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Introduction
Use of chemicals for various purposes and rapid industrialization 

for advancement of society release a variety of chemicals into the 
atmosphere due to which the vital resources of life on our planet 
earth get polluted. Persistent environmental pollutants and water 
pollution have attracted world-wide attention. Solar light can 
greatly contribute to the remediation of these environmental 
pollutants - from the partial decomposition to the complete 
destruction. This solar remediation action works either through 
direct photolysis where photo degradation is achieved through 
chemical bond cleavage by light, leading to the formation of smaller 
compounds or by the use of photo catalyst where photon triggers 
the processes of photocatalytic degradation through advanced 
oxidation processes. Advanced Oxidation Processes (AOP) use the 
highly oxidant and non selective hydroxyl radicals, which are able to 
react with almost all classes of organic compounds leading to their 
complete mineralization or to the formation of more biodegradable  

 
intermediates. Hydroxyl radicals are able to attack and destroy 
even the most persistent organic molecules that are not oxidized 
by the oxidants as oxygen, ozone or chlorine [1]. This method can 
be applied to a large set of different matrices, decontamination 
occurs through pollutants degradation instead of their simple 
phase transfer. AOP become even more attractive when they use 
the sunlight as source of energy. Such photocatalytic processes 
can proceed either through heterogeneous photo catalysis or 
homogeneous photo catalysis.

Heterogeneous photo catalysis produces both reducing and 
oxidizing species to promote mineralization of organic pollutants, 
using a semiconductor (TiO2, ZnO, etc) as photo catalyst. The 
photon absorbed by the catalyst produces an electron/hole pair 
in conduction/valence band as shown schematically in (figure 1). 
Excited electrons are transferred to chemicals (to be degraded) into 
the semiconductor particle environment (leading to its reduction) 
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and at the same time the catalyst accepts electrons of oxidized specie 
by the valance band hole. The net flux of electrons in both directions 
is null and the catalyst stays unaltered. Detailed mechanism and 

the electron/hole generation processes of heterogeneous photo 
catalysis is addressed in several reviews [1-5].

Figure 1: Schematic depiction of advanced photocatalytic process on the surface of semiconductor particle.

Homogeneous photo catalysis - photo-Fenton process is 
extremely useful source of hydroxyl radicals and a potent oxidant 
of organic compounds. An aqueous hydrogen peroxide solution 
and Fe2+ (ferrous) ions, in acidic conditions (pH = 2-4), generate 
hydroxyl radicals in absence of light (Fe2+ + H2O2→Fe3+ + OH- +OH). 
When Fenton process occurs under light irradiation (580nm), 
degradation rate increases significantly by production of additional 
hydroxyl radicals and leads to the photo catalyst reduction by light 
[6,7]. This process allows more efficient use of sunlight as compared 
to TiO2 heterogeneous photo catalysis. The use of sunlight instead 
of artificial light for photo-Fenton activation significantly decreases 
the cost of treatment. Requirement of low pH, high consumption 
of hydrogen peroxide and the need of removing iron at the end of 
the treatment are disadvantages of this process. Yet this process is 
useful for industrial implementation.

Photo catalysis is an emerging technology that enables a wide 
variety of applications, including degradation of organics and dyes, 
antibacterial action, and fuel generation through water splitting 
and carbon dioxide reduction. Number of inorganic semiconducting 
materials have been explored as photo catalysts, in recent years 
[8,9]. Understanding the relationship between the physicochemical 
properties; the fundamentals in catalytic processes is important 
to design and synthesize useful photocatalytic materials [10,11]. 
Environmental problems and water pollution currently attract 
world-wide attention [12-14] and stress to develop highly active 

photo catalysts for degradation of pollutants, antibacterial action 
and fuel generation. However, most of the research has focused 
on the photocatalytic degradation of organic pollutants, with 
limited studies investigating the photocatalytic inactivation of 
microorganisms [15-17]. Photo catalysts are believed to affect cells 
also by generating reactive oxygen species (ROS), especially hydroxyl 
radicals (HO•) [18]. These ROS can result in lipid peroxidation, and 
damage to membrane integrity, DNA and proteins, subsequently 
leading to cell death [19]. However direct excitation of DNA by 
short UV radiation (UVC, UVB) can also result in cell death [20,21] 
but indirect mechanisms can do this at longer wavelengths (UVA, 
visible light).

