the synthesized B-IxBr1-x were solid solutions 

rather than heterostructures of Bi7O9I3 and Bi4O5Br2 crystalline phases. No peaks arising from 

impurities were observed, indicating the purity of the synthesized materials. 

 

Fig. 1. (a) XRD patterns of Bi7O9I3, Bi4O5Br2, and B-IxBr1-x solid solutions. (b) Enlarged XRD 

patterns between 27° and 34°. 

 

SEM and TEM images of the Bi7O9I3, Bi4O5Br2, and B-IxBr1-x solid solutions are shown in 

Fig. 2 and Fig. 3, respectively. The Bi7O9I3 powder (Fig. 2(a) and Fig. 3(a)) was composed of 

agglomerated nanoparticles with an average diameter of 10–20 nm. Nanoparticles with high 

surface-area-to-volume ratios agglomerate to minimize their surface energies. The morphologies 

of the B-IxBr1-x solid solutions varied with the I:Br molar ratio. The SEM images of the B-I0.6Br0.4 

(Fig. 2(b)) and B-I0.4Br0.6 (Fig. 2(c)) solid solutions exhibit large microsheet-like structures 

consisting of loosely packed thin nanoplates with many pores on their surfaces. The SEM image 

of the B-I0.3Br0.7 solid solution (Fig. 2(d)) shows micro-rod-like pieces consisting of nanosheets. 

Broken micro-rod-like pieces revealed their hollowness, indicated by the contrast between the dark 
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edges and pale centers in the TEM image (Fig. 3(c)). Flower-like microspheres assembled via thin 

nanoplates were observed for the B-I0.2Br0.8 (Fig. 2(e)) and Bi4O5Br2 (Fig. 2(f) and Fig. 3(b)) 

samples, but the diameter of the Bi4O5Br2 microsphere (4.5 μm) was larger than that of the B-

I0.2Br0.8 microsphere (2.6 μm), with denser nanosheets on its surface. High-resolution TEM 

(HRTEM) images of Bi7O9I3 (inset of Fig. 3(a)) and Bi4O5Br2 (inset of Fig. 3(b)) revealed 

interplanar lattice spacings of 0.188 and 0.282 nm, respectively, corresponding to the (212) and 

(402) planes. For B-I0.3Br0.7 (inset of Fig. 3(c)), lattice fringes with a spacing of 0.285 nm were 

observed, which were slightly larger than those of the Bi4O5Br2 lattice fringes (0.282 nm). 

Therefore, this interplanar spacing was indexed to the (402) plane of the B-I0.3Br0.7 crystalline 

structure [12,17], which is in agreement with the XRD results (Fig. 1). Moreover, the HRTEM 

images indicate good crystallinity of the Bi7O9I3, Bi4O5Br2, and B-I0.3Br0.7 particles. The scanning 

TEM image (Fig. 3(d)) and the corresponding scanning TEM–EDS elemental mappings of B-

I0.3Br0.7 (Fig. 3(e)–(h)) clearly show a uniform distribution of the elements Bi, Br, I, and O 

throughout the B-I0.3Br0.7 micro-rod. Noticeably, the iodine signal was lower than the bromine 

signal, suggesting a lower iodine content in the B-I0.3Br0.7 solid solution, which is consistent with 

the detailed chemical composition reported in the EDS analysis. 

The elemental compositions of Bi7O9I3 and Bi4O5Br2 determined via SEM-EDS revealed 

that the atomic ratios of Bi:I and Bi:Br in Bi7O9I3 (Fig. S1(a)) and Bi4O5Br2 (Fig. S1(f)) were 2.33 

and 2.03, respectively, which is consistent with their stoichiometric ratios. The EDS spectra of the 

B-IxBr1-x solid solutions (Fig. S1(b)–(e)) show the characteristic signals of Bi, O, Br, and I, 

indicating their co-existence in the B-IxBr1-x solid solutions. Although the atomic ratios of I:Br in 

the B-IxBr1-x solid solutions calculated from the EDS data were different from the expected 

elemental composition values, the atomic ratios of I:Br decreased, corresponding to a decrease in 
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the molar ratio of I:Br that was added to the precursors. According to Kirkendall diffusion, the 

larger radius of the I− ion compared to the Br− ion results in a lower diffusion rate in the reaction 

with the BiO+ ion to form the B-IxBr1-x nuclei. Thus, the unexpectedly low I− content in the B-

IxBr1-x solid solutions was attributed to the diffusion-limited action of I− ions in the reaction system. 

