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ARTICLE INFO ABSTRACT
Keywords: Semiconductor based photocatalysts have been an efficient technology for water and wastewater
i i remediation, addressing the concepts of green chemistry and sustainable development. Owing to
Bismuth oxybromide diati ddressing th ts of hemi d inable devel t. Owing t
BiOBr come)ls1tes narrow and suitable band structure, BiOBr is a promising candidate for efficient wastewater
g:?;?it:;?o; treatment via photocatalysis. Enhancement of photocatalytic properties can be obtained by
H ) . various techniques like doping, element rich strategy, facet engineering, and defect control. This
eterogeneous catalysis . X 5 ) ] ) | i ” )
Radicals review primarily focuses on the band engineering of single BiOBr, its binary, ternary composites

and their applications in degradation of hazardous pollutants in wastewater. Moreover, current
challenges and future perspectives were discussed along with concluding comments.

1. Introduction

Industrialization has been a beneficial factor in our lives but, it is also caused of environmental pollution including air, water and
soil pollution. The rapid increase in the population has increased this pollution particularly, water pollution, which is a major chal-
lenge that is threatening the existence of the human world [1,2]. Reports suggest the presence of a variety of pollutants in wastewater
including pharmaceuticals, heavy metals, dyes and other organic pollutants [3-6]. These contaminants create huge problems for the
environment in general and the human population in particular. Reportedly, there is an abundance of pharmaceutical products, such as
antibiotics and other drugs, in water bodies, and it results in the generation of antibiotics resistance among bacteria, rendering them
ineffective and also cause major health risks to humankind [7,8]. Limited exposure to heavy metals has minimal effect on environment,
but long term exposure is hazardous for humans leading to the failure of human body systems. Most of the heavy metals are carci-
nogenic and they cause skin diseases, kidney failure, lung damage and fragility of bones [4,9]. Dyes present in the wastewater are toxic
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to aquatic life and cause cancers in human beings [10-12]. Summarily, dyes containing wastewater is highly hazardous for ecosystem
and the health of living beings, it should be treated before entering into water bodies. It is a prerequisite for good human health to drink
clean water free from toxic materials such as pharmaceuticals, dyes, heavy metals, organic waste and harmful microorganisms. A
report published by the United Nations on world water development suggests an increase in the demand for clean water by nearly
one-third in next 30 years [13]. Other than primary requirement of clean water for human health, various industries such as food,
electronics and pharmaceuticals also need clean and potable water for their proper functioning [8,14]. To reduce the health risks,
environmental hazards and to meet world water demands, it is needed to effectively treat the wastewater. However, conventional
techniques for wastewater remediation process are not efficient enough to remove emerging pollutants such as pharmaceuticals, dyes,
and organic pollutants [15,16]. Owing to the failure of conventional wastewater treatment plants in handling of aforementioned
contaminants it is essentially needed to develop new technologies for proper removal of these hazardous materials [17]. For waste-
water treatment aimed at removal of these chemically stable, highly persistent and non-biodegradable contaminants, various
advanced technologies have been employed. These advanced wastewater treatment technologies include electrochemical reduction
[18], membrane filtration [12,19], precipitation [20], electrodialysis [21], photocatalysis [22,23] and electrodeionization [24]. These
technologies except photocatalysis are not suitable for wastewater treatment in terms of efficiency and economy. Large intake of
energy, complicated process, wastes and by-products formation are the major disadvantages of these techniques. Among all of these,
photocatalysis is the best technique owing to its efficiency and cost-effectiveness. Photocatalysis is the process in which of sunlight
energy is converted into chemical energy, through a series of reaction steps, that is further used to degrade the pollutants in waste-
water. It converts complex pollutants into simple and harmless molecules using mild conditions and consuming abundantly available
sunlight. These features make this technique very economical and environment friendly [22,25]. Photocatalysis is a state of the art
oxidation process and it mechanism involves generation of electrons and holes after striking of sunlight photon on the surface of
photocatalyst. Degradation reaction of wastewater contaminant is initiated by electrons and holes that are photogenerated in valence
and conduction band, respectively [23,26]. Suitable properties of semiconductor photocatalyst determine rate and efficiency of
photocatalysis. Therefore, an ideal catalyst must be chemically/biologically stable, photo-active, cost-effective, photo-stable, and
reusable and must have a narrowband gap so that it can harvest the maximum portion of sunlight energy in broad spectrum.

Owing to the importance of photocatalysis, the developments and improvements in the properties of photocatalyst are widely
researched areas in this field, as exhibited by excellent reviews referenced here [27-29]. Owing to the beneficial presence of oxygen in
photocatalyst, various metal oxide semiconductors including Fe;O3 [30], TiO5 [3,31,32], ZnO [33], BipO3~ZnO heterojunction [34],
Bi*t/Zn0O [35], Ce203 [36], BiFeO3 [37] and bismuth oxyhalides BiOX (X = Cl, Br, I) based photocatalysts have been synthesized
aimed at photocatalytic wastewater treatment [28,38,39]. As compared to the conventional metal oxides, BiOX offers more suitable
properties for efficient photocatalytic process such as better chemical stability, biological inertness, better positioned band structure,
narrowband gap for maximum sunlight energy harvesting and unique layered structure that enhances rate of photocatalysis [40]. BiOX
has unique lamellar structure in which X3~ slabs are interleaving Bi,O layers and Bi-X show weak van der Waals interaction and Bi-O
strongly bonded through covalent bond as shown in Fig. 1. This novel structure supports the production of electric field internally that
acts as facilitator for more charge separation and enhancing overall photocatalytic process [41,42].

Among BiOX, BiOBr is an ideal photocatalyst owing to its small band gap (2.75 eV) [43], making it capable of maximum visible
sunlight energy harvesting photocatalyst [44]. BiOCI has a broad band gap of 3.3 eV with strong absorption in UV region light while
bismuth oxyiodide (BiOI) has a small band gap of 1.77 eV and it is a visible light active photocatalyst. Although, BiOBr and BiOI both
have narrowband gap, but there is a high recombination frequency of charges in BiOI that results in decimation of energy without
effective photocatalytic activity. The effectiveness of a photocatalyst is determined by its capability to absorb light and utilize that light
energy to excite electrons from valence and these electrons jump to the conduction band followed by creation of holes in the former