Titanium dioxide (TiO2) has been extensively studied and 
utilized to degrade organic pollutants, H2 evolution and CO2 
reduction since 1972, due to its chemical stability, non toxicity 
and low cost [22-24]. However, TiO2 has wide band gap energy 
(3.2 and 3.0 eV for anatase and rutile phases, respectively) [25] 
due to which TiO2 is only responsive to the UV region of the solar 
spectrum (~ 5-7%). Strategies have been developed to improve the 
photocatalytic performance of TiO2 for various applications [26].

In order to make full use of the richness of solar light, 
development of efficient optical photo catalysts is imperative. To 
date, many efficient photo catalysts have been explored, that may 
overcome limitations of TiO2. Layered materials viz; hexagonal 
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boron nitride, layered double hydroxides perovskites, atomically 
thick graphene, transition metal dichalcogenides are at the center 
stage of these investigations due to their novel structure which 
provides enough room to tailor the desired property. Bismuth 
oxyhalides (BiOX) has received persistent attention because of 
their ability to remove contaminants from aquatic environments 
and other favorable properties from application point of view; 
e.g. high chemical and optical stability, non toxicity, low cost, and 
corrosion resistance. The BiOX (X = Cl, Br, I) are important V–VI–VII 
ternary compounds in a layered structure comprising of [Bi2O2]2+ 

slabs interleaved with double slabs of halogen atoms [27]. 

Internal static electric field, perpendicular to the layers, is 
generated inside the material, which ensures effective separation 
of photo-generated electron-hole pairs to reduce recombination 
losses. Valence band upper states, in these materials, are constituted 
by the p-orbitals of oxygen and respective halogen atoms, whereas 
6p orbitals of bismuth constitute the conduction band lower states. 
Contribution of halogen atom p-states increases with increase in 
the element atomic number and so the dispersive characteristics 
of band energy level, thereby narrowing the energy band gap 
between top of the valence band and bottom of the conduction 
band. Therefore the band gap values and redox potentials of BiOX 
are highly associated with the atomic numbers of halogen, i.e. 
composition of the layered structure. Experimental studies and 
theoretical calculations have shown energy band gaps close to 3.4, 
2.8 and 1.8 eV for BiOCl, BiOBr and BiOI respectively. Degradation 
of air or water pollutants by BiOCl with high throughputs have 
been reported, but under UV exposure. We have synthesized BiOX 
(X=Cl,Br,I) using mixture of deionized water and ethanol as solvent 
to achieve degradation performance like BiOCl under visible light 
exposure. We report our results in this communication. It is evident 
that the tunable layered structures endowed bismuth oxyhalides 
materials with excellent optical absorption ranging from UV to 
visible light, hence suggest that they have great potential for 
photocatalytic degradation under natural sunlight.

Experimental Details
Bismuth oxyhalides BiOX(X=Cl,Br,I) samples have been 

synthesized by wet chemical route using bismuth nitrate 
Bi(NO3)3•5H2O and potassium halides(KCl,KBr&KI) as precursors. 
Analytical grade procured from Merck India Ltd have been used 
in all synthesis and these were used as procured i.e. without 
further purification. To synthesize BiOCl; Bismuth nitrate and 
potassium chloride were taken in equimolar ratio. Both the salts 
were dissolved separately in mixture of deionized water (s10-

8 Ω-cm-1) and ethanol at room temperature. Different solvent 
mixtures containing water and ethanol in the ratio 20:80, 50:50 
and 80:20 were prepared and used as solvent for bismuth nitrate 
and potassium halides. Complete dissolution of the material is 
achieved at 10% w/v concentration of solute in the solution. Mixing 
was done by slowly adding KCl solution to bismuth nitrate solution 