The contents of I and Br in the B-IxBr1-x solid solution were quantitatively analyzed by ICP-MS, 

and the results presented in Table S1 further confirmed that the I:Br molar ratio tended to decrease 

with a decrease in the feeding I:Br molar ratio. 

 

 

Fig. 2. SEM images of (a) Bi7O9I3, (b) B-I0.6Br0.4, (c) B-I0.4Br0.6, (d) B-I0.3Br0.7, (e) B-I0.2Br0.8, and 

(f) Bi4O5Br2. The inset of (a) shows the SEM image of Bi7O9I3 at a higher magnification. 
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Fig. 3. TEM images of (a) Bi7O9I3, (b) Bi4O5Br2, and (c) B-I0.3Br0.7. The insets of (a)–(c) show the 

corresponding HRTEM images. (d) The STEM image and (e)–(h) the corresponding scanning 

TEM–EDS elemental mappings of B-I0.3Br0.7. 

 

3.2. Chemical composition and state 

 The chemical composition and state at the sample surface were confirmed via XPS 

analysis, and the spectra are shown in Fig. 4. The full-length XPS spectra of Bi7O9I3, Bi4O5Br2, 

and B-I0.3Br0.7 (Fig. 4(a)) show their corresponding elements (Bi, O, Br, and I), confirming their 

high purity. The C 1s signal at 284.6 eV, which originates from adventitious carbon, was used for 

calibration against the relevant peaks. In Fig. 4(b), two peaks were observed at 159.1–159.3 eV 

and 164.4–164.6 eV, corresponding to the Bi 4f7/2 and Bi 4f5/2 states, respectively, indicating the 

presence of Bi3+ in Bi7O9I3, Bi4O5Br2, and B-I0.3Br0.7 [12,46]. In the O 1s spectra (Fig. 4(c)), the 

broad bands can be deconvoluted into four peaks at binding energies of approximately 529, 531, 

532, and 533 eV, suggesting four different states of O in the samples: Bi-O lattice oxygen [46,53], 
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hydroxyl groups adsorbed on the catalyst surface [46,53], oxygen species adsorbed at oxygen 

defects [54,55], and adsorbed water molecules [56], respectively. The I 3d spectrum of Bi7O9I3 

(Fig. 4(d)) displayed doublet peaks at binding energies of 619.2 and 630.7 eV, which were 

assigned to the I 3d5/2 and I 3d3/2 states, respectively, of I− in Bi7O9I3 [46]. The B-I0.3Br0.7 solid 

solution exhibited two I 3d peaks at similar binding energies, but their intensities were significantly 

lower than those of Bi7O9I3, indicating a lower I content on the surface of the solid solution than 

that in Bi7O9I3. As shown in Fig. 4(e), two peaks at binding energies of approximately 68 and 69 

eV were found in both the Bi4O5Br2 and B-I0.3Br0.7 samples, which were attributed to the Br 3d5/2 

and Br 3d7/2 spin-orbitals, respectively, indicating the monovalent oxidation state of Br in both 

samples [12]. Notably, the intensity of the Br 3d peak of the solid solution was comparable to that 

of Bi4O5Br2, suggesting that Br− rather than I− was the major halide component in the solid 

solution, which is consistent with the EDS results (Fig. S1). 
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Fig. 4. XPS spectra of Bi7O9I3, Bi4O5Br2, and B-I0.3Br0.7 solid solutions: (a) survey, (b) Bi 4f, (c) 

O 1s, (d) I 3d, and (e) Br 3d. 
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3.3. Optical properties 

The visible-light responsiveness of the synthesized samples was investigated via UV–Vis 

DRS, and the spectra are displayed in Fig. 5. The UV–Vis DRS spectra of the samples (Fig. 5(a)) 

show absorption edges in the visible-light region, suggesting that they can be employed as efficient 

photocatalytic materials under visible light. The absorption edges of Bi7O9I3 and Bi4O5Br2 were at 

623.4 and 483.5 nm, respectively, and by employing the Tauc equation [37], the corresponding 

energy bandgaps were calculated to be 2.23 and 2.63 eV, respectively (Fig. 5(b)). With increasing 