Fig. 1. Unique lamellar structure of BiOX illustrating the presence of X3 slabs between Bi,O, layers. Reproduced from Ref. [41] with permission
from the Royal Society of Chemistry. This is an Open Access Article licensed under Creative Commons Attribution 3.0 Unported Licence. https://
creativecommons.org/licenses/by/3.0/.
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band, provided that band gap of semiconductors is equal to or less than absorbed light. These generated electron hole pairs initiate
chemical reaction that degrade contaminants in the wastewater treatment process. Other than band gap, the efficiency of photocatalyst
is also influenced by the speed with which electrons and holes pair recombine, the swift recombination of charges decreases the
photocatalytic performance [45-49]. Conclusively, Bismuth oxybromide (BiOBr) is the most efficient photocatalyst as it has a suitably
small band gap (2.75 eV) [43] and suitable band structure that minimize rapid recombination of electrons and holes; however this rate
is not suitable for large scale applications. However, there are some shortcomings that restrict practical applications of single BiOBr at
large scale wastewater treatment. These shortcomings include rapid recombination rate and less separation of photo-generated charge
carriers, poor sunlight utilization, and difficult recovery of catalyst for reuse [50]. Various methods have been developed, to overcome
these limitations, such as photosensitization, facet control, defect engineering, doping, bismuth rich strategy and heterojunction
formation etc. In photosensitization, a photosensitizer such as metal porphyrin or phthalocyanine is introduced with BiOBr to generate
a heterostructure photocatalyst with better charge separation and visible light absorption [51]. To maximize the reactive surface of
photocatalyst, facet control strategy is used such as formation of nanosheets which enhance the exposed reactive sites and narrow the
band gap of BiOBr photocatalyst [52]. In defect engineering, metal-oxygen vacancies are created to modulate absorption range,
enhance charge separation and increase active site area, for example, introduction of bismuth vacancy in BiOBr nanosheets reduced
the charge carrier recombination rate and enhanced the photocatalytic performance. To address the rapid recombination of electrons
and holes, transition metals are introduced as dopants, yttrium doping on BiOBr can increase about 17% of photocatalytic performance
in degradation of ciprofloxacin [53]. To increase the surface area and narrow down the band gap, a bismuth-rich strategy is commonly
used [54]. The formation of heterojunctions of BiOBr with other materials such SnS; and Bi;S3 enhances the electron-hole separation
and increases photocatalytic activity [48,55]. In the process of heterojunction formation, two or more semiconductors with compatible
band structure and band gap are coupled to take photocatalytic process at higher level for wastewater treatment. Various studies on
heterojunction formation portray this method as a most suitable solution to overcome the aforementioned shortcomings of semi-
conductor photocatalyst.

Recently, heaps of work has been reported on the binary and ternary composites aimed at improving photocatalytic efficiency of
BiOBr photocatalyst [49,56-58]. There is limitation in binary composites that transfer of electron-hole pairs and its participation in
redox reaction is quite a complicated process and causes lagging in overall degradation reaction. To overcome this limitation, re-
searchers gave more focus to the design and development of ternary composites having improved efficiency intrinsically. Ternary
composites are better than binary composites in terms of providing more active sites and suppressing the recombination of
photo-induced charges [59-63]. The significance of BiOBr in photocatalytic wastewater treatment is increased by its maximum visible
light harvesting capability coupled with more reactive sites and suppressed electron-hole pair recombination phenomenon.

To date, according to our knowledge, no review has been published focusing on binary and ternary composites of BiOBr as a
photocatalyst for wastewater treatment. The purpose of this review is to elaborate recent research on binary and ternary composites of
BiOBr with primary focus on band engineering for maximizing its photocatalytic efficiency. The hazardous effects of wastewater
pollutants on the environment and human health are also critically analyzed while outlining synthesis approaches for binary and
ternary BiOBr composites for addressing this environmental issue. This review provides elaborative information to the reader about
band gap engineering techniques, particularly heterojunction formation and significance of this technique in the application of BiOBr
binary and ternary composites for photocatalytic wastewater treatment.

2. Synthesis of BiOBr composites
The combination of two or three semiconductors has been successful in enhancing light harvesting capacity, increasing charge
separation, providing more active sites and suppressing charge recombination. The coupling of semiconductors having compatible

band structures results in the synergistic role of each semiconductor used and enhances the surface area, ultimately leading to
improvement in photocatalytic efficiency of composites. BiOBr based binary and ternary composites have been prepared mainly by
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Fig. 2. Various synthesis methods of bismuth oxybromide based binary and ternary photocatalyst.
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solvothermal [54], ultrasonication [64], ion exchange [65], wet chemical [66], co-precipitation [67] and hydrothermal methods [68],
as exhibited in Fig. 2. The subsequent paragraphs give a brief outlook of these synthetic methods.

2.1. Solvothermal method

In solvothermal method, the precursors are treated with heat at high pressure generated in an autoclave. This autogenous pressure
is the main reason for the initiation of a reaction that was not possible to achieve at normal pressure. A variety of the solvents are used
to produce precursor solutions such as ethylene glycol [50], ethanol [69] and glycerol [70]. For instance, CdS/BiOBr binary com-
posites have been synthesized using solvothermal route in which ethylene glycol is used as solvent and the product was employed for
degradation of ciprofloxacin and norfloxacin antibiotics [71]. Li and coworker reported synthesis of Fe304/BiOBr/BiOl ternary
composites through solvothermal method employing ethylene glycol as solvent and studies their photocatalytic activity by degrading
chemical dye rhodamine B [50]. Solvothermal approach offers high crystal quality, uniform particle size and high yield. Other BiOBr
based composites synthesized through solvothermal method include PANI/BiOBr/ZnFe;O4 [72], Fe304/mSiOy/BiOBr [69] and
BiOCl/BiOBr [73].

2.2. Ultrasonication method

In this method, reaction mixtures undergo ultrasonic processing for a suitable time. Qu et al. synthesized K/g-C3N4/BiOBr ternary
system through ultrasonication of reaction mixture. K/g-C3N4 was ultrasonicated before addition of bismuth nitrate, as a precursor,
and cetyl trimethyl ammonium bromide (CTAB), as a surfactant, in suspension. The reaction mixture was heated in a water bath for 2h
at 80 °C. Excessive CTAB and other impurities were removed by washing with ultrapure water and alcohol [64]. Cheng et al. syn-
thesized BiOBr/Bi,02CO3 binary composite through same route in ultrasonication of only 40 min after mixing sodium bromide in
deionized water and then dispersing BioO2CO3, The pH of the solution determined the surface area of the product, pH = 2 was ideal for
preparing photocatalyst with highest efficiency [74]. This method demands high edge technologies, resulting in the high cost of
photocatalyst synthesis.

2.3. Ion exchange method

In this method, already present ionic species in the material template are replaced by desired chemical species leading to the
formation of new product. Lyu et al. [65] synthesized Bi/BiOBr/AgBr by employing ion exchange method in which Br/BiOBr was
added in ethylene glycol solution of AgNOs3 and stirred for 12 h. To collect the product, centrifugation was employed and it was dried
for several hours at 80 °C before using it as a photocatalyst to degrade of rhodamine B. Similarly, AgBr/g-C3N4/BiOBr based ternary
photocatalyst was also synthesized through ion exchange rout, which was employed for the photocatalytic degradation of industrial
dyes and pharmaceutical products present in wastewater [75].

2.4. Wet-chemical method

This method is simple liquid phase synthesis of composites in deionized water or any other suitable liquid. Li et al. employed this
method in the synthesis of Ag/BiOBr/GO in which separate solutions of BiOBr and AgNO3 were blended together and stirred for 10-15
min. Graphene oxide and NaBH, were added to the reaction mixture and stirred for 1 h. To wash the product, ultrapure water was used
and it was oven dried for 24-48 h at 60 °C [66]. Gao et al. reported the synthesis of BiPO4/BiOBr binary composites by mixing BiOBr in
ethanol and adding phosphoric acid (H3PO4) dropwise with continuous vigorous stirring for 20 min. The product was obtained in the
form of precipitates that were washed several times and placed in an oven at 80 °C for 12 h [76]. It has been known that toxicity and
by-product formation are major limitations of this method.

