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Abstract:  

 Bismuth oxyhalide (BiOX) photocatalysts have attracted tremendous attentions 

due to their unique optical and electronic properties. However, pristine BiOX suffered 

from inherent drawbacks and unsatisfactory photocatalytic performance. Interest in 

engineering layered structure BiOX for efficient environment remediation has grown 

exponentially. Recent studies tend to focus on alloying, bismuth-rich strategies, defect 

introduction, element doping. Therefore, the aim of this review is to summarize 

multiply structural optimized strategies for the improvement of their photocatalytic 

applications in environmental remediation. The distinct photochemical properties and 

synthesis method of alloyed, bismuth-rich, doped and defect-introduced BiOX are 

detailly elaborated based on the discussion of the structure-property relationship. The 

other methods such as heterojunction, facet effect, surface plasmonic resonance and 

strain engineering are briefly introduced. Subsequently, environmental applications in 

aquatic pollutants photodegradation and air purification are also discussed. Finally, 

challenges and outlooks covering synthetic strategies, characterization, and 

applications are featured. 

Keywords: Structural optimized strategies; Bismuth oxyhalide; Environmental 

remediation; Photocatalysis. 
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1 Introduction 

With growing concerns regarding environmental pollution, technologies with 

high efficiency and sustainable development to reduce the pollutant contents of 

wastewater are urgently needed [1, 2]. Among the various decomposition techniques 

to clean-up wastewater and polluted air, semiconductor photocatalysis has received 

worldwide attention on the direct utilization of solar energy [3, 4]. In semiconductor 

photocatalysis, the toxic organic compounds can be efficiently converted into less 

toxic molecules or even totally completely mineralized under suitable conditions [5, 

6]. Undoubtedly, the key parameter for excellent visible light induced photocatalysis 

is the reasonable design of efficient photocatalysts [7]. Bismuth-based materials with 

excellent capacity of visible light absorption and separation of charge carriers may 

present ideal performance to address the environment issue. Compared to 

conventional photocatalysts (TiO2 and ZnO), they are more applicable in water 

splitting [8], CO2 reduction [9], nitrogen fixation [10], harmful pollutant 

decomposition [11-13], and organic synthesis [14]. The most reported bismuth-based 

photocatalysts include Bi2S3, Bi2O3, Bi2MO6 (M=Cr, Mo, W), BiPO4, BiVO4, BixTiOy, 

(BiO)2CO3, BiOX (X = Cl, Br, I), etc. Our team also synthesized g-C3N4/Bi2WO6 [15], 

WO3/g-C3N4/Bi2O3 [16], and Bi/BiOCl/ZnSn(OH)6 [17] for the photodegradation of 

refractory pollutants. 

Bismuth oxyhalide, as a remarkably multi-component V–VI–VII semiconductors, 

have been extensively studied due to typical layered structure and superior carrier 
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transport properties [18]. They have excellent chemical stability, nontoxicity, and 

resistance to corrosion. The structures of BiOX are crystallized in a tetragonal 

matlockite (PbFCl-type) consisting of [Bi-O] layers interleaved with two halogen 

atom slabs [19]. It's worth noting that the strong intralayer covalent bonding and the 

weak interlayer van der. Waals interaction exist in the layered structure. Therefore, 

this open-layer crystalline structure is available for facilitating the reasonable 

structural design of both [Bi-O] and halogen layers [20, 21]. Compared to other 

bismuth-based materials, BiOX possess a tunable band gaps of BiOCl, BiOBr, and 

BiOI (around 3.3 eV, 2.6 eV, and 1.8 eV, respectively), implying that they are 

promising visible-light-driven photocatalysts [22].  

The pioneering application of BiOCl in environment remediation is firstly 

reported by Huang et al. [19] in 2006, although the history of photocatalysis can be 

traced back to 1972 [23]. Subsequently, Zhang’s group systematically investigate the 

photocatalytic activity of BiOX-based materials with hierarchical microspheres 

superstructures for the efficient degradation of methyl orange (MO) [24]. Since then, 

intense researches have been developed on the BiOX-based photocatalysis. Nowadays, 

a series of morphology-controlled BiOX, such as 1D templated nano-fibers/wires [25], 

2D intrinsic nanostructures [26, 27], 3D assembled hierarchical architectures [28, 29] 

and supported thin films [30, 31] have been synthesized to maximize the 

photocatalytic application. The multiple morphologies generally provide the large 

specific surface area and rich reactive sites [32]. At the same time, numerous 

semiconductors have been coupled with BiOX to further promote the separation of 
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electron-hole pairs across the solid-solid heterogeneous interface structure [33-36]. 

Unfortunately, some BiOX suffered from poor light absorption and rapid 

recombination possibility for the electron-holes, which tremendously limited their 

industrial application [37-40]. Thus, more and more studies are focused on layered 

structure design of BiOX to overcome these obstacles so as to provide insight on the 

relationship between structural characteristics and the photocatalytic properties. 

The first critical issues related to the photocatalytic activity of BiOX are the 

evolution of band gaps. The band structures such as valence band (VB), conduction 

band (CB) and band gap commonly determine the inherent photoexcitation, migration 

of carriers and the redox capacities of electron-hole pairs [41, 42]. Regarding optical 

absorption, the response wavelengths of BiOCl exist in the UV light region due to the 

wide band gap. Although BiOBr and BiOI have a narrowed band gap, the inherent 

rapid recombination possibility for the electron-holes and the incompatible band-edge 

positions for targeted redox reaction still hinder their application. To address these 

challenges, solid solutions, bismuth-rich strategies and doping with various elements 

are available approaches for precise adjustment of the bandgap and the band-edge 

band positions. Furthermore, the introduced defects could act as a shallow donor that 

offer the local excited charges to enhance visible light absorption. 

Another key issues relevant to the photocatalytic capacity of BiOX is the 

surface/interface engineering. The exposed facets on BiOX play crucial roles in the 

charge carriers separation and transportation, governing the selectivity and rate of 

photocatalysis reaction [43]. The photoactivity contrast investigation of BiOCl 
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nanosheets with dominant (001) and (010) facets by pH modulation has been 

recognized as the land mark event [22]. Since then, many attempts to reasonably 

fabricate BiOX with specific exposed facets such as 001 faceted BiOCl [44], 102 

faceted BiOBr [45] and 110 faceted BiOI [46] have been developed with a capping 

agent of H+. More interesting, Zhang’s group also investigated the facet effects of 

BiOCl in detail and reported a correlation relationship between the facet exposure and 

internal electric field (IEF). Following, bismuth-rich strategies and doping with 

various elements also provide a perfect platform for tuning IEF to enhance 

bulk-charge separation (BCS) efficiency. In general, the stronger internal electric field 

yields the faster photocatalytic process. Furthermore, surface defect introduction is 

another efficient modulation strategy. It could act as direct coordinating sites for 

enhanced adsorption of typical molecules like N2, O2, CO2 and H2O. 

In recent years, reviews about BiOX photocatalytic materials with diverse topics 

in modification [47], facet effects [48], energy and environment application [43, 49], 

nanostructure [50], layered structure [51-54] and bismuth-rich strategies [55] have 

been published before. As illustrated in Fig. 1, interest in methods of BiOX with 

energy band and surface/interface engineering (alloying, bismuth-rich strategies, 

doping and defect-introduction) in photocatalysis has grown exponentially. However, 

these methods and the related environmental application of this series of 

photocatalysts have scarce been systematically reviewed. In this review, we explore 

how these strategies are exploited to improve the photocatalytic performance of BiOX 

based on the structure-property correlativity discussion. The adjustive principle and 
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key parameters for structural design are also highlighted. Then, recent advances in 

environmental application of BiOX-based photocatalysts are elaborated. Finally, 

challenges and outlooks covering synthetic strategies, characterization, and 

applications are featured. 