I:Br molar ratio, the absorption edges of the B-IxBr1-x solid solutions gradually shifted to 

wavelengths longer than those of Bi4O5Br2. In addition, the Tauc plots of the B-IxBr1-x solid 

solutions revealed narrower energy bandgaps than those of Bi4O5Br2 (2.58, 2.56, 2.55, and 2.51 

eV) for the B-IxBr1-x solid solution with x = 0.2, 0.3, 0.4, or 0.6, respectively). These results indicate 

that the formation of a solid solution is crucial for enhanced visible-light absorption ability, 

promoting the photogeneration of electrons and holes in solid-solution photocatalysts and 

consequently enhancing their photocatalytic properties. 
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Fig. 5. (a) UV–Vis DRS spectra and (b) Tauc plots of the Bi7O9I3, Bi4O5Br2, and B-IxBr1-x samples. 

The inset of (a) shows photographs of samples with various molar ratios of I:Br. 

 

3.4. Electrochemical analysis 

 Transient photocurrent response, LSV and EIS measurements were conducted to evaluate 

the capability of the electrodes to generate and migrate charge carriers on the electrode surface. 

As seen from Fig. 6(a), the photocurrent densities in ascending order were B-I0.3Br0.7, B-I0.4Br0.6, 

B-I0.2Br0.8, Bi4O5Br2, B-I0.6Br0.4, and Bi7O9I3, with estimated photocurrent densities of 0.51, 0.38, 

0.30, 0.21, 0.13, and 0.08 µA cm-2, respectively. These results imply that the B-I0.3Br0.7 electrode 

generated and migrated more photogenerated charge carriers than the other electrodes [17]. 

Moreover, the LSV curves (Fig. 6(b)) revealed that the B-I0.3Br0.7 electrode exhibited the highest 

photocurrent density in the applied potential range, indicating the highest capability to produce 

photogenerated charge carriers [57]. This electrode also exhibited a negative shift in the onset 

potential, indicating that it was more suitable for the water oxidation process than other electrodes 

[58–60]. The Nyquist arc radii of the EIS plots were recorded to evaluate the charge-separation 

and migration efficiencies of the electrodes. As shown in Fig. 6(c), the B-I0.3Br0.7 electrode 

exhibited the smallest Nyquist arc radius, indicating the lowest charge-transfer resistance on the 

electrode surface [17]. Thus, the superior photocatalytic activity of B-I0.3Br0.7 can be attributed to 

more efficient separation and migration of photogenerated charge carriers under visible-light 

irradiation. 

To determine the conduction- and valence-band potentials of the B-IxBr1-x solid solutions 

in comparison to those of Bi7O9I3 and Bi4O5Br2, Mott–Schottky plots were recorded. As shown in 

Fig. 6(d) and Fig. S2, all samples exhibited the characteristics of n-type semiconductors, as 
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indicated by the positive slopes of the Mott–Schottky plots [53]. By extrapolating the tangents to 

the potential axis (1/C2 = 0), the flat-band potentials (EFB) of Bi7O9I3, B-I0.3Br0.7, and Bi4O5Br2 

were determined to be 0.18, −0.022, and −0.050 V (vs. NHE), respectively. Similarly, the EFB of 

B-I0.6Br0.4, B-I0.4Br0.6, and B-I0.2Br0.8 were 0.028, −0.013, and −0.024 V (vs. NHE), respectively 

(Fig. S2). The conduction-band potential (ECB) of an n-type semiconductor is approximately 0.1 

eV higher than its EFB value. Hence, the ECB values for Bi7O9I3, B-I0.6Br0.4, B-I0.4Br0.6, B-I0.3Br0.7, 

B-I0.2Br0.8, and Bi4O5Br2 were estimated to be 0.08, −0.07, −0.11, −0.12, −0.12, and −0.15 V (vs. 

