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A B S T R A C T 

BiOCl, BiOI and composite BiOI0.5Cl0.5 are synthesized by wet chemical route from AR 
grade precursors [Bi(NO3)3.5H2O], (KCl) and (KI). Synthesized samples are characterized 
by XRD, FTIR, SEM and UV-Vis. absorption studies. XRD studies reveal the formation 
of well crystallized material in all the three samples. There is formation of circular disc like 
structures in BiOCl, rectangular platelet structures in BiOI and sub-dimensional (1D and 
2D) structures in the composite sample. Optical energy band gap was measured as 3.3eV, 
1.8eV and 2.1eV for BiOCl, BiOI and composite BiOI0.5Cl0.5 samples respectively. 
Photoactivity of pure and composite samples is studied by degradation of methylene blue 
(MB) in aqueous media under UV and natural visible exposure to assess environmental 
remediation. It is observed that BiOI and Composite samples show excellent photo 
degradation of MB under natural visible light exposure while BiOCl is active under UV 
only. Photoactivity of composite sample was more than BiOI despite having more bandgap 
than BiOI. Reason for enhanced photoactivity is assigned to splitting of energy bands of 
the composite sample into sub bands due to reduced dimensionality. 
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Introduction 

Water pollution is one of the serious issues 

throughout the world as it promotes the 

transmission of waterborne diseases, 

especially in developing nations. Industries, 

that deal with textile, leather, bleaches and 

dyes for plastic production, cosmetics, 

packaging, and commercial enterprises which 

utilize coloring materials, generally release 

their wastewater into streams without 

appropriate pre-discharge treatment. These 

effluents, which contain organic pollutants 

and dyes that are non-biodegradable and 

synthetically stable poisons our soil to affect 

crops and are the main reasons for waterborne 

infections among human beings.  

Different techniques have been devised and 

various others are in process in order to make 

water free from these contaminants and make 

suitable for consumption. Some major 

techniques for wastewater treatment are 

flocculation, adsorption, membrane 

separation and advanced oxidation process 

(heterogeneous catalysis). Development of 

advanced photo-catalysts remains a method of 

choice over the others due to two reasons; i) 

complete degradation of the hazardous 

pollutants (found in drinking water supplies 

and ii) possible use of solar energy abundantly 

available on earth from the Sun. Metal oxides 

(TiO2, ZnO, SnO2 and CeO2) are particularly 

well-suited and largely explored due to their 

abundance in nature, biocompatibility and 

remarkable stability in an array of conditions. 

Semiconductor photo-catalysis has been 

considered as green and cheap strategy 

because of its effectiveness and simplicity in 

the removal of organic pollutants. 

Titanium oxide is most widely studied metal 

oxide for solar energy harnessing since the 

catalytic splitting of water by A. Fujishima as 

early as 1972. It exists in three 

crystallographic forms out of which only two 

– rutile and anatase forms are stable. Rutile 

has a direct bandgap of ~ 2.8 eV, it can absorb 

considerable amount of solar energy, but 

lifetime of photo-generated carriers (electron-

hole) is very small and they are lost by 

recombination processes soon after their 

generation and hardly participate in the 

degradation processes to destroy or remove 

the pollutants. Another stable form – anatase 

(a-TiO2), has energy indirect energy bandgap 

of ~3.2 eV. This phase has sufficient life time 

of photo-generated carriers and therefore 

good number of these carriers support 

degradation processes. But since its bandgap 

energy lies in UV-A (higher than visible 

energy) range where only ~ 4% of the solar 

energy is available on earth in this range. Due 

little available energy very small numbers of 

charge carriers are excited by solar radiations 

in a-TiO2. An ideal photocatalyst should have 

wide photo-absorption range and a low 

recombination rate of the photo generated 

charge carriers to support high throughput 

photocatalytic reactions under solar 

irradiation. So the idea was either to modify 

the existing material (a-TiO2) to absorb more 

solar energy to generate large number of 

electron-hole pairs or look for new materials 

which have energy gap in the visible range 

and energy band edges (conduction and 

valence) are suitably placed on the absolute 

energy scale for effective transfer of photo-

generated electrons and holes to carry out 

degradation reactions. Due to compact 

crystallographic structure of titanium oxide, 



ESSENCE—IJERC | Sharma et al.,, (2020) | XI (SP2): 491 — 509 

 

493 
 

the techniques for its modification to support 

high throughput reactions brought little fruits. 