2.5. Co-precipitation method

In co-precipitation method, the components are precipitated simultaneously with the help of co-precipitating agent such as NaBH,.
This method is environment friendly in terms of its less time consumption and requirement of low temperature, as compared to other
methods. Guo et al. synthesized Ag/CDots/BiOBr through this method. It involved the dispersion of CDots/BiOBr in deionized water
with AgNOj3 and then the reaction mixture was vigorously stirred until a suspension was formed. The dropwise addition of NaBH4
solution in the suspension resulted in the co-precipitation of product that was separated after centrifugation. The product was
employed to degrade 4-chlorophenol, wastewater contaminant, through photocatalysis under sunlight [67]. In the co-precipitation
method, nucleation and product growth kinetics can be controlled by manipulating release of component ions. Similarly, BiO-
Br/BiOCl/PANI was synthesized by the same method and the product was employed for degradation of wastewater abundant dye
methyl orange [77]. Other composite synthesized through co-precipitation route is BiOBr/TiO [78].

2.6. Hydrothermal method

There is a slight difference of employed solvent between solvothermal methods where various organic solvents are used, while in
hydrothermal route water is employed as a solvent. Normally, precursors are dissolved in distilled water and transferred into an
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autoclave followed by heating for a suitable time and temperature, autogenous pressure initiates the reaction and a variety of het-
erostructures are produced. Time and temperature of reaction, precursor and medium of solution are major determining factors for the
quality of product. Jiang et al. synthesized BiOBr/BiOI binary composites through a hydrothermal method in which precursors were
mixed in water/nitric acid and then heated for 12 h at temperature ranging from 110 to 260 °C. The product with varying ratios of
oxygen and halides were employed for the photocatalytic degradation of wastewater contaminants such as phenols and crystal violet
dyes [68]. Ternary composites of BiOBr/Fe304/rGO were also synthesized by the hydrothermal method, as shown in Fig. 3 [62].
Hydrothermal synthesis is cost effective, less toxic and controllable in terms of size and morphology. Other BiOBr composites syn-
thesized by hydrothermal method include AgBr/g-CsN4/BiOBr [75], CQDs/BiOCl/BiOBr [79], BiOCl/BiOBr [80] and BizS3/BiOBr
[81].

3. Photocatalysis

Photocatalysis is a phenomenon in which a semiconductor based photocatalyst is employed to absorb sunlight and initiates the
degradation reaction. Sunlight energy is converted into chemical energy that is used to degrade a variety of pollutants including
organic molecules, dyes, pharmaceuticals, pesticides, personal care products, oils and inorganic molecules [82-84]. Electrons, excited
by sunlight energy, jump from the valence band, to the conduction band, followed by the creation of holes in the same band; this
excitation requires striking of sunlight photons on the photocatalyst surface, provided that they have energy more than the band gap of
the photocatalyst. The energy consumed by this process is provided by the sunlight photons. Semiconductor with narrowband gap such
as BiOBr [85] is more suitable the photocatalyst because narrow band gap enables photocatalyst to harvest the maximum visible
sunlight portion. Photo excited electrons-holes are separated and transferred to the surface of semiconductor. These electrons-holes
may recombine producing phonons and heat, leading to the decreased number of charge carries and ultimately less efficient photo-
catalysis. This step can be prevented by development of binary and ternary composites of visible light photocatalyst such as BiO-
I/BiOBr [43] and g-C3N4/Bi/BiOBr [86]. Binary and ternary heterojunctions enhance the photocatalysis rate by narrowing the band
gap and suppressing electron-hole pair’s recombination rate. In photocatalytic reaction, electrons and holes are generated when light
strikes on the surface of photocatalyst. The major function of photo generated electrons is to reduce contaminants in wastewater and to
react with oxygen to produce highly reactive superoxide radicals (¢0z2); in the same process, when these electrons react with water
molecules present in the environment, they produce highly reactive hydroxyl radicals and they are used in further enhancement of the
pollutant degradation process. The radical species react with organic contaminants and convert them into simple less toxic molecules,
with expected final degradation products such as CO2 and H20. On the other hand, photo generated holes react with water molecules
to produce hydroxyl radicals that react with contaminants and convert them into simple molecules. Photogenerated holes also react
directly with pollutants such as methylene blue dyes and convert them into carbon dioxide and water directly, photocatalytic
mechanism has been further elaborated in excellent reviews referenced here [87-89]. Another factor that can influence photocatalysis
rate is the adsorption of pollutant material on the photocatalyst surface, as this process can increase the charge movement and enhance
rate of redox reaction [26,90]. The high rate of charges recombination and broad gap of photocatalyst render photocatalyst incapable
of working at higher scale. Various strategies are employed to overcome these limitations and the formation of heterojunction is one of
them. For visible light photocatalyst BiOBr based binary and ternary composites are promising photocatalysts for wastewater treat-
ment at higher level without compromising efficiency. For instance, ternary composite heterojunction PANI/BiOBr/ZnFe;0O,4 has been
used to degrade of organic pollutants such as benzene through photocatalysis, as shown in Fig. 4 [72].

% 44 ‘
? a3« 2O apias
Qs Fe N PO 3
CH S ER e presor A
/"-f‘({~ AL emE—— ——I\ij’v(\ip,_
G238 Niydrothermal O o T
Ao ) s if T)
GO Fe,04/RGO B
i é.
GO
RGO
G
Hydrothermal
Fe;0, b 1 %
LXK L% -
BiOBr -

BiOBr/Fe;0,/RGO BiOBr+Fe;0,/RGO+Ethylene glycol

Fig. 3. Schematic illustration of BiOBr/Fe304/1-GO by hydrothermal method. Graphine oxide reacted with iron precursor to produce Fe304/1-GO
which is then dipersed in ethylene glycol to produce ternary composite. Reproduced from Ref. [62] with permission from the Royal Society of
Chemistry. This is an Open Access Article licensed under Creative Commons Attribution-Non Commercial 3.0 Unported Licence. https://
creativecommons.org/licenses/by-nc/3.0/.
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Fig. 4. Photocatalytic degradation mechanism of nitrobenzene by PANI/BiOBr/ZnFe;04 Reproduced from Ref. [72] with permission from Elsevier.
License Number: 5524161276243.