NHE), respectively. Based on the calculated energy bandgap values (Fig. 5(b)), the respective 

valence-band potentials (EVB) of these semiconductors were calculated to be 2.31, 2.44, 2.44, 2.44, 

2.46, and 2.48 V (vs. NHE), respectively. A schematic of the band potentials of the semiconductors 

(Fig. 6(e)) shows that the band potentials of the solid solutions could be tuned according to their 

I:Br molar ratios. The valence-band potentials of the B-IxBr1-x solid solutions were more positive 

than that of Bi7O9I3, facilitating photooxidation via the reactive species. In addition, the more 

negative conduction-band potentials of the B-IxBr1-x solid solutions compared to those of Bi7O9I3 

were essential for simultaneously producing electrons with stronger reductive abilities. 
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Fig. 6. (a) Transient photocurrent responses, (b) LSV curves, (c) EIS plots, (d) Mott−Schottky 

plots, and (e) band potentials of Bi7O9I3, Bi4O5Br2, and B-IxBr1-x solid solutions. 
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3.5. Photodegradation of phenolic compounds 

The photocatalytic properties of the prepared samples were evaluated via the 

photodegradation of 4NP under visible-light irradiation, with the results presented in Fig. 7. As 

shown in Fig. 7(a), the %DE values of Bi7O9I3 and Bi4O5Br2 are 8.4% and 53.6%, respectively. 

Compared with Bi7O9I3, the B-IxBr1-x solid solutions showed greater photocatalytic activity for 

4NP degradation. After 360 min of irradiation, the %DEs values were 82.2, 98.7, 87.9, and 17.4% 

for B-I0.2Br0.8, B-I0.3Br0.7, B-I0.4Br0.6, and B-I0.6Br0.4, respectively. According to the kinetic plots 

(Fig. 7(b)), the B-I0.3Br0.7 solid solution exhibited the highest rate constant (kapp) of 0.0064 min−1, 

which was, respectively, 32 and 4 times higher than those of Bi7O9I3 (0.0002 min−1) and Bi4O5Br2 

(0.0016 min−1). Therefore, the B-I0.3Br0.7 solid solution was considered the optimal photocatalyst, 

with the highest photodegradation efficiency and rate for 4NP. It should be noted that, even though 

the BET surface area of the B-I0.3Br0.7 solid solution (21.8 m2g−1) was lower than that of Bi7O9I3 

(24.3 m2g−1) and Bi4O5Br2 (47.0 m2g−1), the solid solution exhibited greatly enhanced 

photocatalytic activity. This implies that the surface area of these materials did not significantly 

influence their photocatalytic activity. 

In light of the superiority of the B-I0.3Br0.7 solid solution for 4NP degradation, its 

universality in degrading other phenolic compounds (3NP and BPA) was evaluated under identical 

photocatalytic conditions. As shown in Fig. 7(c), the percentage of DEs after 180 min of light 

exposure followed the order BPA (97.5%) > 4NP (72.8%) > 3NP (27.5%), which corresponds well 

with the kapp values in Fig. 7(d). In contrast, the ability of the B-I0.3Br0.7 solid solution to adsorb 

these phenolic compounds in the dark was less than 1%. Moreover, the concentration of these 

phenolic compounds did not change significantly during irradiation, indicating their negligible 
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photolysis under visible light. These findings confirm the degradation of phenolic compounds via 

photocatalysis. The kapp values of the B-I0.3Br0.7 solid-solution photocatalyst in this work, 

compared with the previous literature reports, are shown in Table S2. The different in the 

degradation rates presented in Table S2 could be caused by variations in the photocatalytic 

conditions, such as the type and power of the light source, photocatalyst dosage, and concentration 

of the target pollutants. In addition, the characteristics of the photocatalysts likely affected the 

degradation rate. Photocatalytic data with error bars based on the standard deviations of the three 

parallel experiments are presented in Fig. S3. The small standard deviation for each irradiated time 

interval reflects the accuracy of the sample data. 

The difference in the photodegradation efficiencies of the phenolic compounds could be 

attributed to their different chemical structures (Table 1). Substituents on benzene derivatives can 

be classified into two groups [61]: electron-donating (e.g., the hydroxyl group (–OH)) and 

electron-withdrawing (e.g., the nitro group (–NO2)), which influence the electrophilic attack of the 

benzene ring on the reactive species during photocatalysis (e.g., the electrophilic hydroxyl radical 

(•OH) and/or hole (h+)). The substituent groups on the benzene derivatives significantly affect the 

electron density of the benzene ring and the rate of electrophilic substitution of the hydrogen atom 

and nitro group on the benzene ring by the •OH radical at the initial stage of the photodegradation 

reaction [62]. In principle, the electron-donating substituent (–OH) increases the electron density 

on the carbons in ortho- and para- positions of the benzene ring compared to the meta- position, 

facilitating electrophilic attack at the ortho- and para- positions. In contrast, the electron-

withdrawing substituent (–NO2) deactivates the aromatic structure toward electrophilic attack by 

reducing the electron density on the carbons in ortho- and para- positions of the benzene ring.  
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In 3-nitrophenol (3NP), one of the hydrogens “meta” to the –OH group is replaced by a 

nitro (–NO2) group, which deactivates the ortho- and para- positions for electrophilic substitution. 