Different other metal oxides e.g. WO3, V2O5-

TiO2, SnO2, CeO2, ZnO, Bi2O3, CaBi2O4, 

BiVO4, Bi4Ti3O12, Bi2O2CO3, BiOIO3, 

NaTaO3, PbBiO2X (X=Cl,Br), Bi4NbO8Cl, 

Bi2WO6 were extensively explored in the 

early stages of research, for new suitable 

photo-catalytic material. Majority of them did 

not meet the requirements for efficient solar 

water splitting.  The reason being the fact that 

valence band of conventional metal oxides is 

constituted exclusively by  O2p orbitals which 

fixes  their valence band maxima (VBM) at 

deep positive levels  +3.0 eV versus the 

standard hydrogen electrode (SHE). 

Therefore, it is essentially difficult for the 

conventional metal oxides to possess both a 

smaller band gap, less than 3.0 eV (required 

for visible-light absorption) and conduction 

band minimum (CBM) at negative energy 

value to fulfil the thermodynamic 

requirements for the photo-electron transfer 

from catalyst to water molecule to ensure 

feasibility of splitting/degradation process. 

Mixed-anion semiconductors such as 

oxynitrides, oxysulfides, and oxyhalides have 

been recognized as alternative photocatalysts 

because the p orbitals of N 2p, S 3p, and I 5p 

are placed at less positive energy position than 

O 2p which shifts the VBMs towards zero 

position of the SHE energy scale. A large 

number of these materials possess the 

appropriate band levels (CBM and VBM) for 

visible-light-induced water splitting.  

Unfortunately, most of these mixed-anion 

semiconductors are subject to deactivation 

through the self-oxidation of the non-oxide 

anions by the photogenerated holes (e.g., 

2N3−+ 6h+→N2). 

Next the search for suitable visible light 

driven (VLD) photocatalytic materials shifted 

to bismuithoxyhalides (BiOX; X= Cl, Br or I) 

due the strong light absorbing properties and 

layered structure. These materials (BiOX) 

which were applied as ferroelectrics, 

stockpiling materials, and shades for long 

time emerge at the center of investigation due 

to the open structure which provides enough 

space for structural tuning and indirect optical 

transitions for long life of photo-generated 

charge carriers. Also 2D structure of these 

materials supports higher charge carrier 

mobility for fast separation of photo 

generated charge carriers. Owing to the 

promising results obtained in terms of the 

photocatalytic properties of BiOCl – UV 

driven photocatalytic material, it was thought 

to realize the potential of these materials as 

effective visible light driven (VLD) 

photocatalyst for complete mineralization of 

environmental pollutants into harmless CO2. 

Crystalline bismuth oxychloride 

nanoparticles and BiOCl+ BiOI composite 

nanoparticles were synthesized by wet 

procedure as described in the succeeding 

section. Structural and photocatalytic 

properties are investigated and compared with 

BiOCl. 

Experimental 

Material synthesis 

Bismuth oxyhalides; BiOCl, BiOI and 

composite (BiOCl+BiOI) samples, studied 

here, are synthesized by wet chemical route as 

reported elsewhere [6]. Precursor materials 

bismuth nitrate [Bi(NO3)3.5H2O], Potassium 

chloride (KCl) and potassium iodide (KI) 

were procured from Merck India and used as 

procured i.e. without further purification. 
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Mixture of ethanol (analytical grade) and 

deionized water (S~ 18M) in equi-volume 

ratio (50:50) was used as solvent. To 

synthesize BiOCl, 0.25 moles of bismuth 

nitrate and 0.25 moles of potassium chloride 

were dissolved separately in two different 

conical flasks of one-liter capacity in 

sufficient quantity of the solvent to yield clear 

solution. Potassium chloride solution was 

then slowly added to the bismuth nitrate 

solution with continuous stirring on magnetic 

stirrer having Teflon coated bit. PH value of 

the mixture was intermittently checked and 

adjusted to 2 by slowly adding ammonia 

solution with continued stirring. Precipitates 

so obtained are filtered out, washed with 

deionized water and dried at 80C under 

ambient conditions. This gives us BiOCl 

nanostructured powder. BiOI was synthesized 

in similar way by simply replacing KCl by KI. 