4. Strategies for enhancement of photocatalytic activity
4.1. Photosensitization

Photosensitization is a process of associating sensitizer with a photocatalyst to significantly enhance photocatalytic activity. A
photosensitizer is a chemical specie that facilitates absorption of sunlight energy from ultraviolet to visible region and transfers this
energy to a photocatalyst to initiate a reaction, degradation reaction in this case. It acts as an additional energy source for photocatalyst
to drive a degradation reaction. Photosensitizers based on transition metals are widely used in diverse fields and they have coordinated
complex with conjugated ligands [91]. Basically, photosensitizer enhance the sunlight absorption of photocatalyst by extending its
absorption spectrum from UV light to visible region by employing chemi-sorbing or physico-sorbing substances. The photosensiti-
zation mechanism involves the transfer of visible light excited electron to the conduction band from the valence band of photocatalyst,
where these electrons are used to progress the photocatalytic reaction. Owing to photostability and excellent photosensitizing
properties, photosensitizers based on organometallic complex are widely used, the examples include ruthenium complexes, copper
complexes and zinc complexes [92-95]. Aimed at wastewater treatment, degradation of phenols and orange II dye has been performed
on Cu-Phthalocyanine (Cu-Pc) sensitized BiOBr/rGO under simulated sunlight. The result showed that loading of 0.25% of photo-
sensitizer onto the photocatalyst surface gave significantly better results as compared to unloaded [51,96]. There are a large number of
conjugated ligands that make porphyrins capable of absorbing a wide range in visible regions and owing to this feature, its complexes
with transition metals are excellent photosensitizers for photocatalytic process. Photosensitization of BiOBr/BiOCl/PANI with
Sn-porphyrin (Sn-PP) results in excellent photodegradation of methyl orange, with 96% degradation efficiency in only 10 min. Sn-PP
sensitized BiOBr/BiOCl/PANI showed 7% more degradation efficiency than unloaded photocatalyst and this enhanced activity is due
to the small band gap of Sn-PP and resultant more absorption in the visible region [97]. Photosensitization process can only extend the
absorption spectrum of photocatalyst and it has limited use because it cannot narrow down the band gap or reduce charged recom-
bination, and also they are expensive to use, and their performance is lower than the composite materials.

4.2. Facet control

Facet of crystalline photocatalyst is an important feature that can change the absorption of sunlight, geometry, electronic structure,
surface physiochemical properties and intrinsic activity. To enhance the photocatalytic properties of semiconductor material, facet

3.0
1.0
b
2.54
0.8
2.04
U= 0.6 —
< a0 e 800 <154
) Wavelength (am) = 15
041 & -
10 e . — -
024 —=—BiOBr-102 0.54
—*— BiOBr-001 —u— normalized luminosity
0.0 T T T T T T T f 0.0 T T T T T
0 2 4 6 8 10 12 14 16 0 20 40 60 80 100
Time/min Time/min

Fig. 5. (a) Residual concentration of dye for two facets of BiOBr, inset shows UV-Vis spectra of dye in aqueous solution changing with irradiation
time, and (b) change in normalized luminosity with time. Reproduced with permission from the Ref. [107]. Copyright © 2014, American Chem-
ical Society.
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engineering has been in focus recently [98-101]. Different studies reported about four mechanisms that are followed in enhancement
of photocatalytic activity through facet engineering.

1) Adsorption and activation of molecules caused by atomic re-arrangement in surface area and through this selectivity, catalytic
activity is tuned [102,103].

2) Redox capabilities of electron-hole pairs are tuned by changing electric band structures through face engineering, resulting in
better efficiency of photocatalyst [104].

3) Crystal orientation determines separation and transfer of their photoinduced charged carriers, leading to variation in charged
density on surface reactions [105].

4) Spatial charge separation results in accumulation of photo generated electron-hole pairs at different facets and this can be achieved
through facet control [106]. Zhang et al. synthesized (001) and (102) in BiOBr nanosheets through hydrothermal route and
investigated their photocatalytic properties for environmental applications such as degradation of industrial dyes. The photo-
catalyst with (102) exposed facets successfully degraded the dye in 16 min of irradiation while (001) facet was slow to degrade,
proving better efficiency of (102) exposed facets in BiOBr nanosheets. Fig. 5 presents a comparison of photocatalytic activity of
both facets. Better photocatalytic performance by (102) is attributed to better band structure as it has higher valence band
maximum and lower conduction band minimum and further more in (102) facet electron ejection is more efficient, redox capability
of photoinduced charge is higher and it has narrowband gap (1.44eV) than (001) facets (2.22eV) [107].

In a similar process, lamellas of BiOBr sheets having a thickness range of 9-32 nm with (001) exposed facet were synthesized
through a simple hydrolysis system and to achieve desired properties, temperature and solvent conditions were tuned. To make this
synthesis easy and greener, no capping agent or surfactant was used. As a result, the active surface area of the photocatalyst was
enhanced from 83% to 94% and this increased active surface areas was confirmed by enhancement in photocatalytic performance in
degradation of rhodamine dye. This increase in photocatalytic activity is due to increased adsorption of dyes on the active surface of
the photocatalyst [108]. Facet controlled photocatalytic materials are far from practical application owing to their difficult and harsh
conditions requiring synthesis, use of expensive and toxic surfactants and multiple issues in their up scaling. There are limited methods
of synthesis of facet controlled photocatalyst and shortcomings of characterization techniques are not adequate for detailed study of
charge kinetics at facet surface.

4.3. Defect engineering

Recently, defect engineering in semiconductor photocatalysis has been focused owing to the ability of this technique to modulate
charge separation, charge density, surface microstructure and electronic structure. Even coordination structure can be changed by
introduction of an appropriate defect in semiconductor photocatalyst [109-111]. Owing to easiness in creation and prevalence in
oxide materials, oxygen vacancies are the most studied defects in photocatalyst. Photogenerated electrons can stay on oxygen vacancy
on the surface of photocatalyst, and it results in reducing recombination of charges. Oxygen vacancies increase adsorption of substrate
and this adsorption enhances the rate of electron transfer due to coupling effect. Both these factors are highly beneficial for the overall
photocatalytic process [112,113]. There are limited studies in which metal vacancies have been created to improve photocatalytic
activity due to the absence of credible process and difficulty in operation of metal defects. However, Wang et al. synthesized BiOBr
with oxygen defect through solvothermal method as a case study to portray defect engineered photocatalyst as an ideal procedure for
environmental remediation. Oxygen rich photocatalyst was employed for degradation of 4-chlorophenol and results showed 10.9
times better efficiency of defect engineered photocatalyst as compared to simple BiOBr photocatalyst. This better photocatalytic
property is ascribed to higher capturing capability in the visible region of light and high charge separation due to solid solutions and its
synergistic effect with oxygen vacancy as they can narrow down band gap and impedes charge recombination [114]. Oxygen based
vacancies are easy to create, but they require a synergizing factor through doping or doping to act as an efficient photocatalyst. There
are several studies reporting oxygen vacancy created in bismuth oxybromide aimed at enhancement of photocatalytic activity for a
variety of purposes such as degradation of pollutants and ammonia synthesis [115,116]. Bismuth based vacancies are rare case, for
instance, Di et al. synthesized BiOBr with bismuth vacancy through ionic liquid assisted technique at room temperature. Defect
engineered photocatalyst showed 3.8 times higher photocatalytic performance as compared to simple BiOBr photocatalyst. This
enhanced activity of BiOBr ultrathin nanosheets with bismuth vacancy is due to more suitable electronic structure and improved
interaction of the substrate with its surface [117]. To get benefit from the synergistic effect of metal and oxygen vacancy, BisO4Br
nanosheets with bismuth defects has also been reported. The synergistic effect of two vacancies has been employed to increase the
electron-hole separation through tuning of electronic structure and atomic arrangement. Resultant photocatalyst with double vacancy
showed 30 times greater photocatalytic activity than simple photocatalyst [111]. Major limitations of defect engineering are harsh
synthetic conditions and difficulty to industrialize.