Therefore, 3-nitrophenol is much less susceptible to photodegradation than other phenolic 

compounds [62]. In the case of 4-nitrophenol (4NP), one of the hydrogens “para” to the –OH 

group is replaced by a –NO2 group, which increases the electron density on the carbons “ortho” 

and “para” to the –OH group, as compared to those in the meta- position. Meanwhile, the electron 

densities on the carbons “ortho” to the –NO2 group and “meta” to the –OH group, decrease. 

Consequently, the –OH group still activates the benzene ring, and electrophilic attack 

preferentially occurs at the ortho- and/or para- positions with respect to the –OH group. Therefore, 

the photodegradation efficiency of 4NP is higher than that of 3NP [2,3,63–65]. Moreover, the 

presence of the –NO2 group at the para- position of 4NP resulted in effective resonance structures 

of its conjugated base, facilitating electrophilic attack by •OH and/or h+. Unlike 4NP, 3NP cannot 

delocalize the charge owing to the presence of the –NO2 group in the meta- position, resulting in 

a low degradation rate of 3NP against electrophilic attack [2,3,64]. Finally, the higher 

photodegradation efficiency of BPA compared to 4NP and 3NP could be attributed to its 

symmetrical molecular structure, which can directly undergo aromatic ring-opening reactions 

during photocatalytic degradation and, consequently, can easily decompose, resulting in a higher 

photodegradation efficiency. In contrast, the photocatalysis of 4NP and 3NP requires multistep 

reactions before decomposition is complete [66–68]. 

 Because actual wastewater is usually contaminated with several phenolic compounds, the 

photocatalytic degradation of 4NP and BPA in a coexisting 4NP−BPA system under visible-light 

irradiation was also investigated. The photodegradation of 4NP and BPA in the coexisting 

4NP−BPA system over the B-I0.3Br0.7 solid-solution photocatalyst was performed by varying the 
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4NP concentration at 5 and 10 ppm and fixing the BPA concentration at 10 ppm. Without the 

addition of the B-I0.3Br0.7 photocatalyst, the UV–Vis absorption spectra of 4NP and BPA in the 

coexisting 4NP−BPA system shown in Fig. S4(a) reveal that the spectra of the 4NP and BPA 

partially overlap. Therefore, it was difficult to measure the maximum absorption wavelength (λmax) 

of BPA. However, the photodegradation of 4NP and BPA can be roughly investigated by 

considering changes in their absorption intensities. Fig. S4(b) and (c) show the changes in the 

UV–Vis absorption spectra of 4NP and BPA in the coexisting 4NP−BPA systems over the B-

I0.3Br0.7 photocatalyst after visible-light irradiation at different time intervals (0-360 min). It can 

be seen that the absorption intensity of the BPA spectra gradually decreased upon increasing 

irradiation time, whereas the absorption intensity of the 4NP spectra changed slightly even using 

either 5 or 10 ppm of 4NP. The retardation in the photodegradation efficiency of 4NP in the 

coexisting 4NP−BPA system could be due to the relatively high degradation rate of BPA compared 

to 4NP, as shown in Fig. 7. These findings suggest a competitive photodegradation between 4NP 

and BPA, highlighting the high potential of this photocatalyst for the selective photodegradation 

of BPA. 

 

Table 1. Chemical structures of the phenolic compounds. 

Phenolic compounds 

3-nitrophenol 4-nitrophenol bisphenol A 
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Fig. 7. (a) Photodegradation efficiencies and (b) kinetic plots of 4NP over Bi7O9I3, Bi4O5Br2, and 

B-IxBr1-x solid solutions under visible-light irradiation. (c) Photodegradation efficiencies and (d) 

kinetic plots of 3NP, 4NP, and BPA over B-I0.3Br0.7 solid solution. 