To synthesize BiOCl+ BiOI composite, we 

dissolved 0.5 moles of bismuth nitrate in one 

conical flask. 0.25 moles of KCl and 0.25 

moles of KI were dissolved in the second 

flask; rest of the procedure is similar as 

described above. All the samples are 

thoroughly washed, dried and then stored for 

further investigations. 

Characterization 

All the three powder samples synthesized 

here are characterized by XRD, FTIR and 

SEM. X-Ray powder diffraction data are 

taken on Bruker, D8 AXS diffractometer 

equipped with copper K source of 

radiations, FTIR spectra were recorded on 

Nicolet 5700 FTIR spectrometer and surface 

morphology has been studied on EVO-50 

scanning electron microscope (SEM). 

 

Photoactivity measurement 

Photocatalytic activity of the synthesized 

samples was evaluated by analyzing the 

degradation of methylene blue, an organic dye 

as reported elsewhere. 0.1 grams of 

synthesized sample is dispersed in 200ml of 

0.02mM methylene Blue (MB) solution, 

prepared in distilled water. The solution with 

dispersed sample is transferred into a 

rectangular quartz container of 10cms X 

10cms X 10cms dimensions. This container is 

kept in mid noon natural sunlight (between 

12:00 to 16:00 Hrs.) for photoactivity 

measurements in visible sunlight. 

Photoactivity in UV light is measured by 

exposing the solution to radiations from 

125W high pressure mercury vapour lamp. 

Outer glass envelop of the Hg lamp was 

removed as it has fluorescent coating which 

blocks UV radiations. Average intensity of 

UV radiations (measured with irradiance 

meter Model UV-A) at the quartz container 

was 0.5mW/cm-2. Exposed UV range was 

320-400nm with peak position at 365nm. 

Solution was stirred by bubbling nitrogen to 

avoid diffusion gradient related errors. To 

estimate photoactivity of the sample; 2ml of 

solution is taken from the container after 0.5, 

1.0, 2.0, 3.0 and 4.0 hours of light irradiation. 

Amount of MB is estimated in the extracted 

solution samples by measuring the 

absorbance in visible range 

spectrophotometrically. Concentration of MB 

present in the solution is related to area under 

the absorption curve and degradation reaction 

kinetic constant is calculated by assuming 

pseudo first-order kinetics for the degradation 

reaction as per relation  

C = Coexp (−kt),  
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where Co initial concentration of MB in the 

solution and C concentration of MB in the 

solution after exposure. “t” time duration of 

exposure and “k” is the degradation reaction 

rate constant. 

Results 

Figure 1-3 shows X-ray diffraction patterns 

for the three samples viz;  BiOCl, BiOI and 

(BiOCl+BiOI) recorded for 2 range 10-80. 
Figure 1 and figure 2 confirm the formation of 

pure BiOCl and BiOI compounds 

respectively. All the peaks are well defined 

with tetragonal crystal structure confirming to 

p4/nmm space group as per JCPDS card No 

85-861 for BiOCl (𝑎=𝑏 = 3.89Åand𝑐 = 7.37Å) 

and 73-2062 for BiOI (𝑎=𝑏 = 3.984Å and𝑐 = 

9.128Å) sample. XRD pattern of BiOCl+BiOI 

composite, figure 3shows large number of 

peaks. These peaks can be indexed 

corresponding to both the constituent 

compounds, i.e. BiOCl and BiOI but with 

shifted peak positions. This shows the 

formation of the composite material; lattice 

parameters may be slightly shifted which may 

be due to lattice relaxations.  

 

 

Figure 1: X Ray Diffraction of BiOCl sample for 2 
value between 10-80. 

 

 

Figure 2: X Ray Diffraction of BiOI sample for 2 
value between 10-80. 

 

Figure 3: X Ray Diffraction of (BiOCl+BiOI) 
composite sample for 2 value between 10-80. 

FTIR spectra of BiOCl, (BiOCl+BiOI) 

composite and BiOI samples recorded on 

Nicolet 5700 FTIR spectrometer in 450 to 

4500 cm-1 range is shown in figure 4. Strong 

peaks at 515cm-1 and 780cm-1 appear in all the 

three spectra. These peaks are assigned to A2u 

type stretching vibrations of Bi-O bond. Peaks 

at 1320cm-1 in BiOCl+BiOI composite and 

1372cm-1 in BiOCl sample is assigned to Bi-

Cl vibrations. Strong peak is observed at 

1607cm-1 in all the three samples which is 

attributed to O-H bending vibrations. Broad 

absorption band between 2500-3500cm-1 is 

assigned to the stretching vibrations of O-H 
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bond due the adsorbed water. This band is 

more pronounced in BiOI sample. 