 

Fig. 1. Increasing interest in engineering in the layered structure of BiOX. The chart displays the 

total number of publications year about alloyed, bismuth-rich, doped and defect-introduced BiOX 

(a) and the total number of publications per year about multiple structural optimized strategies of 

BiOX comparing to pristine BiOX. 

2 Multiple structural optimized strategies 

Fig. 2 illustrated the different schematic diagram of BiOX with various 
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engineering layered structure [56]. As shown in Fig. 2a, BiOX are consisted of [Bi2O2] 

layers interleaved with two halogen atom slabs. For alloyed BiOClxBr1-x, Cl atoms in 

the supercell are partially substituted with Br atoms (Fig. 2b). Fig. 2c displays unique 

layered structure of non-metal ion doped Bi3O4Cl. In this crystal structure, enriched 

[Bi-O] layers are placed between double slabs of chlorine ions and foreign ions. 

Compared to traditional BiOCl, the existence of oxygen vacancies (OVs) significantly 

shorten the lengths of Bi-O and Bi-Bi, thus altering their chemical and optical 

properties (Fig. 2d). These changes in crystal structure efficiently optimize energy 

band configuration and surface structure, which endow BiOX with excellent 

separation and migration of electron-hole pairs and suitable band-edge position for 

targeted photocatalytic reaction. 

 

Fig. 2. Different structure of BiOCl. Schematic illustration of the (a) Primitive cell of BiOCl and 
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(b) Schematic representation of top view of the crystal structure of BiOClxBr1-x (c) Bi3O4Cl crystal 

structure and charge density contour plots [56] (d) Schematic representation of top and side view 

of the structure of BiOCl with surface oxygen vacancies. Reprinted with permission from 

Wiley-VCH. 

2.1 Alloyed BiOX 

 For the past decades, alloyed semiconductor nanomaterials have made enormous 

progress as a typical bandgap engineering with tunable compounds [57]. For alloyed 

BiOX, halogen atoms in the supercell are partially substituted with another exogenous 

halogen atoms. Benefitting from electronic structure and atomic arrangement, it is 

easy for halogen atoms to replace each other into BiOX layered structure, leading to 

nearly discretionary variation of halogen ions [58]. Currently, various alloyed BiOX, 

including BiOClxBr1-x, BiOIxCl1-x, BiOBrxI1-x and BiO(ClBr)(1-x)/2Ix have been 

synthesized and found to show higher activity than the corresponding pure forms. 

Zhang et al. [59] suggested that higher photocatalytic activity of alloyed BiOX 

depended on the regulation of band gaps. Based on the density functional theory (DFT) 

computations, the band gaps decreased with an increasing content of heavier halogen 

atoms (Fig. 3), which led to significant red-shift of adsorption spectra and higher 

sunlight utilization efficiency. Besides, the constitution of VB for BiOX contained 

primary O 2p and X np orbitals [37], which made the VB tops more positive with the 

increase of the lighter halogens, indicating a stronger oxidation ability [59, 60].  
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Fig. 3. The variation of the band gaps with the composition, x, for alloyed BiOXs. x = 0 and 1 

represents the pure BiOX crystals [59]. Reprinted with permission from the Royal Society of 

Chemistry. 

 Another important common feature of alloyed BiOX is their excellent separation 

of electron–hole pairs [61]. It may be ascribed to the hybridization of the X np states 

which leads to a smaller valence band maximum (VBM) and stronger chemical 

disorder in alloyed BiOX. The disorder and variation in VBM may cause the defect 

levels which act as trap centers for photogenerated holes thus hindering the mobility 

of the photoexcited holes within the alloyed BiOX to reduce the electron–hole 

recombination. For instance, Wang et al. [62] showed that OV-rich BiOBr0.85I0.15 

possessed the highest photocurrent density and the smallest radius in the 

electrochemical impedance spectra compared to BiOBr, BiOI and OV-poor 

BiOBr0.85I0.15, which meant a longer lifetime of photoinduced charge carriers at 

BiOBr0.85I0.15.On the one hand, the alloying effect in BiOX brings about a 

substantially lower electron-hole recombination rate and thus a much higher 

photocatalytic activity. On the other hand, alloyed BiOX are easier to format OVs, 

which act as a capture trap for photo-generated electrons to promote the separation of 
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charge carriers. 

 In 2011, Shenawi-Khalil and co-workers [63], for the first time, introduced a new 

family of BiO(ClxBr1−x) nanomaterials via hydrothermal route. After that, we have 

witnessed the rising interest in BiOXxY1−x (X, Y = Cl, Br, and I) with superior optical 

absorption property and optical stability. The usual synthesis methods for alloy BiOX, 

such as precipitation, hydrothermal and solvothermal routes, are listed in Table 1. The 

point of facilely achieving high-quality alloyed compounds is the similarities of the 

lattice constant between the substrate material and the material to be grown. Hence, 

halogen sources including KX, NaX, NH4X, CTAX (X = Cl, or Br) or ionic liquids 

(C16[Mim]Cl and C16[Mim]Br) are widely used for the synthesis of alloy BiOX. And 

the obtained alloyed BiOX photocatalysts display diversified morphologies and 

excellent band energy. To confirm the main influence factors and develop 

environmental-friendly facile synthesis, the guide and perfection of synthesis factors 

is very important. Referred to Table 1, two key experimental variables are suggested, 

viz. (I) the proportion and kinds of reagents offering halogen atoms (II) the control of 

reaction conditions including, temperature, time, solvent used for preparation and the 

pH of the reaction solution. 

 To clarify the relationship between different experimental variables and the 

properties of alloyed BiOX, a series of studies have been reported. For example, 

BiOCl0.875Br0.125 [64] was synthesized by a quite simple stirring at room temperature. 

The committed step was completely dissolving Bi(NO3)3•5H2O to form intermediate 

species [Bi2O2]
2+

, via using glacial acetic to facilitate an instant reaction of Bi3+, water 
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and the halide anions. Moreover, as common structure-directing agents, CTAC and 

CTAB are also supplied as the halides source. Recently, Yang [65] prepared various 

BiOClxBr1-x to reveal the effects of raw materials and solvents. They found out that 

NH4Cl, KBr and water tended to guide simple stacking with nanoplates, while 

polyacrylamide (C-PAM), CTAB and glycol were inclined to form 3D hierarchical 

flower-like microspheres. In principle, hierarchical flower-like structure endows 

BiOX with larger specific surface area and more active sites, thus boosting 

photocatalytic reactions. Liu et. al firstly synthesized alloyed Bi24O31ClxBr10-x [66] by 

dissolving appropriate amounts of Bi(NO3)∙5H2O, CTAB and CTAC into ethylene 

glycol at 160oC for 16 h. These works evidently demonstrated that alloyed BiOX 

photocatalytic activity is mainly contingent on the fabrication protocol and nature of 

the source materials. 