 

3.6. Mechanistic insights 

A series of reactive-species trapping experiments was performed by adding BQ, EDTA-

2Na, and IPA (scavengers for •O2
−

, h+, and •OH, respectively) to the 4NP solution under identical 

reaction conditions. The addition of these scavengers markedly decreased the photodegradation 

efficiency, indicating that the •O2
−

, h+, and •OH reactive species participated in photocatalytic 
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degradation (Fig. 8(a)). However, the h+ on the surface of the Bi-based photocatalyst could not 

directly oxidize OH– or H2O to the •OH radical owing to the higher negative reduction potential 

of Bi5+/Bi3+ (1.59 eV) than the standard reduction potentials of •OH/H2O (2.27 eV) and •OH/OH− 

(1.99 eV) [50,69,70]. Under visible-light irradiation, the excited electrons in the CB react with 

dissolved O2 in the reaction solution to produce •O2
−, which subsequently produces H2O2 via a 

multielectron oxygen-reduction process and then generates •OH [71–73]. Therefore, the •OH 

radical was indirectly generated by activating molecular oxygen, whereas the h+ in the VB of the 

solid solution directly reacted with the 4NP molecules. 

The generation of H2O2 and •OH was detected via o-tolidine oxidation [43,44] and TA-PL 

probing methods [45], respectively, under visible-light irradiation. As shown in Fig. 8(b), the 

absorbance of the oxidized o-tolidine in the Bi7O9I3, Bi4O5Br2, and B-I0.3Br0.7 photocatalytic 

systems at 446 nm steadily increased upon light irradiation, suggesting that H2O2 was detectable 

in the system [43,74,75]. Additionally, the B-I0.3Br0.7 solid solution exhibited higher H2O2 

generation efficiency than Bi7O9I3 and Bi4O5Br2, indicating superior charge separation and 

migration efficiencies. Fig. S5 shows the fluorescence emission spectra of the 2-

hydroxyterephthalic acid (TAOH) solution, the fluorescent product of the reaction between •OH 

and terephthalic acid (TA), over the B-I0.3Br0.7 photocatalyst under visible-light irradiation. The 

increase in the fluorescence intensity of TAOH, along with a longer visible-light irradiation time, 

indicates the generation of •OH in the photocatalyst system. 

The NBT method was employed to further examine the production of •O2
− radicals on the 

B-I0.3Br0.7 surface. After 360 min of visible-light irradiation, the percentage of NBT transformed 

over the B-I0.3Br0.7 solid solution was 25.1% (Fig. 8(c)), which was considerably higher than the 

percentage transformed over both Bi7O9I3 (0.7%) and Bi4O5Br2 (13.4%). This indicates a higher 
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efficiency for the generation of reactive •O2
− radicals, which could be attributed to the improved 

charge separation and migration in the B-I0.3Br0.7 solid solution. In addition, the aforementioned 

analyses indicate that the B-I0.3Br0.7 solid-solution photocatalyst activated molecular oxygen to 

produce •O2
−, which subsequently produced other reactive species, including H2O2 and •OH [15], 

promoting its photocatalytic activity. 

A photocatalytic mechanism for 4NP degradation over the B-I0.3Br0.7 solid-solution 

photocatalyst was then proposed (Fig. 8(d)). Upon visible-light irradiation, electrons in the VB of 

the photocatalyst are excited to the CB, leaving behind holes in the VB. Owing to the more 

negative ECB of B-I0.3Br0.7 (−0.12 V vs. NHE) than the standard reduction potential of O2/•O2
− 

(−0.046 V vs. NHE) [76], the strongly reductive excited electrons in the CB reduced the dissolved 

oxygen molecules to •O2
− radicals. As evidenced by the trapping experiments, the TA-PL probing 

method, and the o-tolidine oxidation, the •O2
− radicals were further reduced via a multielectron 

oxygen-reduction process to form H2O2 molecules. The short-lived H2O2 molecules eventually 

dissociated into •OH radicals, which were responsible for the photodegradation of 4NP. 

Meanwhile, the photogenerated holes in the VB of B-I0.3Br0.7 directly participated in photocatalytic 

degradation [53]. 
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Fig. 8. (a) Effect of various scavengers on the photocatalytic degradation of 4NP, (b) time-

dependent absorbance at 446 nm of the 2-electron oxidized o-tolidine, (c) NBT transformation 

percentages over Bi7O9I3, Bi4O5Br2, and B-I0.3Br0.7 after 360 min of visible-light irradiation, and 

(d) a proposed mechanism for the photocatalytic degradation of 4NP over the B-I0.3Br0.7 solid 

solution. 