 

 

Figure 4: FTIR spectra of BiOI, (BiOCl.BiOI) and 
BiOCl, composite in 450 to 4500 cm-1 wavenumber 
range. 

SEM pictures of the three samples BiOCl, 

BiOI and BiOCl+BiOI composite are shown 

in figures 5, 6 and 7 respectively with the 

magnified view of small area marked in the 

image. It is observed from these pictures that 

BiOCl sample (figure. 5) consists of small 

distorted round discs; while in case of BiOI 

sample (figure 6) flat quadrilateral shaped 

thick plates with variable dimensions are 

visible. The shapes are quite different from 

that seen in figure 5. In case of composite 

sample (figure 7) mostly needle or nanowire 

type structures can be seen. There are few 

plates also which looks broken and very thin. 

It appears that the disc and platelet structures 

of BiOCl and BiOI (figure 5 and 6) have 

transformed into needle or thin wire type 

morphology in the composite (BiOCl + BiOI) 

material sample.  

 

 

Figure 5: SEM picture of BiOCl sample with magnified 
view of selected small area marked in the figure. 

 

Figure 6: SEM picture of BiOI sample with magnified 
view of selected small area marked in the figure. 

 

Figure 7: SEM picture of BiOCl+BiOI composite 
sample with magnified view of selected small area 
marked in the figure. 

 

UV-Vis absorption of as prepared samples is 

shown in figure 8. There is initiation of strong 

absorption at 380nm, 618nm and 707nm in 

the three samples viz.; BiOCl, BiOCl+BiOI 

and BiOI respectively. Absorption edge shifts 

from 380nm in BiOCl to 618 nm in the 

composite sample (red shift). But this is still 

at shorter wavelengths as compared to pure 
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BiOI sample or there is blue shift as compared 

to pure BiOI sample. Figure 8(b) is a plot 

between (αh)1/2 and (h) from which band 

gap energies for BiOCl, BiOI and 

(BiOCl+BiOI) composite samples are 

determined as 3.3eV, 1.8 eV and 2.1eV 

respectively. 

(a) 

 

(b)  

 

Figure 8: (a) Absorption spectra of as prepared BiOCl, 

BiOI and composite (BiOCl + BiOI) in 200 to 900nm 

range. (b) Determination of bandgap energy from 

(αh)1/2 versus (h) plot. 

Absorption curves of methylene blue solution 

in visible range (400-800 nm), for BiOCl 

sample photoactivity measurements in UV 

light and sunlight exposure are plotted in fig. 

9 and fig.10 respectively. Figure 9 shows that 

there is degradation of about 50% of MB dye 

by BiOCl sample in one hour of UV exposure 

and almost complete degradation of dye takes 

place in three-hour time of UV exposure. 

Whereas in sunlight exposure, figure 10 this 

sample is able to degrade only about 10% of 

MB dye present in the solution. This sample 

(BiOCl) is able degrade about 30% of the total 

dye present in the solution in exposure 

duration of as long as four hours. Values of 

degradation reaction constant for BiOCl, 

calculated from ln(C/Co) versus exposure 

time plot (fig. 13) are 0.292 and 0.083 for UV 

and sunlight exposure respectively.  

Figure 11 is plot of absorption curves of the 

MB dye degradation by (BiOCl+BiOI) 

composite sample in sunlight exposure for 0, 

1, 2, 3 and 4 hours. This plot shows that there 

is cmplete degradation of MB dye by the 

composite sample in about four hours of 

sunlight exposure. It is to be remembered that 

BiOCl sample carries out complete 

degradation of MB dye present in the solution, 

in about three hour, but in UV exposure. MB 

degradation curves recorded for pure BiOI 

sample under sun exposure are plotted in 

figure 12. Degradation reaction constant 

calculated from plot of ln(C/Co) versus 

exposure time curve (fig. 13) is 0.241 for the 

composite sample and 0.2 for pure BiOI 

sample under sunlight exposure. It is worth 

noting that composite sample is more photo 

active than BiOI sample under sun exposure. 
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Figure 9: Absorption curves of methylene blue 

solution; 1- as prepared solution (unexposed), 2-one 

hour UV exposure, 3- two hours UV exposure and 4- 

three hours UV exposure on BiOCl sample dispersed 

solution. 