2.2 Bismuth-rich BiOX 

As well known, band structure is pivotal for the energy utilization efficiency and 

photocatalytic properties of semiconductor. Based on the DFT calculations of BiOX, 

the upper VB is primarily composed of hybridized O 2p orbitals and X np (n = 3, 4, 

and 5 for X = Cl, Br, and I) orbitals; whereas the CB is based on the Bi 6p orbitals 

[67]. This calculation suggests that an effective way to decrease the band gap of BiOX 

is to adjust the relative amounts of bismuth, oxygen and chloride. Therefore, 

bismuth-rich strategy (BixOyXz) with increasing in the content of bismuth may change 

the bandgap energy, endowing a more negative CB positions with stronger reducing 

ability of the electrons [68-70]. Recently, first-principles calculations exhibited 
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hybridized Bi 6p and Br 4s orbitals on the Bi24O31Br10 [71], thus upshifting CB to 

achieve the application of water splitting.  

In addition, bismuth-rich strategies also provide a perfect platform for tuning IEF 

to enhance BCS efficiency. The hybridization of the Bi 6s and O 2p levels induces a 

highly dispersed VB that increases the mobility of photo-induced holes in VB and 

hence favors oxidation reaction in photocatalysis [72]. Furthermore, the enhancement 

of IEF relied on BixOyXz (X = Cl, Br, I) is also important for the improvement of 

photocatalytic activity. In general, the migration pathway of charge carriers includes 

the bulk and the surface of photocatalysts. The charge separation efficiency increases 

with the enhancement of IEF, especially for BCS. For BixOyXz, the expanded 

interlamellar spacing and dipole moment endow it with strong IEF perpendicular to 

[Xm] layers to promote excellent separation of electron-hole pairs. Therefore, studies 

have widely focused on bismuth-rich bismuth oxyhalide materials, and a series of 

novel BixOyXz photocatalysts were synthesized. 

We summarized the synthesis process of bismuth-rich bismuth oxyhalide in Table 

1, including hydrothermal and solvothermal process [67, 73-82], calcination process, 

microwave synthesis [69, 83, 84], and molecular precursor synthesis [85-90]. Within 

these processes, the reaction time, reaction temperature, nature of reaction solvents, 

solution pH and reactant mole ratio play key roles in obtaining BixOyXz (X=Cl, Br, I) 

[67, 73-82] (Table 1). Solution pH plays an important role in the hydrothermal 

process. Commonly, alkalization regulation is almost the most widely used methods 

in hydrothermal process using bismuth salts (Bi(NO3)3•5H2O and BiX3) as bismuth 
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source. Earlier in 2003, Wang and Li [91] investigated the composition of ternary 

bismuth oxybromide controlled by pH adjusting using the cationic surfactant 

cetyltrimethylammonium bromide (CTAB) as the bromine source. As a result, 

Bi24O31Br10 nanobelts were obtained at pH 8–10 by hydrothermal method, Bi3O4Br 

were prepared at 11–12, while the pH increased to 13-14, Bi12O17Br2 nanobelts were 

gained, whereas at lower pH<7 and replacing CTAB with NaBr, only BiOBr 

nanoplates were obtained at various pH conditions. They suggested that formation of 

CTA+OH- might be suitable for the growth of bismuth oxide bromide nanobelts. 

Normally, Bi3+ first reacted with H2O and halide ions to yield BiOX, with the 

increasing of pH, the halogen ions in BiOX are gradually replaced by OH- leading to 

the formation of BixOyXz. A series of Bi4O5X2, Bi24O31X10, Bi3O4X, Bi5O7X, 

Bi12O17X2 and finally a-Bi2O3 could be synthesized when the amount of ammonia was 

sufficient. The inferential pathways of the formation of BixOyXz are elucidated as 

follows: 

 Bi3+ + 3OH- → Bi(OH)3 (1) 

 2Bi(OH)3 + X- → BiOX + H2O + OH-     (2) 

 Bi3+ + 3X- → BiX3 (3) 

 BiX3 + 2OH- → BiOX + 2X- + H2O (4) 

 4BiOX + 2OH- → Bi4O5X2 + 2X- + H2O (5) 

 6Bi4O5X2 + 2OH- → Bi24O31X10 + 2X- + H2O (6) 

 Bi24O31X10 + 2OH- → 8Bi3O4X + 2X- + H2O (7) 

 5Bi3O4X + 2OH- → 3Bi5O7X + 2X- + H2O (8) 
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 12Bi5O7X + 2OH- → 5Bi12O17X2 + 2X- + H2O (9) 

 Bi12O17X2 + 2OH- → 6Bi2O3 + 2X- + H2O (10) 

Actually, BiOX materials with increased Bi contents, such as Bi3O4Cl, Bi12O17Cl2, 

Bi12O17Br2, Bi5O7Br, Bi24O31Br10, have been prepared at alkaline condition using 

bismuth salts as bismuth source. In contrast, while using α-Bi2O3 as bismuth source, 

acid addition might favor the synthesis of bismuth-rich BiOX using the halogen to 

replace the oxygen under an appropriate acidic condition. For example, Xiao’ s group 

[67] synthesized a serious of BixOyXz by one-pot hydrothermal route using Bi2O3 as 

bismuth resource via changing the amount of nitric acid. With the increase of HNO3, 

Bi2O3 gradually was transformed to basic bismuth (III) nitrate and then BiOX, and the 

BixOyXz were finally synthesized with sufficient HNO3 addition. For example, with 

the increasing HNO3 addition ranging from 0.33 to 1 mmol, Bi5O7I, Bi7O9I3 and 

Bi4O5I2 and BiOI were prepared. Especially, Bi7O9I3 and Bi4O5I2 demonstrated 

superior bisphenol-A degradation ability than others due to their relatively narrower 

band gap energy and stronger oxidation ability.  

Meanwhile, calcination treatment of BiOX and/or Bi2O3 is another widely used 

route to realize bismuth-rich strategies. Because of the weak van der Waals 

interactions between the halogen atoms, the halogen could be easily removed or 

replaced in BiOX. For example, Lin et al. [92] synthesized Bi3O4Cl by calcination 

method which used Bi2O3 and BiOCl as raw materials to calcine at 700 °C in air. The 

prepared photocatalysts possesses an improved visible-light-driven photocatalytic 

activity via the regulation of band structure. The hybrid states in Bi3O4Cl can lead to 
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the fair dispersions in the conduction, and the valence band, consisting of Cl 3p, O 2p 

and Bi 6s orbitals, which might favor a fair mobility of photogenerated charges and 

separations of electron-hole, thus improving the photocatalytic ability. 

Besides, microemulsion and molecular precursor methods could realize accurate 

tailored morphology and band structures. Fig. 4 illustrates the following four 

photocatalysts morphology formation process in detail. Mao et al. controlled the 

morphologies of Bi4O5Br2 [77] via increasing the amount of surfactant TX-100 

addition (Fig. 4a). The surfactant TX-100 stabilizes variable ions in microemulsions 

and the concentration of TX-100 control the morphologies of Bi4O5Br2 nanomaterials. 