 

3.7. RhB-sensitization effect on 4NP and BPA photodegradation 

As previously reported [37,77,78], RhB is an effective photosensitizer and promotes the 

photocatalytic activity of bismuth oxyhalide photocatalysts by injecting photoexcited electrons 
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into the CB. In this study, the photodegradation of pollution systems containing selected phenolic 

compounds (4NP and BPA) combined with rhodamine B (RhB), a representative of organic dye, 

were further investigated. The simultaneous photodegradation of 4NP and RhB in the 4NP−RhB 

combined pollution system over the B-I0.3Br0.7 solid-solution photocatalyst was performed by 

fixing the 4NP concentration at 10 ppm and varying the RhB concentration between 5 and 10 ppm. 

In the 4NP–RhB combined pollution system, enhanced photocatalytic degradation of 4NP, one of 

the main target pollutants, was expected; however, the %DE of 4NP was reduced significantly, 

from 98.7% to 25.7%, after the addition of 5 ppm of RhB (Fig. 9(a)), whereas more than 80% of 

the RhB was degraded within 30 min of light irradiation (Fig. 9(b)). The significant decrease in 

the photodegradation efficiency of 4NP in the 4NP−RhB combined pollution system was attributed 

to the rapid degradation of the RhB molecules via the consumption of photogenerated holes [41]. 

To verify this, we doubled the concentration of RhB (10 ppm), and the photodegradation of 4NP 

during the first hour of irradiation was found to be slightly higher. It stabilized at 23.4% after 

prolonged irradiation, which was still lower than that in the 4NP single-pollution system (98.7% 

at 360 min). However, under these conditions, RhB degraded rapidly and it had been completely 

degraded within 270 min of light irradiation. These results suggest that the photodegradation of 

4NP cannot be improved via RhB sensitization owing to the competition in photodegradation 

between RhB and 4NP. 

Subsequently, we carried out the simultaneous photodegradation of BPA and RhB in the 

BPA−RhB combined pollution system to investigate the sensitization effect of RhB on BPA 

photodegradation. The presence of either 5 or 10 ppm RhB in the BPA solution (10 ppm) 

significantly improved the photodegradation efficiency of BPA, from 26.2% to approximately 

92%, in 60 min (Fig. 9(c)). Over the same irradiation time, 70−80% of RhB was simultaneously 
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degraded (Fig. 9(d)). This suggests that the significantly enhanced photodegradation efficiency of 

BPA could be attributed to the RhB-sensitization process, because the photodegradation 

efficiencies of BPA and RhB were comparable. Furthermore, the sensitization process was 

preserved because of the gradual photodegradation of RhB with BPA. In the BPA−RhB (10 ppm) 

combined solution system, RhB photodegradation decreased during the initial period of light 

irradiation, whereas BPA photodegradation did not change significantly. Therefore, the 

introduction of only 5 ppm of RhB into the BPA−RhB combined pollution system was deemed 

sufficient for improving BPA photodegradation. 

To examine the effect of the RhB-sensitization mechanism in terms of molecular oxygen 

activation on the surface of the B-I0.3Br0.7 photocatalyst, an RhB solution was added to a 

suspension of NBT and the B-I0.3Br0.7 photocatalyst, and the time-dependent formation of •O2
− 

was investigated [77]. RhB (5 ppm) significantly improved the percentage of NBT transformation 

(Fig. 10(a)). After 15 min of light irradiation, the NBT transformation percentage (17.9%) was 5.3 

times that without RhB addition (3.4%), illustrating enhanced molecular oxygen activation due to 

the B-I0.3Br0.7 solid solution. Moreover, the NBT transformation percentage steadily increased and 

reached 26.5% after 360 min of irradiation, which coincided with a progressive blue shift in the 

maximum absorption wavelength (λmax) of RhB (Fig. 10(b)), resulting from the rapid 

decomposition of RhB molecules to N-de-ethylated intermediates via N-de-ethylation [37,79]. The 

formation of N-de-ethylated intermediates inhibited the RhB-sensitization process; therefore, the 

number of •O2
− radicals generated was unexpectedly low (NBT transformation percentage = 

26.5%). Upon increasing the RhB concentration from 5 to 10 ppm, the NBT transformation 

percentage doubled to 51.1% (Fig. 10(c)), which is correlated with a higher generation of •O2
− 
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radicals. This indicates that the B-I0.3Br0.7 solid solution could be sensitized via RhB molecules 

rather than N-de-ethylated intermediates. 