4.4. Elemental doping

Doping is a widely reported phenomenon aimed at enhancement of photocatalytic properties of BiOBr photocatalyst. Doping in-
hibits electron-hole recombination, enhances visible light absorption and redox capability of photoexcited charge carriers [118]. It is
necessary to add appropriate amount of dopant because excess amount of dopant can be sited for recombination of photo generated
charges as demonstrated by Song et al. excess amount of zinc ion (Zn?*) as dopant on BiOBr results in decreased photocatalytic activity
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[119]. Dopant must have capability of electron/hole capture and should facilitate their separation and easy release towards surface
migration for reaction initiation [120]. In most studies, rare earth metals, noble metals and transition metals have been used in cationic
doping of BiOBr. Palladium is one of the noble metals that have been used as dopant in hydrothermally synthesized BiOBr by Meng
et al. employing photodeposition method, as illustrated in Fig. 6. There was no covalent bonding between Pd and BiOBr, the dopant
was only surface dispersed on the photocatalyst. Pd loaded photocatalyst was used to degrade phenol, and it degraded 100% while
pristine BiOBr was able to degrade only 67%. Noble metal dopant enhance photocatalytic activity of semiconductor photocatalyst by
two mechanisms; 1) enhancement of visible light absorption through surface Plasmon effect and 2) inhibition of photoexcited elec-
tron/hole pairs recombination [121]. The synthesis process of doped-photocatalyst also influences the photocatalytic activity, for
instance, Pd doped BiOBr was synthesized through one pot facile synthesis but their activity was not good as compared to the
aforementioned method. Incomplete reduction of Pd*2 to Pd NPs and non-uniform dispersion of dopant are two limitation of one pot
facile synthesis that results in less photocatalytic activity [122]. Other noble metals employed for doping of BiOBr are silver, rhodium,
platinum and gold [123-125].

Among rare earth metals, erbium (Er), yttrium (Y), cerium (Ce) and lanthanum (La) have been employed as dopant for BiOBr for
photocatalytic degradation of environmental pollutants such as ciprofloxacin and rhodamine B [53,126]. Appropriate amount of
dopant is an essential factor in rare earth metals doping, for instance, Imam et al. synthesized BiOBr through chemical precipitation
method with 1,3 and 5% doping of La*® and employed them for degradation of ciprofloxacin. Maximum degradation was exhibited by
3% Y-BiOBr was 87.6% degradation of wastewater contaminant as compared to pristine BiOBr which was 71.7% only. Increase in
photocatalytic activity till 3% Y-BiOBr is ascribed to the increased surface area, from 19.65 m?/g for pristine to 31.2 m?/g, improved
electron/hole separation and enhanced absorption and in 5% recombination sites for electron/hole are formed that results in decrease
of photocatalytic activity [53]. Similarly, Er-BiOBr has also been reported with varying amount (1, 3, 5 and 8%) of Er and increases
photocatalytic activity was observed till 3% and then decreased which is attributed to formation of electron/holes recombination
centers [126].

Widely studied transition metal doping increases the life span of charged carriers by inhibiting their recombination through tuning
band structure as in the case of Zn-doped BiOBr [119]. Some studies also reported that transition metal doping enhances the visible
light absorption, for instance, Liu et al. synthesized trivalent iron (Fe>*) doped BiOBr and studied their photocatalytic activity by
degradation of methyl orange. Doped photocatalyst showed better degradation as compared to pristine BiOBr attributed to the
increased absorption in the visible region of light and rapid electron/hole transfer [128]. Other transition metals employed for doping
of BiOBr include titanium(Ti), copper (Cu), cobalt (Co), manganese (Mn) and niobium (Nb) [129-132]. There are limited number of
studies that report anionic doping BiOBr. In a similar example of anionic dopant introduction, monovalent iodine anion was doped on
BiOBr produced by precipitation method and employed for sunlight driven degradation of methyl orange. Iodine doped BiOBr showed
more degradation of wastewater pollutant than pristine photocatalyst and this increase in photocatalytic activity is attributed to more
electron/holes generation and broadening of light absorption from ultraviolet to visible region. This broadening of light absorption
occurred due to decrease in band of gaps from 2.77 eV for pristine to 1.93 for iodine doped photocatalyst (Fig. 7) [127]. Noble metals
are expensive and this render their doping an expensive procedure and not suitable for large scale applications. There is no single
doping element that can increase surface area, narrowband gap, enhance charge separation and transfer, inhibits charge recombi-
nation and cost-effective. Other than these limitations of elemental doping necessity of appropriate amount of dopant is another issue.

4.5. Bismuth rich strategy

Band structure, particularly position of conduction band, is important for photocatalytic activity of semiconductor and this
property is restricted by positive position of CB. Reactivity of electrons, that react with water to produce reacting radicals, is directly
proportional to the negative position of CB, more negative position of CB more potent reducing electrons and vice versa. Density

BiOBr PdClz2+ BiOBr Pd NPs doped BiOBr

Fig. 6. Photodepostion of palladium nanoparticle on the surface of BiOBr. Reproduced from Ref. [121] with permission from Elsevier. License
Number: 5524160508282.
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Fig. 7. (a) Comparison of photocatlaytic activity of various I-BiOBr and pristine BiOBr, (b) proposed band gap structures for photocatalytic removal
of methyl orange (MO) using I-BiOBr and pristine BiOBr. Reproduced from the Ref. [127] with permission from Elsevier. License Number:
5524351242852, (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

functional theory (DFT) suggests that the valence bond in BiOBr is primarily based on hybridization of 2p orbital of oxygen and 4p
orbital of bromine while 6p orbital of bismuth gives rise to the valence band [133-136]. There are several studies which revealed that
increase in bismuth content in BiOBr semiconductor enhances the photocatalytic performance. For instance, Mi et al. synthesized
belt-like Bi4OsBro nanomaterials through one step hydrolysis method at varying temperature and employed them in photocatalytic
degradation of salicylic acid and resorcinol. Belt like Bi4OsBry (B-25) synthesized at 25 °C showed 97% resorcinol degradation after 8 h
and 95% salicylic acid degradation after 4 h and it was 50% higher than simple BiOBr. This enhanced photocatalytic property is due to
increased surface area, narrower band gap and more negative CB of Bi4OsBr; (B-25) as shown in Fig. 8. Belt like Bi4OsBr2 (B-25) has
more negative CB (Ecg = —0.37) than plate like Bi4OsBry (Ecg = —0.34) and BiOBr (Ecg = —0.23) and band gap narrow downed to
2.28 eV from 2.67 eV [54]. In similar studies, various bismuth rich oxybromides have been reported including Bi4OsBry [137-140]1,
BisO7Br [141,142], BigO4Br [143], Bij2017Bry [144]1, BizsO31Brig [127,145] and employed for environmental remediation like
wastewater treatment. Synthesis of bismuth rich oxybromide is an ideal technique for optimization of band gap and band structure but
it is difficult process to control amount of bismuth during synthesis. These developments are still far from practical applications to
achieve highly efficient bismuth rich oxybromide photocatalyst for large scale application such as wastewater treatment, there is need
for surface modification, better morphological control and tuning of internal electric field.