Single-crystal Bi3O4Br nanorings [78] have been synthesized by a simple 

solvothermal method through a 3-steps process including formation of precursors, 

selective etching and Ostwald ripening. Moreover, it has been reported that BiOCl can 

be assembled into Bi24O31Cl10 hollow microspheres via a 600oC calcination using 

carbonaceous materials as sacrificial templates [86]. More interestingly, with the 

assistant of water, 5 nm diameter Bi5O7Br nanotubes [93] was successfully 

self-assembled under a low-temperature stirring condition. In this typical preparation 

process, bismuth-bromine-oleylamine (Bi–Br–OA) complexes were firstly ordered 

over 15 d stirring and then, with slow water addition, the complexes gradually 

hydrolyzed and self-assembled into ultrafine nanotubes (Fig. 4(b-h)).  
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Fig. 4. Representative photocatalysts morphology formation process (a) Schematic illustration for 

the proposed formation process of Bi-rich Bi4O5Br2 with different morphologies [77] (b) 

Schematic illustration of the preparation process of ultrafine Bi5O7Br nanotubes [93] (c-h) 

HADDF-STEM-EDS mapping of Bi, O, Br elements. Reprinted with permission from Elsevier, 

Wiley-VCH. 

2.3 BiOX with defect introduction 

Appropriate surface defects can control the electronic states and coordination 

structures by the surface dangling bonds and localized electrons [94, 95]. In term of 

photocatalysis, defect engineering, such as OVs and metal atom vacancies, is the most 

effective strategies for the modulation of absorption range, charge separation, 

transport properties, or active sites of catalyst [96]. For example, introduction of 

surface metal atom defects in the ultrathin BiOCl nanosheets contributes to both 

up-shifted VBM and CBM, which remarkably inhibits the recombination of charge 

carriers [37]. The introduction of OVs usually accelerates the exciton dissociation and 
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distorts the localization of the band‐edge states, benefiting the enhanced 

charge‐carrier generation. Especially in BiOX, the typical layer structure and the long 

bond-length and low bond-energy of the Bi–O bond might be beneficial to the 

formation of OVs in BiOX [27, 97]. The typical layer structure of BiOX makes it 

possible for the exposed O atoms to escape from surface to form vacancies. Then the 

localized electronic states (consisting of the Bi 6p orbital) appeared at the position 

lower than the CB minimum and thus form a new shallow donor levels [98-100]. 

Nowadays, the electron spin resonance spectra are usually employed to glean more 

direct evidence for the presence of oxygen vacancies. The signal at g = 2.0001 is a 

characteristic peak of OVs (Fig. 5a) [101]. Besides, Wu and coworkers also used 

annular bright-field STEM (ABFSTEM) images to directly visualize the OVs in 

BiOCl. As shown in Fig. 5b, OVs exhibited much brighter dots compared to the O 

atoms, which were marked as red circles [102].  

In principle, the OVs on BiOX could serve as potential centers for the 

photogenerated electrons on CB, thus impeding the direct recombination of 

electron-hole pairs. Meanwhile, OVs might favor the capture of typical molecules (O2, 

H2O, CO2 and N2), which is beneficial for boosting the photocatalytic performance on 

the surface of BiOX [103, 104]. The OVs-mediated molecule adsorption is supposed 

to promote electron-transfer rate due to strong coupling. For example, OVs-mediated 

photocatalysis realize sustainable molecular oxygen activation, conquering the spin 

forbidden reactions of O2 in triplet state. Therefore, oxidants (such as O2) can directly 

generate reactive oxygen species (ROS) to degrade pollutants.  
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Owing to these improved activities, numerous studies have reported that enriched 

OVs in BiOX could extend light response to long wavelength to visible light. In 

general, BiOCl with the band gap around 3.3 eV exhibits only UV light absorption 

ability, while the incorporation of OVs gave rise to the visible light driven 

photocatalytic activity [105]. As illustrated in Fig. 5c, Xie and co-workers synthesized 

two types of BiOCl samples (nanoplates and nanosheets). With the thickness of 

BiOCl nanosheets reduced from 30 nm to atomic level (thickness of ~2.7 nm), the 

type of vacancies changes from V‴ 
Bi to V‴ 

Bi V
•• 

O V
‴ 

Bi
 vacancy associates, apparently 

narrowing the band energy of BiOCl from 3.25 eV to 3.00 eV. Besides, formation of 

OVs on BiOI nanosheets also gave rise to a red shift of ~100 nm in the light 

absorption band and a magnitude promotion in donor density, as well as a significant 

promotion in photocatalytic degradation of MO [106].  

Very recently, it has been found that OVs have an impact on the involved 

excitonic process, thus enhancing photocatalytic selectivity and conversion for 

organic synthesis [107-109]. Employing OVs-mediated BiOBr as a model material, it 

has been reported that oxygen vacancy introduction effectively transforms excitons to 

charge carriers, thus accelerating benzylamine compounds undergo a smooth 

oxidation to N-benzylidene benzylamine [96]. Commonly, femtosecond time-resolved 

transient absorption spectra act as a robust indicator for the photogenerated charge 

concentration in BiOX systems. As illustrated in Fig. 5d, OVs-mediated BiOBr 

exhibits a much stronger intensity, which means a longer photoinduced electrons 

recovery average lifetime compared to pristine BiOBr. The longer average electrons 
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lifetime brought about effective •O2
− production and then realized excellent 

photocatalytic performance of imines synthesis from amines, with over 90% 

conversion and selectivity. Interestingly, similar results were also observed for 

OVs-mediated BiOCl, which further found that the photocatalytic activity was 

partially dependent on the levels of oxygen vacancies [110].  

 

Fig. 5. (a) Low-temperature EPR spectra of BiOBr with and without OVs. [111]; (b) ABF-STEM 

images of UV-BiOCl-OH samples and FFT patterns with some example OVs noted by red circles 

(c) Schematic illustration of the band structure of ultrathin BiOCl nanosheets and BiOCl 

nanoplates, the upshifting of valence band maximum, and conduction band minimum effectively 

separate the photoinduced electron−hole pairs in ultrathin BiOCl nanosheets [37]. (d) 

Representative TA spectra taken at the probe delay of 3 ps for both samples [96]. Reprinted with 

permission from American Chemical Society. 
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Similar to OVs-TiO2, approaches such as elevated temperatures, light irradiation, 

and high volts of scanning tunneling microscope contributed to oxygen vacancy 

introduction in BiOX. Typically, the involvement of lattice oxygen in the driven 

synthesis reaction can result in oxygen deficiency on the surface of BiOX [105, 107, 

112]. For example, during the solvothermal and hydrothermal process, the alcohol 

groups of ethylene glycol, mannitol and glycerol can react with the oxygen exposed 

on the facets surfaces of BiOX to eliminate surface hydroxyl groups, thus 

constructing surface vacancy. The annealing pure BiOX at raised temperatures 

(generally >200 oC) under pure N2/Ar gas atmosphere or vacuum condition is also a 

usual method to form oxygen vacancies. For example, Wang and Yong [96] have 

obtained BiOBr-OV by calcining under vacuum conditions and the OVs could lead to 

instability production of excitons production by partly distorting the band-edge states 

around the defective sites. On the contrary, heating BiOCl-OV [113] in O2 atmosphere 

under 300 °C condition for 4 h could prepare defect-free BiOCl.  

Moreover, oxygen vacancies can also be created by ultrasonic stripping and 

lithium-intercalation process. For instance, Bi12O17Cl2 nanosheets were immersed in 

n-butyllithium solvent in argon atmosphere to keep heating 100 oC for 72 h and after 

sonicated for 40 min it would be rich in surface oxygen vacancies. Organic ligands in 

n-butyllithium and lattice oxygen atoms on Bi12O17Cl2 would strongly interact with 

each other to construct coordinate bonds in this condition. During a long time 

ultrasonication exfoliation procedure, the bond fission of organic ligands would 

spontaneously generate oxygen vacancies on surface of single-layered Bi12O17Cl2 
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nanosheets [114]. 