taken in conical flask and with constant stirring using magnetic 
stirrer. Potassium chloride solution was taken in a burette and 
fixed such as to drop the solution slowly into the conical flask. 
Flow rate of KCl solution was maintained at ~2.5ml/min-1 while 
stirring was going on using Teflon coated bit. We have maintained 
pH of the mixture at 2.0by adding ammonia solution (NH3.H2O). 
After adding whole KCl solution, stirring was further continued for 
6, to ensure completion of the precipitation reaction for bismuth 
oxychloride. Three samples of BiOCl were synthesized with three 
different compositions of water & ethanol mixture (water: ethanol 
as 20:80, 50:50 and 80:20 v/v) as solvent. Resulting solid materials 
was collected by filtration on What man No. 1 filter paper and 
washed several times with distilled water for complete removal of 
undesired water soluble products. Solid compound so obtained is 
subsequently dried at 80 °C for 6 hours in an electric oven under 
normal atmospheric conditions. Three samples each of BiOBr and 
BiOI were also synthesized in the same manner where halogen salts 
were KBr and KI,

Structural and Basic Characterization
Structural analysis of the synthesized material was done 

on Bruker D8 Advance X-ray diffractometer which uses Cu Kα 
radiations (λ = 1.5418Å) to probe the sample. X-ray diffraction 
(XRD) spectra were recorded for 2 values between 10-80° at a 
scan rate of 2 degrees per minutes. Average value of the crystallite 
size, in different samples, was estimated from strongest XRD peak 
using Scherrer relation (D = K/d.sin; where k is constant,  
is wavelength of x-rays, d is width of the selected x-ray peak at 
half maxima (radians) and  represents position of the selected 
peak).Photo activity of different samples was estimated from the 
degradation kinetics of methylene blue in aqueous solution by 
recording visible light absorption spectra, of the sample, with UV-
visible spectrometer (SHIMADZU UV-1601) at room temperature 
after different durations of light exposure on the sample. Selected 
area scanning electron microscopy (SEM) studies are carried out 
on EVO-50 (ZEISS) scanning electron microscope, equipped with an 
energy-dispersive X-ray spectroscopy (EDX).

Photocatalytic Activity Measurements 
Photocatalytic activity of the synthesized samples was 

evaluated by studying degradation kinetics of Methyl Orange (MO) 
in aqueous solution (0.02mM) under natural sunlight and UV light 
from mercury vapor lamp. 50mg of the synthesized samples (BiOCl, 
BiOBr or BiOI) was suspended in 200ml of aqueous MO solution 
taken in quartz container and exposed to light source from bottom. 
Solution was stirred constantly by bubbling dry nitrogen through 
the solution. About 2ml of MO solution was taken out from the 
quartz reactor after 30minutes, one hour, two hour, three hours and 
four hours of exposure durations. Amount of Methyl Orange (MO) 
present in the aqueous solution after the above exposure durations, 
was estimated by recording the absorption spectra of the extracted 
solution in visible range (400-800nm). Area under the absorption 
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peak at 464nm wavelength was related to the amount of MO 
present in the solution. Kinetic constant for the dye degradation 
was calculated by assuming pseudo first order mechanism for the 
degradation reaction as per relation C = C0exp (- kt). Where C0 and 
C are concentrations of MO in the solution before exposure & after 
exposure for time duration‘t’ respectively and ‘k’ is rate constant for 
the degradation reaction.

Results and Discussion

Figure 2: X-ray diffraction Pattern of BiOCl, BiOBr & 
BiOI Samples synthesized with equivolume solvent ratio. 
(Water: ethanol: 50:50).

Representative XRD spectra of the three samples viz; BiOCl, 
BiOBr and BiOI synthesized by taking solvent ratio as 50:50, are 
shown in (Figure 2). These spectra confirm the formation of pure 
crystalline phases in all the three samples (BiOCl, BiOBr and BiOI) 
synthesized as per the above procedure. All the peaks are well 
assigned and there no peaks which may correspond to any impurity 
or the precursor materials. However the spectra presented here 
corresponds to the samples synthesized with the solvent containing 
equal volumes of water and ethanol, the other samples synthesized 
using solvent with other two compositions (water to ethanol ratios 
as 20:80 & 80:20) have also shown similar XRD spectra.