4.6. Composite formation

Heterojunctions are constructed through binary and ternary composite formation aimed at enhancement of photocatalytic activity.
In these composites, there is heterojunction at the interface of two different semiconductors with suitable band gap and band structure
that inhibits photoinduced electron/holes recombination. The need of composite formation arose due to inefficiency of single BiOBr
photocatalyst in practical applications at industrial scale. Several studies proved that composite formation is an effective way to in-
crease photocatalytic activity and this increase is due to its better visible light harvesting, more charges separation, layered structure
endowed high surface area and ideal band structure for deep redox potential [146,147]. For instance, Hu et al. synthesized p-n het-
erojunction forming BiOBr/Bi,WOg composite through solvothermal method and employed them for photocatalytic degradation of
industrial dyes and phenolic compounds in wastewater. Photocatalytic degradation efficiency of composites was investigated by its
employment in degradation of phenol and methylene blue and it was able to degrade 96% of methylene blue relative to BiOBr with
degradation of 43% and Bi;,WOg with degradation of 62%. This increase in photocatalytic activity was the result of p-n junction
formation that enhanced the separation and rapid transfer of photogenerated electron/holes pair [148]. Morphology of structure is an
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Fig. 8. The comparison of energy band structures of belt like Bi;OsBrz (B-25) synthesized at 25 °C, plate like Bi4OsBr; (P-160) synthesized at 260 °C
and pristine BiOBr. Reproduced from the Ref. [54] with permission from Elsevier. License Number: 5524180360831.
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important factor for photocatalytic activity. For instance, Rashid et al. synthesized butterfly cluster like lamellar BiOBr/TiO, binary
composite through in situ deposition method at room temperature and employed them for photocatalytic breakdown of ciprofloxacin.
Light absorption was increased owing to increased surface area up to 160.797 from 124.6 m?/g due to butterfly cluster morphology of
BiOBr (See Fig. 9). To determine suitability of the product for pharmaceutical wastewater treatment it was employed for the pho-
tocatalytic breakdown of 25 mg/L aqueous solution of ciprofloxacin under direct sunlight and marvelously 100% degradation was
observed. Binary composites showed 5.2 and 9.4 times more photocatalytic activity than pristine BiOBr and TiO,. Content percentage
of BiOBr in binary composites was another factor that determined degradation rate and percentage of photocatalyst, highest photo-
catalytic activity was showed by 15% BiOBr/TiO, and it was more than binary composite containing 10%, 20%, 5% and pristine
BiOBr. Other than surface area, inhibition of electron/holes recombination was another factor that enhanced photocatalytic activity of
binary composite in such a way that TiO5 acted as an electron sink and holes in BiOBr initiated the reaction of ciprofloxacin degra-
dation [149].

Photocatalytic activity obtained for binary composites is still far from practical use owing to loss of activity during multiple cycle,
chemical instability in the industrial environment and difficult photocatalyst recovery process. For advancement of photocatalytic
properties of binary composites three methods are employed including doping [64], photosensitization [51] and formation of ternary
composites [61]. In case of binary composites of BiOBr doping and photosensitization could not produce desired result with limitations
due to expensive cost of dopant and sensitizers. However, ternary composites proved to be promising candidates in fulfilling the
requirement of an ideal photocatalyst for wastewater treatment at industrial level. Formation of ternary composites has solved the
problem of photocatalyst recovery by introducing magnetic ternary composites. For instance, Li and co-workers reported synthesis of
Fe304/BiOBr/BiOl based ternary composite photocatalyst by solvothermal route to degrade rhodamine B, a textile wastewater dye.
The ternary composite exhibited 100% degradation of dye in 80 min., showing superior photocatalytic activity to the Fe304/BiOBr
binary composite. This increase in photocatalytic activity was due to better light absorption owing to more suitable band gap and band
structure. In ternary composites, synthetic method greatly influences the surface area of the photocatalyst and ultimately photo-
catalytic activity, for example, solvothermally synthesized Fe304/BiOBr/BiOI has more active surface area (48.30 m%/g) than that of a
similar composite synthesized by co-precipitation method [50]. Ternary composites offer improved light absorption, high quantum
yield, rapid electron transfer and better photocatalytic activity. For instance, Zhang et al. synthesized PANI/BiOBr/ZnFe»04 and tried
to harness high charge carrier mobility and environmental stability of the conducting polymer polyaniline (PANI) for photocatalytic
treatment of textile wastewater. The synthesized ternary composite completely degraded the rhodamine B dye in 30 min. Ternary
composite showed better photocatalytic performance as compared to the binary composite and individual components and its
enhancement is attributed to the increased charge carriers generation and their rapid transfer and separation. To assess the wide
applicability of PANI/BiOBr/ZnFe;04 ternary composite, it was used for photocatalytic removal of various other organic pollutants
such as norfloxacin, methylene blue, bisphenol A and methyl orange with removal rates of 89.7%, 90.97%, 75.64% and 95.32%,
respectively, and after 60 min visible irradiation recorded. The effect of pH on photocatalytic activity of photocatalyst was also studied
and reportedly PANI/BiOBr/ZnFey04 ternary composite showed higher photocatalytic activity at neutral pH = 7. In alkaline solution,
degradation efficiency was enhanced due to the increased interaction of photocatalyst and dye owing to negative charge of BiOBr and
positive charge on rhodamine B. Acidic conditions decreased photocatalytic performance of ternary composite and this decrease was
due to positive charge on BiOBr resulting in electrostatic repulsion and less interaction. For practical applications, other than chemical
stability, photostability and reusability are crucial. To determine reusability, ternary composite was used to degrade rhodamine B

co,
H,0 H,0
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Fig. 9. Increased surface area of binary composites due to butter cluster like morphology and subsequent photocatalytic degradation mechanism.
Reproduced from Ref. [149] with permission from Elsevier. License Number: 5524190077045.
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Table 1
BiOBr based binary and ternary composite for wastewater treatment and their photodegradation percentage with degraded pollutant.
Sr. No. Composite Band gap Pollutant Photodegradation (%) Ref.
BiOBr Composite