However, it's worth noting that the position of OVs can be partly filled with 

coupled molecules during photocatalytic process. Therefore, the stability and 

regeneration of surface OVs need in-depth study. Fortunately, photo-induced process 

may open up a new avenue for designing easily regenerated OVs to deeply understand 

defect-dependent surface characteristics. Recently, Li et al. [115] has observed the 

OVs generation on BiOCl under the UV light. Accordingly, under ambient UV light 

conditions, the photo-induced electrons are trapped by molecular oxygen, while holes 

are trapped at the surface lattice O along the (001) direction to partially neutralize the 

O anions. Then the trapped holes partly weaken the binding bond between localized 

Bi atom and the lattice oxygen, and thus in favor of the removal of surface O atoms. 

Obviously, this surface structure is highly favor of the OV generation through (O–O) 

4− + 4h+ → O2 reaction, releasing O2 and accomplishing the final step for the OV 

formation. Therefore, the long-term photocatalytic stability and efficiency are rooted 

in the OVs on the 001 faces of BiOCl refreshed by UV light.   

2.4 Element doping 

Element doping, including both metal doping and non-metal doping, is a common 

approach for tailoring the absorption edges of Bi-based materials [32]. This method 

usually achieves perfect visible-light absorption and sufficient active species 

production for photocatalysts [116, 117]. To date, metallic elements (e.g. Ti, Fe, Mn, 

Co and rare earth elements) [118-123] and non-metallic elements (e.g. C, N, S and I) 

[124-127] doping into BiOX both have been widely reported. Commonly, option of 
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doping element is a vital process basing on two central criteria: (1) The doping 

elements could capture electron/hole and conduce to their local separation; (2) 

Release of electron/hole is essential for subsequent migration process to the interface 

[54]. 

Transition metal doping is an efficient strategy for BiOX, as it affects the band 

structure, inhibits the recombination of electron-hole pairs and prolongs the life of the 

carriers. For example, Jiang and co-workers [128] demonstrated that Ag/Ti-doped 

BiOBr, Ti-doped BiOBr and Fe-doped BiOBr could be prepared via a facile one-pot 

solvothermal method and applied to RhB removal. Comparably, the hollow Fe-doped 

BiOBr showed the highest RhB degradation ability, which was attributed to the tune 

of the bandgap and the formation of the hollow structure with Fe doping. Recently, 

Wang et al. reported that Co-doping could extend the light absorption region and 

enhance the charge transportation efficiency by forming a doping energy level in the 

band gap of BiOCl [121]. No significant variation of VB maximum (2.39 eV) and CB 

minimum (-0.70 eV) was observed in Co-BiOCl, whereas an additional energy level 

constructing of Co 3d orbitals and a little O 2p orbital appeared as the mid-gap state. 

The position of the additional energy level is calculated to be 1.19 eV, which is 

responsible for the red-shift of absorption edge and promotion of electron-hole pairs. 

Subsequently, trivalent rare-earth ions-doping have attracted increasing interest due to 

their low-toxic nature and good activated luminescence properties for the host lattice 

of bismuth oxyhalides.  

Compared to metallic doped BiOX, non-metal ion doping not only plays a role in 
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the valence band position tailoring, but also acts as an IEF tuner. Lin et al. [129] 

demonstrated that the I-doped BiOBr could modulate valence band through the 

formation of consecutive I- impurity levels. Besides, the FI-IR spectra of B-doped 

BiOBr [126] exhibited the enriched surface hydroxyl groups, which efficiently 

promoted the absorption of pollutant. More importantly, the non-metal ion doping, 

which acts as an IEF tuner to efficiently improve bulk-charge separation was also 

investigated. Taking C-doped Bi3O4Cl as an example, its IEF was proportional to the 

concentrations of carbon dopants [56]. And the Bi3O4Cl with carbon concentration of 

3.16% possessed the highest IEF, which is 126 times than Bi3O4Cl (Fig. 6a). 

Meanwhile, the femtosecond-resolved transient absorption spectroscopy (TAS) was 

used to probe the electron transfer dynamics. As shown in Fig. 6b, C-doped Bi3O4Cl 

remained 60% of the maximum electrons alive after 4000 ps charge decay. This 

remarkably extended electrons lifetime evidently demonstrated the fast separation of 

electron-hole pairs in C-doped Bi3O4Cl, which can be ascribed to the ultrastrong IEF. 
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Fig. 6. (a) Variation in IEF intensity of C-doped Bi3O4Cl, BOC- Bi3O4Cl, BOC-C1-0.92%C doped 

Bi3O4Cl, BOC-C2-1.86% C doped Bi3O4Cl, BOC-C3-3.16% C doped Bi3O4Cl. (b) PL spectra of 

pure and C-doped Bi3O4Cl, andBi3O4Cl with various surface/interface modifications [56]. (c) the 

pristine BiOI, (d) In-2 BiOI [123].  

To date, various methods have been exploited for the preparation of 

element-doped BiOX (Table 1). Among these methods, hydro-/solvothermal routes 

are extensively and deeply investigated. For example, Li et al. [123] adopted a facile 

one-shot solvothermal method via mixing Bi(NO3)3·5H2O, KI and In(NO3)3 and 

keeping at 160 oC for 2 h to synthesize In-doped BiOI. As a result, In-doped BiOI 

nanosheets with the thickness of 60 nm were obtained and promoted photocatalytic 

activity towards p-chloroaniline (PCA) under visible light irradiation, which was 

about 10 times faster than that of untreated BiOI.  

In addition to conventional one-shot solvothermal procedure, a homogenous 

carbon doping in BiOCl was successfully synthesized by a two-step pre-hydrothermal 

carbonization processing and subsequent calcination treatment [124]. The initial 

hydrothermal process induced dopant precursor of carbonaceous nanoclusters into the 

shallow lattice of BiOCl. Then, the calcination treatment in air brought the diffusion 

of carbon dopant from the home position toward the host lattice atom. Through 

time-dependent X-ray photoelectron spectroscopy (XPS) analysis to decode 

incorporation of carbon dopants into their lattices and UV-vis diffuse reflection 

spectra to directly image the absorption range, they demonstrated that the 

homogeneous carbon doping efficiently lifted the VBM and extended light-response 
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range. 

2.5 Other methods 

2.5.1 Heterojunction 

 Heterojunction structure, exhibiting coupling interaction between two or more 

semiconductors with well-matched band structures, has been regard as an efficient 

structure for meliorating the separation of photogenerated charge carries and the 

visible light harvesting [130]. Such a heterogeneous system is endowed with 

interacted surfaces and the robust synergistic effect [131]. For this reason, 

construction of heterojunctions by coupling BiOX with other semiconductors has 

been expected to be effective in enhancing its photocatalytic capacity. To date, the 

coupled semiconductors include BiOX [73, 132-137], other Bi-based nanomaterials 

[138-141], metal oxides [142-144], organic semiconductors [145-148] and others 

[149-151]. 

 Based on the type of electron-hole pair migration and separation, the BiOX-based 

heterojunction could be classified into conventional and Z-scheme heterojunctions. 