 

Fig. 9. Photodegradation efficiencies of (a) 4NP and (b) RhB in the 4NP−RhB combined system, 

and (c) BPA and (d) RhB in the BPA−RhB combined system over the B-I0.3Br0.7 solid-solution 

photocatalyst under visible-light irradiation. 
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Fig. 10. (a) NBT transformation percentages over the B-I0.3Br0.7 solid solution with and without 

RhB (5 ppm), (b) changes in the absorption spectra of RhB (5 ppm) during the NBT-transformation 

test over the B-I0.3Br0.7 solid solution, and (c) NBT transformation percentages over the B-I0.3Br0.7 

solid solution with and without RhB (5 and 10 ppm) after 360 min of irradiation. 

 

The reusability and stability of the B-I0.3Br0.7 solid-solution photocatalyst are important for 

its practical application, and were tested by reusing it for the simultaneous photocatalytic 

degradation of BPA and RhB in a BPA−RhB combined system for four successive runs under 
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identical conditions. Fig. 11(a)−(b) show that the high photodegradation efficiency of B-I0.3Br0.7 

for both BPA and RhB was maintained over four consecutive cycles, demonstrating its reusability. 

Additionally, there were no obvious changes in the crystallinity, phase, structure, and morphology 

of B-I0.3Br0.7 before and after the recycling experiments, as revealed by the XRD patterns (Fig. 

11(c)) and SEM image (Fig. 11(d)) of the used BOI0.3Br0.7 photocatalyst, indicating excellent 

stability and durability during the photocatalytic process. 

 

Fig. 11. Recycling experiments of the B-I0.3Br0.7 solid solution toward photocatalytic degradation 

of (a) BPA and (b) RhB in the BPA–RhB combined system. (c) XRD spectra of the B-I0.3Br0.7 
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solid solution before and after four cycles of photocatalytic reactions. (d) The corresponding SEM 

image of the used B-I0.3Br0.7 photocatalyst. 

 

4. Conclusion 

Bi7O9I3–Bi4O5Br2 solid solutions (B-IxBr1-x, where x = 0.2, 0.3, 0.4, or 0.6) were 

successfully synthesized via a facile and rapid microwave radiation method. The energy structures 

and bandgaps of the B-IxBr1-x solid solutions were tuned by varying the I:Br molar ratio. 

Combinations of Bi-rich and solid-solution strategies promoted visible-light induced charge 

generation, separation, and migration, thereby achieving enhanced photocatalytic activities. 

Compared with Bi7O9I3 and Bi4O5Br2, the Bi7O9I3−Bi4O5Br2 solid solution with an I:Br molar ratio 

of 0.3:0.7 (B-I0.3Br0.7) showed superior photocatalytic degradation of 4-nitrophenol under visible-

light irradiation, owing to the enhanced generation, separation, and migration of charge carriers, 

as revealed by electrochemical analyses. Additionally, the B-I0.3Br0.7 photocatalyst was used to 

degrade other phenolic compounds, including 3-nitrophenol and bisphenol A, and the difference 

in the photodegradation efficiencies of these compounds was associated with their chemical 

structures. Trapping experiments, o-tolidine oxidation, terephthalic acid photoluminescence, and 

nitroblue tetrazolium transformation methods confirmed the roles of •O2
−, •OH, and h+ in 4-

nitrophenol photodegradation. Compared with Bi7O9I3, the strong reducing ability of the excited 

electrons in the B-I0.3Br0.7 solid solution facilitated the activation of molecular oxygen to generate 

•O2
−, H2O2, and •OH reactive species. Furthermore, in the coexisting system of bisphenol A and 

rhodamine B dye, the synergistic effect of rhodamine B dye exclusively promoted the degradation 

of bisphenol A via the rhodamine B-sensitization process by enhancing the production of reactive 

•O2
− radicals. However, the dye-sensitization mechanism was not observed in the 4-nitrophenol 
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system owing to the more rapid degradation of rhodamine B than that of 4-nitrophenol. This study 

offers a simple and novel method to synthesize solid solutions of bismuth-rich oxyhalide materials 

with the potential for molecular oxygen activation and environmental protection. Other 

applications, such as H2 production from water splitting, and removal of heavy metal ions from 

polluted water, will be further studied in future experiments to extend the utilization of this solid-

solution photocatalyst.  
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