1. BiOBr/TiO, 2.76 eV Ciprofloxacin 30.7 100 [149]
2. BiOBr/TiO4 2.88 eV Rhodamine B 78 92.8 [78]

3. BiOBr/TiO, - Methyl orange 40 91 [154]
4. BiOBr/TiO, 2.79 eV Rhodamine B 70 100 [152]
6. NiFe;04/BiOBr - Rhodamine B 46 96 [158]
7. BiOBr/RGO - Methylene blue 53.5 94.7 [159]
8. BiOBr/RG 2.58 eV Rhodamine B 50 100 [160]
9. CdWO,/BiOBr - Rhodamine B 40 100 [161]
10. BiPO,4/BiOBr 2.77 eV Dichlorobenzene 26.8 53.6 [162]
11. BiOBr/BiPO4 2.7 eV Methylene blue 40 96 [163]
12. CdWO,4/BiOBr - Rhodamine B 40 100 [161]
13. BiOBr/BiaWOg 2.6 eV Methylene blue 43 96 [148]
14. Ag/BiOBr 2.88 eV Rhodamine B 50 100 [164]
15. BiOBr/BisOsBro 2.43 eV Ciprofloxacin 50 91 [165]
16. BiOBr/BisOsBra - Ciprofloxacin 40 94 [166]
17. BiOBr/Bi,0,CO3 2.82eV Rhodamine B 46.99 92.83 [74]

18. BiVO,4/BiOBr 2.75 eV Rhodamine B 60 95 [158]
21. BiOBr/CdS 2.48 eV Bisphenol A 42 78 [167]
24. BiPO,4/BiOBr 2.63 eV Rhodamine B 57 98 [76]

25. BiPO,4/BiOBr 2.78 eV Rhodamine B 71.3 98 [168]
26. BiOBr/Bi,SiOs 2.61 eV Tetracycline 70 96.1 [169]
27. BiOBr/Bi;2017Cly 2.4eV Methyl orange 70 92 [170]
28. SnO,/BiOBr 2.80 eV Rhodamine B 60 98.2 [171]
29. BiOBr/TisCsy 2.88 eV Rhodamine B 79 100 [172]
30. BiOBr/Bi;MoOg 2.77 eV Ciprofloxacin 38.36 84.63 [173]
31. BiOBr/Bi»S3 1.75 eV Cr(IV) 15 100 [48]

32. Bi»S3/BiOBr 2.25 eV Methyl orange 48 60 [81]

33. Bi>04/BiOBr - Methyl orange 15 100 [174]
34. WS,/BiOBr 2.12eV Ciprofloxacin 61 92 [175]
35. Ag QDs/BiOBr - Rhodamine B 323 83.8 [176]
36. C3Ny4/BiOBr - Rhodamine B 65 100 [177]
37. o-Fe,03/BiOBr 1.90 eV Rhodamine B 60 95 [178]
38. BiOBr/BHO - Rhodamine B 75 100 [179]
39. Bi;MoOg/BiOBr - Methylene blue 20 90 [180]
40. CQDs/BiOBr - Rhodamine B 22.8 95.8 [181]
41. LaFeO3/BiOBr - Rhodamine B 95.2 95.8 [182]
42. BP/BiOBr 2.75 eV Tetracycline 25 85 [183]
43. BiOBr/NaBiO3 2.7 eV Chlorophenol 0.8 92 [150]
44. BiOBr/ZnO 2.66 eV Methylene blue 42 90 [184]
45, CoS/BiOBr - Glyphosate 21.9 74.7 [185]
46. BiOBr/SrFe 2019 2.69 eV Rhodamine B 86 97 [186]
47. LaVO,/BiOBr 2.57 eV acetone 36.1 94.5 [187]
48. MWCNT/BiOBr 2.86 eV Rhodamine B 70 97 [188]
49. Zn,Sn04/BiOBr 2.88 eV Rhodamine B 69 96 [189]
52. ZnS/BiOBr 2.69 eV Tetracycline 70 82 [182]
54. BiOBr/AgeSi> 07 2.41 eV Methylene blue 25 98 [190]
55. BiOBr/BiOI 2.64 eV Rhodamine B 20.8 98.6 [54]

56. BiOBr/BiOI - Tetracycline hydrochloride 33 53 [49]

58. BiOI/BiOBr 2.18 eV Rhodamine B 47.1 71 [146]
59. Bi4O5Br,/BiOl 1.68 eV Crystal violet 20 99 [68]

60. I-BiOCl/I-BiOBr 2.18 eV Methyl orange 45 95 [147]
61. Bi304Cl/Biz4031Brio 2.73 eV Crystal violet - 99 [80]

62. BiOCI/BiOBr - Methylene blue 72 93 [191]
63 BiOBr/UiO-66 2.80 Atrazine 44 88 [192]
64 BiOBr/La,Ti,0; 3.4 Rhodamine B 80 100 [193]
65 BiOBr/TP 3.0 Rhodamine B - 100 [194]
66. PANI/BiOBr/ZnFe;04 - Rhodamine B 60 99.26 [72]

67. Fe304/BiOBr/BiOl 1.77 eV Rhodamine B 20.8 99.8 [50]

68. SiO,/PDA/BiOBr 2.68 eV Rhodamine B 75 100 [195]
69. AgBr/g-C3N4/BiOBr 2.82 eV Rhodamine B 50 98 [75]

70. K/g-C3N4/BiOBr 2.66 eV Rhodamine B 75 99 [64]

71. g-C3N4/BiOl/BiOBr - Methylene blue 40 80 [156]
72. g-C3Ny4/BiOl/BiOBr - Methyl orange 43.5 99.7 [155]
73. g-C3Ny4/Bi/BiOBr 2.43 eV Rhodamine B 52 98 [86]

74. Ag/BiOBr/GO 2.76 eV Rhodamine B 50 98 [66]

75. Bi/BiOBr/AgBr - Rhodamine B 48.4 95.6 [65]

76. Fe30,4/mSiO,/BiOBr - Methylene blue 2.58 51.27 [69]
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Table 1 (continued)

Sr. No. Composite Band gap Pollutant Photodegradation (%) Ref.
BiOBr Composite
77. BiOBr/Fe304/RGO 2.38 eV Rhodamine B 63 96 [62]
78. BiOBr/BiOCIl/PANI 2.2 eV Methyl orange 38 89 [77]
79. BiOBr/TiO2/G - Rhodamine B - 100 [153]
80. BiVO4/BiOBr/Pd 2.48 eV Rhodamine B 45 100 [196]
81. rGO/Bi,S3/BiOBr 1.49ev Cr(Iv) 55 95 [197]
82. Bi;2017C2/Biz04Br/BisOsly 2.43 eV Crystal violet - 99.9 [56]
83. TiO5/BiOBr/Bi,S3 2.55 eV 2,4-Dichlorophenoxyacetic acid 22 98 [198]
84. Ag,CO3/BiOBr/CdS - Tetracycline 80 98.79 [199]
85. Fe304/BiOBr/CQDs 1.31eV Carbamazepine 68.89 99.52 [151]
86. Bi,WOg/BiOBr/RGO 2.4eV Ciprofloxacin 45.3 90.7 [200]
87. Fe304/LDO/BiOBr 1.80 eV Cr(Iv) 45 98 [201]
88. FeVO0,4/BisOsBra/BiOBr - Cr(IV) 14 96 [202]

three time and only trivial 1.4% decrease in photocatalytic activity was recorded as compared to BiOBr where this decrease was
significant 10% for three cycle. X-ray diffraction (XRD) pattern of PANI/BiOBr/ZnFe,0;4 after three cycles of its usage showed lack of
differences, thus indicating its high photostability [72]. Conclusively binary and ternary composites of BiOBr are the most optimized
and promising candidates for photocatalytic wastewater treatment owing to their highest optimization in terms of band gap, band
structure, recovery, reusability, photostability, chemical stability and quantum yield. In subsequent paragraphs, we will discuss the
application of BiOBr based binary ad ternary composite for wastewater treatment.