The three different carrier migrations are illustrated in Fig. 7. Nowadays, the studies 

of BiOX-based heterojunction are mainly focused on the type II junction and 

Z-scheme systems. In convention II junction, the electrons transfer from the CB of 

semiconductor a (SC-a) to the CB of semiconductor b while the holes transfer from 

the VB of semiconductor b (SC-b) to the VB of SC-a. This is because that the CB and 

VB levels of SC-b is lower than the CB and VB levels of SC-a. Thus far, use of 

convention II junction has been recognized as an efficient strategy for building a huge 
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potential gradient and electron field to induce efficient charge separation. For example, 

BiOI@Bi12O17Cl2 [111] was synthesized by simple in situ glycol-assisted assembling 

BiOI on the surface of Bi12O17Cl2 nanosheets. The high-efficiency separation and 

transfer of electron and holes, resulting from the BiOI 001 active facets and 

convention II junction of BiOI@Bi12O17Cl2, was identified as the main reasons for 

enhanced photocatalytic activity for degradation of RhB and 2,4-dichlorophenol. 

Similar to BiOI@Bi12O17Cl2, a series of heterojunctions such as Bi2WO6-BiOCl [139], 

BiOBr/Bi2WO6 [140], BiPO4-BiOClxBr1-x [141] have reported this type of 

electron-hole pair migration and separation. Conversely, in a Z-scheme system, the 

photo-excited electrons in the CB of SC-a will transfer to the VB of SC-b and 

recombine with photo-excited holes. As a result, the holes and electrons will remain in 

the VB of SC-a and CB of SC-b, respectively, which efficiently promote the 

separation of electrons-holes and maximize the redox ability of BiOX-based 

heterojunction. 

 

Fig. 7. Schematic representation of photogenerated electron-hole separation mechanism on (a) 
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type II junction and (b) direct Z-scheme systems. 

2.5.2 Facet effect 

 In general, single-crystalline material can present different electronic structures to 

obtain distinctive photocatalytic properties through the proportion adjustment of 

different facets [65, 166]. Ye et al. firstly prepared BiOCl nanosheets with dominant 

(001) facets in 2011 and reported that the enhanced photoactivity was related to the 

formation of oxygen vacancies [27]. Lately, (001) BiOI with oxygen defect [111] has 

been reported, which exhibited excellent photocatalytic activity for the degradation of 

HCHO. The enhanced photocatalytic performance could be attributed to the high (001) 

facets and the introduction of oxygen vacancies, thus efficient promoting the 

separation and migration of charge carriers. Moreover, BiOBr nanosheets [153] with 

fully exposed (001) facets possess efficient photocatalytic performance for bacterial 

inactivation due to the assistance of oxygen vacancies. 

 The other strategies using facets effects are to tune internal electric field [110, 

154]. As mentioned above, Zhang’s group detailly investigated the facet effects of 

BiOCl and reported a correlation relationship between the facet exposure and internal 

electric field (IEF). It was demonstrated that the exposed 001 facets efficiently utilize 

IEF to promote the separation of electron-hole pairs. As a result, the enhanced IEF 

yields higher photoreactivity. In their subsequent work of single-crystal Bi3O4Cl [155], 

they synthesized 86%, 91%, 95% 001 faceted Bi3O4Cl and measured the 

corresponding magnitude variation of IEF to further clarify the effect of facets. It is 

found that the more 001 facets exposed on the surface of Bi3O4Cl, the stronger IEF 
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was measured. 

2.5.3 Surface plasmonic resonance 

 As an optical phenomenon, plasmonic photocatalysis depending on the 

combination of semiconductor and metal (e.g., gold, silver and bismuth) has received 

wide attention. Two characteristic features: (Ⅰ) Schottky junctions and (Ⅱ) localized 

surface plasmon resonances (LSPRs) endow plasmonic photocatalysts with preferable 

photoreactivity. The Schottky barrier between metal and the interface of the 

semiconductors, which drives photo-induced charge carriers around this area to 

migrate in opposite directions. Simultaneously, the LSPRs phenomenon results in a 

strong resonant optical absorption [156]. Recently, similar to Ag and Au nanoparticles, 

Bi elements had been found to exhibit a direct plasmonic photocatalytic performance 

[157-159]. Hong et al. [160] fabricated 3D sunflower-like BiOClxI1−x with Bi 

nanoparticles and surface disorders by using NaBH4 as a suitable reductant at room 

temperature. The Bi nanoparticles on surface of BiOClxI1−x could act as electron 

scavengers promoting electron-hole pair separation, which greatly improve the 

visible-light-driven photocatalytic performance for dyes and phenols degradation. In 

another case, Dong et al. [161] formed Bi metal @oxygen-defective BiOCl via 

one-step solvothermal method, exhibiting superior photocatalytic activity for NOx 

removal. Through in-situ FITR spectra to decode OVs-mediated reaction 

intermediates, they demonstrated that (I) the NO could be adsorbed on the surface of 

BiOCl and then oxidized to virous forms of nitrite and nitrate; (II) the OVs on the 

surface of BiOCl ensure the transition of electron-hole pairs under visible light 
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illumination and Bi nanoparticles could transfer more hot electrons to adsorbed O2 to 

increase the production of •O2
− radicals. 

2.5.4 Strain engineering 

In recent studies, strain engineering has been a well-established technique to 

modify electronic band structures and construct a lateral pseudo-heterostructure [162, 

163]. Feng et al. synthesized square and circular BiOBr by pH modulation in 2015 

and realized that the different morphologies generated different inner strains, thus 

impacting the band symmetry [164]. Fig. 8 shows the TEM and geometric phase 

analysis based on HRTEM images of square and circular BiOBr. Although both of the 

samples are 2D materials, the internal strain distributions of BiOBr-circle are smaller 

and more uniform than BiOBr-square. Therefore, even though the circular 

morphology has a narrower light absorption spectra and smaller surface area than 

those of square geometry, the former exhibited a more excellent photocatalytic 

performance in the photodegradation of pollutants. 
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Fig. 8. TEM images of (a) BiOBr-square and (c) BiOBr-circle (scale bars are 1000 nm). Strain 

simulation of (b) BiOBr-square and (d) BiOBr circle based on HRTEM (scale bars are 10 nm). 

The internal strain distributions are in the xy-direction (Exy), the x-direction (Exx), and the y 

direction (Eyy), with the scale for the whole image area [164]. Reprinted with permission from 

The Royal Society of Chemistry. Reprinted with permission from American Chemical Society. 

4 Photocatalysis environment application of BiOX 

 Environment remediation is one of intense studied topics that we are facing today 

in photocatalysis field. Motivated by the enormous demand to solve pollution 

problems, much effort has been made to explore new catalysts to achieve green 

degradation of pollutants [47, 112, 178, 179]. It is clear that quite a number of BiOX 

with engineering layered structure have been investigated as promising photocatalysts 
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to ideally attain good photocatalytic performance. In this section, we try to give a 

systematic summary on the current photocatalysis application of BiOX, ranging from 

the degradation of aquatic pollutants to air purification. 

4.1 Degradation of aquatic pollutants 

 Various pollutants, such as dye, antibiotics, phenols and heavy metals, existed 

widely in water, which seriously influence public health and ruin global ecosystem 

[107, 177, 180-182]. Hence, there is a growing interest in photocatalytic degradation 

of contaminants in water [183-185]. The redox reactions between BiOX and aquatic 

pollutants are dependent on the free radicals produced by electrons or holes. Based on 

the controllable structural design of the synthesis, it is easy to construct BiOX with 

desirable capacity to absorb light, thereby initiating tailorable photocatalytic 

properties for the application in this topic. 