Figure 3: High resolution scanning electron micrographs 
(HRSEM) micrographs of the three samples BiOCl, BiOI 
& BiOBr synthesized using solvent with water to ethanol 
ratio in equal volumes.
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High resolution scanning electron microscopy micrographs 
(HRSEM) shown in (Figure 3), confirms the formation of well-
defined platelet structure with varying plate sizes in all the three 
synthesized material samples. In BiOCl and BiOBr the plate size 
are very small - lateral dimensions in the range 200-400nm and 
thickness around 10nm or even less. BiOI sample crystallizes 
in thick and large size plates in comparison to the other two 
materials. This sample has plates with lateral dimension more than 
a micrometer with thickness more than 100nm.

We assessed the photo degradation ability of the three 
materials synthesized using three different solvents (9 samples) 
by degradation of methyl orange in aqueous solution under UV 
exposure. UV light from mercury vapor lamp was allowed to excite 
the sample suspended in methyl orange solution taken in quartz 
container, from the bottom of the container. Solution was stirred 
by bubbling dry argon gas through the solution. 2ml sample of the 
solution was extracted after 0.5, 1.0, 2.0, 3.0 and 4.0 hours of UV 
exposure. Absorption spectra of these solutions were recorded in 
visible range (400-800nm). Representative absorption curves for 
BiOCl sample are shown in (Figure 4). The absorption peak intensity 
and therefore area under the curve decreases with increase in 
exposure duration and complete degradation of methyl orange in 
the solution has been observed after four hours of exposure.

Figure 4: Typical absorption curves of aqueous methyl 
orange (MO) solution exposed to UV radiations from 
mercury vapor lamp for different durations, in presence 
of BiOCl sample. 

Plot for the degradation reaction kinetics, as shown in (Figure 
5), was obtained from the absorption curves for all the samples 
synthesized using different solvent compositions. We have 
observed that BiOCl and BiOI exhibits maximum degradation 
kinetics if synthesized from water and ethanol in equal volumes as 
the solvent. Decreased photo degradation ability, of these samples 
was observed when synthesized with other two compositions of 
the solvent (i.e. water: ethanol: 80:20 & 20:80). In the case of BiOCl 
and BiOI samples the following sequence of photo degradation 
ability of the sample with solvent, is observed.

Figure 5: Kinetic degradation plots for BiOCl, BiOBr and 
BiOI samples synthesized using the three different ratios 
of water and ethanol in the solvent as water: ethanol: 
50:50, 20:80 and 80:20.

Water: ethanol: 50:50 (highest) >Water: ethanol: 20:80>Water: 
ethanol: 80:20 (lowest). 

BiOBr sample exhibited different photo degradation trends; 
highest photo degradation ability is exhibited by the samples 
in which water and ethanol was taken in 20: 80 volume ratio, 
followed by the sample synthesized by taking water and ethanol in 
equivolume ratio as solvent. Least photo activity was observed in 
the BiOBr sample synthesized by taking water and ethanol volumes 
ratio as 80:20.BiOCl material was found to exhibit more photo 
degradation ability for methyl orange in aqueous solution under 
UV light exposure as compared to BiOI or BiOBr. 
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Kinetic studies for the degradation of methyl orange under 
natural solar exposure, by the three samples (BiOCl, BiOBr & BiOI) 
synthesized with solvent composition 50:50 are presented in Figure 
6. However the value of kinetic constant is much less than that 
under UV exposure, but it is worth noting that BiOCl which have 
reported value of band gap as 3.52eV exhibits good degradation 
ability, comparable to the other two samples, under solar exposure 
(visible light) also.

Figure 6: Kinetic degradation plots for typical BiOCl, 
BiOBr and BiOI samples under natural sunlight exposure. 
These samples are with solvent as Water: Ethanol: 50:50.