5. Application of BiOBr based binary and ternary composites in wastewater treatment

A literature on the application of BiOBr based binary and ternary composites in wastewater treatment is widely available. This
section aims to deliberate the mechanism of photocatalytic activity enhancement through formation of binary and ternary composites.
Table 1 clearly demonstrates that binary and ternary composite results in better degradation of wastewater pollutants compared to
BiOBr. The average increase in degradation percentage is more than 50%, for instance in the case of BiOBr/NaBiOs, chlorophenol
degradation percentage was increased from 0.8% (BiOBr) to more than 92% with quantum yield of about 0.365. Multiple factors are
involved in this enhancement of photocatalytic activity, including band gap, band structure, and interface. Modulation of band gap is
the leading factor that is contributing mainly towards enhanced efficiency, by formation of binary composite band gap was optimally
narrowed down from its component. Band gap of NaBiOgs is 2.60 eV and that of BiOBr is 2.88 eV while after formation of binary
composite it is reduced to 2.52 eV which is optimum in terms of both efficient sunlight harvesting and charge carrier generation.
Valence band is based in BiOBr and its amount is important for generation of suitable band structure for maximum photocatalytic
activity, in this case, 9% BiOBr is ideal for highest photocatalytic efficiency, increase results in change in band structure and reduction
of photocatalytic activity. Significance of the interface was determined by comparing photocatalytic activity of 9% BiOBr/NaBiOg
mechanical mixture which gave only 72% photodegradation efficiency, about 20% less than original catalyst. In composite form two
interfaces were closely coupled that reduce electron and hole recombination while in case of mechanical mixture there is no influence
of interface in reducing charge recombination. Conclusively, binary composite results in efficient visible light harvesting due to
modulated band gap, rapid separation with high redox potential, interface to prevent recombination of electrons and holes and 9%
amount of BiOBr to balance the redox ability and separation efficiency of photogenerated charges [150]. Synthesis of binary com-
posites results in improved photocatalytic activity but developments are still far from practical applications. To harness the interfacial
aspect of composites leading to enhanced surface area and increased charge separation, researchers have switched to the synthesis of
ternary composites for wastewater treatment. For instance, Bi/BiOBr/AgBr has about two times greater photodegradation percentage
against rhodamine B than pristine BiOBr which can only degrade 48% of wastewater pollutants while ternary composites easily
degraded about 95% of the dye. This enhanced photocatalytic performance is ascribed to major three factors; high absorption capacity
in the visible region, instant electron transfer and high charge separation efficiency. In this case, presence of Bi metallic nanoparticles
results in surface plasmon resonance that cause more absorption in visible region. It has also been reported that higher visible light
absorption is not only contributing factor towards enhanced photocatalytic activity of ternary composites, but also the smaller arc
radius enhances charge separation efficiency and speed of electron transfer [65]. Recovery of catalyst from wastewater after degra-
dation of target pollutant is a one of the still not solved challenges. Synthesis of magnetic ternary composites containing Fe;O3 makes it
easier to recover the photocatalyst. Moreover, the presence of metal-oxygen bond is beneficial as it can enhance photocatalytic activity
by increasing surface area and facilitating adsorption of pollutants, for example, Fe304/BiOBr/BiOI [50], Fe304/mSiO,/BiOBr [69],
BiOBr/Fe304/RGO [62] and Fe304/BiOBr/CQDs [151]. Irrespective of synthetic method, ternary composites are better than binary
composites owing to ideally modulated band gap, more suitable band structure and more adsorption area for pollutants such as
Bi/BiOBr/AgBr has better degradation efficacy than binary composites of its components and showed 4.9 and 1.4 times faster
degradation of rhodamine B than BiOBr/AgBr and Bi/BiOBr, respectively [65]. Similarly, BiOBr/TiO2/G was found to be a better
photocatalyst than BiOBr/TiO, prepared for variety of pollutant degradation [78,149,152-154] and g-C3N4/BiOl/BiOBr can degrade
different wastewater pollutants more efficiently than binary composites of its components such as BiOI/BiOBr [49,54,146,155-157].
Summarily, BiOBr based composites whether binary or ternary, are better photocatalyst for wastewater treatment than pure BiOBr.
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These composites offer more visible light harvesting to the photocatalyst through narrowband gap, increased charge separation,
reduced charge recombination by suitable band structures, and increased surface area for both enhanced absorption of sunlight and
adsorption of target pollutant. Last but not the least, such photocatalysts can be easily recovered after photocatalytic action if magnetic
components are employed in composites.

6. Current challenges

Though reported literature, it is evident that a significant development in the field of BiOBr based binary and ternary composites
has been made. However, these developments are still far from practical applications. Composites result in increased surface active
sites but their role in enhancing photocatalytic activity is undefined and cannot be manipulated positively. Immobilization of substrate
on the surface of photocatalyst is one of the crucial steps; it needs to explored for better performance. In laboratory, it is easy to degrade
model pollutant but real wastewater is complex mixture that demands more optimization in terms of selectivity and environmental
conditions such pH, temperature and nature of wastewater. Reported photocatalysts are specialized for only single or a group of
pollutants that is challenging to degrade real wastewater by a single photocatalyst. To employ BiOBr based composite photocatalysts at
large scale for industrial wastewater, their manufacturing at commercial level is one of the major challenge that needs to be addressed.
Conclusively, other than band gap; band structure, surface optimization, reusability, recovery and absence of solid supports are huge
challenges.

7. Conclusion

Owing to the layered structure of BiOBr, their composites are efficient photocatalysts for wastewater treatment. For enhancement
of photocatalytic activity, other techniques such as doping, facet control and defect engineering are available to form binary and
ternary composites. In this review, recent literature was summarized to extract vital information for enhancement strategies for BiOBr
based photocatalysts and primarily focusing on binary and ternary composite for photocatalytic wastewater treatment, while briefly
outlining their synthesis methods. This information is substantial for researchers to move forward in application of these binary and
ternary composites at industrial scale wastewater treatment. The synergistic effect of individual components in the composites along
with other enhancement strategies can be beneficial for large scale applications. For efficient removal of pollutants from wastewater,
we believe that future research should be focused on coupling photocatalytic process with complementing techniques such as
membrane based technologies and anaerobic digestion. Therefore, more advanced research is expected in this field aimed at designing
new composites having more suitable band gap, band structure, better chemical and physical stability and surface properties that could
revolutionize photocatalytic wastewater treatment.
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