In general, the photocatalysis procedure of dyes includes both degradation and 

detoxification [186-188]. Motivated by the discovery of BiOX as effective 

photocatalysts, a series of BiOX with engineering layered structure have been used to 

degrade different organic dyes, like methylene blue (MB), methyl orange (MO) and 

RhB [189]. Recently, Wang et al. [85] found the degradation rate of MO was related 

to concentration of OVs on the surface of BiOBr, which was about 5.3 times than that 

of pristine BiOBr. Interestingly, through active species trapping experiments, holes 

were the dominating oxidative species, but •O2
− could obviously boost photocatalytic 

performance. A possible explanation was that the adsorbed O2 on the OVs acted as a 

trap for electrons, thus enhancing the separation of charge carriers. Moreover, the 
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photocatalytic degradation performance of MB by BiOCl-OVs was also been 

explored by Bhawna Sarwan and co-workers [173]. It was proposed that electrons 

could transfer from the VB to OV states under visible light. Meanwhile, OVs was an 

active electron traps, resulting in the efficient separation of the hole-electron pairs. 

Consequently, the degradation rates of gray BiOCl (BiOCl-OVs) was 4.72 times as 

fast as that of pristine BiOCl. 

The strategy to synthesize alloyed BiOX is a conventional method used for dye 

degradation. Theoretical calculations [190] first revealed that solid solutions 

represented a precise manipulation of the CB and VB level, achieving an optimal 

balance between the wider of the absorption spectrum and more adequate redox 

potential. Based on this point, in order to find a correlation between the tunable band 

position and reaction potential of the valence band, Ren and his coworkers [191] 

synthesized BiOMxR1−x (M, R = Cl, Br, I) photocatalysts by precipitating at a 

low-temperature and the optimized alloyed BiOX (BiOCl0.5Br0.5, BiOCl0.75I0.25 and 

BiOBr0.75I0.25 ) exhibited the highest photocatalytic performance for the degradation 

of RhB. Then, it has also been reported that solid solutions could enhance 

movement/distribution of photogenerated free carriers because of the impurity defects 

acting as trap centers for free carriers [21]. Compared with pure BiOX, alloyed BiOX 

generally possess smaller nanosheets and larger surface areas, and it is easier to 

self-assemble 3D hierarchical flower-like nanostructures during growth process [60]. 

Therefore, besides the aforementioned 3D flowerlike BiOCl0.875Br0.125 [64] which can 

completely decomposed 15 mg/L RhB solution within 120 s upon visible light and 
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kept the decomposition progression even after turning off the light source in the 

course of the process (after 40 s), RhB solution (2 × 10−5 mol/L) could also be totally 

decomposed in 6 min by using 5% WO3-BiOCl0.25Br0.75 photocatalysts (0.5 g L−1) 

under visible-light irradiation [192].  

 As a worldwide used medicine in diseases and agricultural production, antibiotics 

are hazardous to ecosystem due to their inherent toxicity and persistence in 

environment [193, 194]. Based on the multiple engineering of layered structure, it is 

easy to construct BiOX with tailorable photocatalytic activity to degrade different 

antibiotics, such as tetracycline (TC), ciprofloxacin (CIP) and 

4-methylaminoantipyrine (4-MMA). To evaluate the degradation and mineralization 

of antibiotics during photocatalytic process of BiOX, a series of technologies have 

been extensively adopted. The classical mineralization index is defined as removing 

ratio of total organic carbon (TOC). For instance, after 60 min of visible light 

irradiation, Bi24O31Br10 nanoflakes [69] eliminated 70.9% of the TOC, showing a 

remarked mineralization ability to TC. Lately, considering autofluorescence properties 

of TC, 3D excitation−emission spectra (EEMs) combined with high-performance 

liquid−mass spectrometry (HPLC−MS) were used for exploring its mineralization 

properties. The intensity of fluorescence during photodegrading TC obviously 

changed with the reaction time, indicating the degradation of low-molecular organic 

compounds by CCN/Bi12O17Cl2 [195]. 

 BiOX has exhibited excellent performance for the photodegradation of phenols 

into low-molecular organic compounds and inorganic CO2, H2O, NO2
-, NO3

- etc. [196, 
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197]. It was observed that Bi12O15Cl6 [85] exhibited excellent photocatalytic activity 

for the degradation of bisphenol A under visible-light illumination (BPA, a 

representative endocrine-disrupting pollutant), corresponding to 13.6 times as high as 

that of BiOCl. The favorable rich of [Bi-O] layers brought about suitable energy band 

structure and thus produced h+, •OH, and •O2
− to participate in the oxidation reaction 

during photocatalysis. The detailed reactions process was displayed as follows. 

 Bi12O15Cll6  + hv → h+ + e- (11) 

 O2 + e- → •O2
− (12) 

 •O2
− + •O2

− + 2H+ → H2O2 ＋O2 (13) 

 H2O2 + e- → •OH + OH- (14) 

 BPA + h+, •O2
− or •OH → degradation products (15) 

The interchange-center role of oxygen-vacancy-mediated and 

bismuth-rich-mediated photocatalysts in the degradation of antibiotics and phenols are 

also elucidated in detail in this review. To form a Z-scheme system, 

BiO1-xBr/Bi2O2CO3 [145] was prepared by adjusting the process parameter such as 

the concentration of NaBr and reaction time. The difference between two different 

photocatalytic systems is shown in Fig. 9. Comparably, the Z-scheme photocatalyst 

exhibits highly enhanced apparent photocatalytic rate constant of per unit surface area 

for BPA up to 13.24 × 10−3 m−2 h−1 and 4- MMA to 15.53 × 10−3 m−2 h−1(k/SBET) 

under visible light irradiation, which is respectively 3.2 times and 6.6 times than that 

of non-oxygen vacancy involved BiO1-xBr/Bi2O2CO3 photocatalysts system. In this 

Z-scheme system, oxygen vacancies act as electron mediator or storage center of 
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photogenerated electron-hole pairs, thus achieving excellent production efficiency of 

active species (Fig. 9a). These findings have greatly promoted the process of practical 

application for BiOX in wastewater remediation. 

 

Fig. 9. Schematic illustration of two different photocatalytic systems and photocatalytic 

mechanisms. (a) Illustration of photocatalytic mechanisms of Z-scheme BiO1-xBr/Bi2O2CO3 [159]. 

Schematic illustration of two different photocatalytic systems: (b) heterojunction-type and (c) 

Z-scheme mechanisms photocatalytic system [145]. Reprinted with permission from Elsevier. 