Single crystalline BiOX material has a layered 2D structure 
derived from the calcium fluorite (CaF2) structure as shown in 
Figure 7. The Bi atom is coordinated to a square anti prism with 
four O atoms in one base and four X (halogen) atoms in another. 
The O atom is tetrahedrally coordinated to four Bi atoms. The X 
atom is bonded with four Bi atoms in a planar square to form a 
pyramid and with its nonbonding (lone pair) electrons pointing to 
the other side of the square. These nonbonding electrons convert 
the three dimensional fluorite like structure into a two dimensional 
layered structure. In the three dimensional Bi2O3, the Bi atoms are 
coordinated to six O atoms. This structural difference between them 
is the major reason for BiOCl to have a wider optical band gap. The 
BiOX layers are stacked together by the Van der Waals interaction 
through the X atoms along the c-axis. Therefore, the structure is 
not closely packed in this direction. When one photon excites one 
electron from Cl 3p states to Bi6p states in BiOCl, One electron-hole 
pair (e-—h+ pair) is generated. The layered structure of BiOX can 
provide the space large enough to polarize the related atoms and 
orbitals. The induced dipole can separate the hole-electron pair 
efficiently, diminishing the probability of recombination, thereby 
enhancing photocatalytic activities. Also BiOX has an indirect 
transition band gap so that excited electron has to travel certain k 
space distance to be emitted to the valence band (VB). This k-space 
varies with X (X=Cl, Br, I), which further reduces the recombination 
probability of the excited electron and the hole especially in BiOCl. 
The energy band gap and variation in k-space explains variation 
in photo-activities of the three BiOX materials under identical 

irradiation conditions. The BiOX single crystals can be described 
as 2D structured materials. The open structure i.e. loose packed 
and indirect transition may benefit the hole-electron separation 
and the charge transport. Both these features are favorable to the 
photocatalytic reactions [28-34]. 

Figure 7: Different crystal structures of bismuth 
oxyhalides: (a) projection to (001) plane; (b) projection to 
(100) or (101) plane; (c) clinographic projection of the unit 
cell; (d) coordination polyhedron of the bismuth.

At first hand one may assume variation in crystallite size may 
result by using different solvent compositions in the synthesis 
of different samples of same oxyhalide which may be the reason 
for observed difference in photo activities by change in solvent 
compositions, but present HRSEM investigations do not support 
this. Recently morphology and photo-activity of BiOBr with a 
predominance of either {001} or {010} exposed crystal facets have 
been investigated [35,36]. Both these point out the importance 
exposed facet in enhancing the photo activity of the material but 
they don’t have consensus on facet. First group [35] have concluded 
that BiOBr with <010> exposed facet displayed a better photo-
oxidative capability than BOBr with <001> exposed facet for both 
water oxidation and formic acid degradation (aqueous phase). The 
higher photo-oxidative capability of BiOBr<010> was attributed to 
the suppression of photo-induced electron/hole recombination. 
Additionally, the improved charge transfer efficiency and reduced 
charge transfer resistance in BiOBr<010> was revealed to be 
beneficial for enhancing photo electrochemical (PEC) performance. 
Second group [36] has concluded that it is the <110> facet of BiOBr 
which exhibit highest photo activity. These findings illustrate 
the use of crystal facet engineering to promote photocatalytic 
performance. Different solvent compositions used in the present 
synthesis provide different crystal growth environments to the 
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BiOX samples. It is quite likely that this may result in different facets 
are favored to be exposed by particular solvent composition, which 
may explain the difference in photo-activity of a particular BiOX 
synthesized using different solvent compositions.

Conclusion
Present studies were aimed at to understand the role of 

water in ethanol used as solvent in the synthesis of three bismuth 
oxyhalides viz; BiOCl, BiOBr, and BiOI. It has been observed that 
different bismuth oxyhalides are affected differently by the water 
contents in ethanol. BiOCl compound exhibits best performance 
if it is synthesized with equi-volume ratio of water and ethanol as 
solvent for precursor materials. The other two compounds viz; BiOI 
& BiOBr, exhibit a trend that lesser the water, better is the compound 
with respect to its photo-activity. This trend is very clear in BiOBr 
but in case of BiOI there is little variation in the photo-activities of 
50:50 & 20:80 (water: ethanol) composition. It will be too early to 
give much weight age to this small variation. The role of solvent in 
affecting the photo activity of sample is assigned to the exposure 
facet of the crystal favored by the solvent composition during 
synthesis. Another important conclusion of these studies is that 
we can get a BiOCl sample which exhibits good photo degradation 
ability for organic matter under natural sunlight exposure despite 
being a wide band gap semiconductor (~3.5eV). Looking at this 
observation, the bismuth oxyhalides can play an important role to 
combat environmental pollution using freely available energy from 
the Sun.
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