3.2 Air purification  

 Nitrogen monoxide (NOx) is one of the most usual gaseous pollutants, which 

leads to various atmospheric environmental problems including acid rain, 

photochemical smog and so on [198]. The degradation of the gaseous pollutants via 
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photocatalysis is mainly comprised of three crucial steps: (I) charge separation and 

transportation; (II) the formation of •O2
− species or •OH ; (III) catalytic reduction 

reactions [199]. In fact, a series of BiOX photocatalysts of bismuth-rich and alloying 

have been employed in photoreduction of NOx. The photocatalytic activity of 3D 

flower-like BiOClxBr1-x [166] was expounded by oxidizing NO at 100 ppb levels 

under visible light illumination (λ> 400 nm). During the photoreduction process, 0.2g 

BiOCl0.5Br0.5 was dispersed into a diameter of 10 cm dish and showed satisfying 

photocatalytic activity. This was mainly due to the fact that 3D flower-like structure 

offered large surface area and the solid solution modified the band gap to adopt the 

optimized balance between the enhanced visible light adsorption and adequate redox 

potentials. In general, combination of OVs and construction of heterojunctions in 

BiOX can lead to better photocatalytic performance. For example, Zhao et al. [200] 

formed BiOCl/ppy -OVs by a room temperature chemical method. According to in 

situ diffuse reflectance infrared Fourier-transform spectroscopy and radical trapping 

experiments, the OVs acted as active site to efficiently adsorb and active O2 molecular 

which remarkably increase the production of •O2
−. As a result, the NO was inclined to 

be oxidized into NO3
− instead of NO2 under the high concentration of •O2

−. This 

photocatalytic process offers an efficient strategy to simultaneously inhibit toxic 

intermediates and enhance photocatalytic activity. 

 SO2 emitted from the burning of sulfur-containing fossil fuels for domestic 

heating, power generation and motor vehicles are main factors of sulfuric acid 

formation, which is the main component of acid rain. Compared to NOx, the 
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application of BiOX as photoreduction of SO2 are much less. Inspired by 

BiOI/Al2O3-padded trickling scrubber system [201], in which SO2 and NO can be 

totally reduced by the visible light irradiation at the same time, the use of BiOX to 

achieve photoreduction of SO2 still need further research. 

 Similar to photoreduction of NOx, the severe environmental hazards of volatile 

organic compounds (VOCs) have took great enthusiasm in the environmental 

applications of BiOX. Recently, a novel group of BiO(ClBr)(1-x)/2Ix solid solutions 

with visible light absorption were synthesized and achieved a precisely control of 

band gaps ranging from 2.88 to 1.82 eV [202]. As illustrated in Fig. 10, 

BiO(ClBr)0.375I0.25 showed the maximum efficiency in CO2 evolution, which was 2.3 

and 23.2 times higher than BiO(ClBr)0.5 and BiOI, respectively. Nevertheless, 

BiO(ClBr)0.21I0.58 performs best in the acetone evolution (215.6 μmol•h-1•g-1). To 

further investigate the reaction mechanism, a fluorescence method was used to 

measure the photocatalytic generation of • OH. The photo-induced holes of 

BiO(ClBr)0.5 could react with H2O to form •OH radicals because the VBM (+ 2.88eV 

vs. NHE) is more positive than that of •OH /H2O (+2.80eV vs. NHE). However, the 

substitution of Cl and Br by I lead to upshifts of the VBM, thus BiO(ClBr)(1-x)/2Ix was 

more likely directly oxidized IPA by photoinduced holes (Fig. 10c). In addition, it has 

also been reported that (001) BiOI with oxygen defects represent superior 

photocatalytic activity for the removal of formaldehyde gas [111]. This distinct 

enhancement was due to the fact that the introduced oxygen defects efficiently 

promote the separation and transport of photoinduced electron-hole pairs. This work 
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provided a novel strategy to fabricate BiOX-based materials for the removal of 

formaldehyde gas using facet and oxygen defects. 

 

Fig. 10. (a) Evolution rates of acetone and CO2, and (b) number of used photons (in one hour) and 

internal quantum efficiencies as the functions of band gap in BiO(ClBr)(1-x)/2Ix solid solutions. (c) 

Proposed mechanism of photo oxidizing IPA over BiO (ClBr)(1-x)/2Ix solid solutions [202]. 

Reprinted with permission from The Royal Society of Chemistry. 

5 Summary and outlook 

The unique layered structure and tunable electronic structure endow BiOX 

photocatalysts with excellent photocatalytic activity and promising application for 

environmental remediation. However, pristine BiOX suffered from inherent 

drawbacks, including poor light absorption, lack of surface-active sites, and rapid 

recombination possibility for the electron-holes. To address environment challenge, 
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multiply structural optimized strategies have opened a new possibility to improve the 

photocatalytic performance. In this review, we have highlighted recent advances in 

the fabrication of BiOX in controllable performance and their potential environment 

applications. The synthetic section firstly imparted the exhaustive demonstration of 

the photochemical properties and synthesis methods of alloyed, bismuth-rich, doped 

and defect-introduced BiOX. Besides, the introduction of heterojunction, facet effect, 

surface plasmonic resonance and strain engineering can also improve the 

photocatalytic activity of BiOX. Emerging research has demonstrated BiOX-based 

nanomaterials to be an efficient photocatalyst for photodegradation of aquatic 

pollutants and air purification. Despite much advancement in this area has been 

obtained as outlined above, there are still several difficulties that limit the wide usage 

of BiOX. Below are some prospective opportunities for future study: 

The limited performance in environment remediation can be, in part attributed to 

synthesis challenges in design of BiOX-based materials. Current studies reveal that 

reducing layered materials to monolayers or ultrathin nanosheets is beneficial for the 

migration of photoinduced charge carries and the exposed atoms escaping from a 

lattice to construct vacancies. More BiOX-based materials with atomic thickness 

should be extensively synthesized to full explore their potential.  

Although some effort has been developed to construction of alloyed BiOX, the 

alloyed type is almost based on pristine BiOX. The mix-and-match strategies among 

alloying, bismuth-rich strategy, defect introduction is rarely investigated in detail. 

Previous studies have demonstrated that bismuth-rich strategies provide a perfect 

Ac
ce
pt
ed
 M
S



 

42 

platform to investigate IEF. Element doping and facet control are available 

approaches for the enhancement of IEF. More efficient strategies such as construction 

of homojunction and reducing thickness need further exploration. In addition, the 

introduction of surface OVs in BiOX is an efficient modulation strategy to extend 

light absorption and accelerate separation of charge carries. However, the study of 

other types of defect appearing in BiOX such as halogen vacancies and dual vacancies 

is still lacking. Further research should pay attention to the formation of other types of 

defects and specific mechanism of photocatalysis under the different types of defects.  

The improved characterization can develop new insight into clarifying the 

evolution of structure and detailly understanding photocatalytic process. Nowadays, 

current characterization is usually based on ex-situ methods. Photochemical-reaction 

mechanism exploration under in-situ reaction conditions is instructive to prepare 

high-performance photocatalysts. One promising in situ technique is in-situ TEM, 

which provides new potential in exploring advanced materials based on the 

structure-property correlativity. Recently in situ TEM have been developed to observe 

the photocatalytic splitting of water and growth of nanowires to clarify the reaction 

pathways [203, 204]. These techniques could offer fundamental structural information 

on the BiOX and their stability under reaction conditions, which would turn into input 

for constructing relevant model structure in DFT calculation. 

BiOX remains a unique layered material with excellent photochemical properties 

that have potential to be significantly developed in various environment application. 

However, most of BiOX-based photodegradation are evaluated in aqueous solutions. 
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For gaseous pollutants especially VOCs, the relative reports are much insufficient. 

Simultaneously, the toxic monitoring of photocatalytic system during the treatment of 

complex organic pollutants should be developed to prevent secondary pollution. At 

last, hopefully in this review we have partly lifted the mysterious veil of 

structure-property correlativity based on the full understanding of distinct electronic 

and optical properties of BiOX-based materials, thus promoting and advancing the 

various applications of bismuth-based photocatalysts. 
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