 

Figure 10: Absorption curves of methylene blue 

solution; 1- as prepared solution (unexposed), 2-one 

hour exposure, 3- two hours exposure, 4- three hours 

exposure and 5- four hours exposure on BiOCl sample 

dispersed solution in mid noon sunlight. 

 

Figure 11: Absorption curves of methylene blue 

solution; 1- as prepared solution (unexposed), 2-one-

hour exposure, 3- two hours’ exposure, 4- three hours’ 

exposure and 5- four hours of exposure on 

BiOCl+BiOI sample dispersed solution in mid noon 

sunlight. 

 

Figure 12:  Absorption curves of methylene blue 

degradation by BiOI under Sun exposure; 1- as 

prepared solution (unexposed), 2-one-hour exposure, 

3- two hours exposure, 4- three hours exposure and 5- 

four hours of exposure. 

 

Figure 13: Plots of ln(C/Co) versus exposure time. 

Kinetic constant for BiOCl under UV & Sunlight 

exposure and BiOI&(BiOCl+BiOI) composite under 

sunlight exposure. 

Discussion 

Degradation of methylene blue (MB) in 

aqueous can occur by three processes; 

photolysis, photosensitization and photo 

degradation. In photolysis process the 

irradiated light energy could be transferred 

from the dye to O2 to produce singlet oxygen 

atom which can act as an oxidant for the pure 

dye photolysis. We have not observed any 

significant dye photolysis in our experiments 
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for light exposures as long as six hours. So we 

have ignored photolysis as the possible 

degradation mechanism in our studies. 

Photosensitization mechanism; dye adsorbed 

on the catalyst surface is regarded as 

sensitizer. Visible light irradiation generates 

electrons in the dye which subsequently 

transfer to the conduction band bottom of 

catalyst and then react with O2 to form O2- 

radicals to carry out degradation of MB. Holes 

are left at valence band top of MB dye. 

Photocatalytic mechanism; the photocatalyst 

generate electron–hole pairs directly after 

illumination. Then, the photo generated 

electrons transfer to CB bottom of the catalyst 

and react with the adsorbed O2 on the surface 

of catalyst to form ̇ O2− and the holes (h+) are 

left on the VB top. The generated ˙O2− and 

h+ can effectively oxidize the dye. Therefore, 

we can say the MB degradation is initiated by 

the photocatalytic process and 

photosensitization process jointly.  

The enhanced photocatalytic activity results 

from efficient generation, separation and 

transfer processes of the photo-induced 

electron – hole pairs (e-h pairs). To 

understand enhanced activity of the 

BiOCl/BiOI composite, we have to examine 

the structural and electronic properties of 

bismuth oxyhalides. All members of bismuth 

oxyhalide family viz; BiOCl, BiOBr and BiOI 

structurally belong to tetragonal space group 

p4/nmm where each Bi atom is eight-

coordinated by four O atoms at distances of 

2.316 Å and four CI atoms at distances of 

3.059 Å in the form of an asymmetric 

decahedron. The faces of the decahedron are 

2 rectangles and eight isosceles triangles. One 

rectangle is formed by four O atoms (O-O-O-

O) with O-O distance 2.749 Å and other 

rectangle is formed by four Cl atoms (CI-CI-

CI-Cl) with Cl-Cl distance 3.487 Å as shown 

in figure 14a. These rectangles are parallel to 

110 plane. Out of eight isosceles triangles; 

four are formed by Cl-O-Cl sides with O-Cl 

distance 3.249 Å and Cl-Cl distance 3.487 Å 

, other four triangles are formed by O-Cl-O 

sides where O-O distance is 2.749 Å. 

Decahedra are linked to each other by 

common O-Cl edge along 𝑎 and 𝑏 axes 

forming infinite 2D layers. Stacking of these 

2D layers results 3D structure of the 

compound (fig. 14b and 14c). Different 2D 

layers are attached by weak van Der Waal’s 

forces. The interlayer van der Waals forces 

and intra layer covalent bonding facilitate the 

formation of nano-plates during syntheses 

process as seen in SEM pictures (fig 4, 5 and 

6). [Bi2O2]2+ layers are interleaved by double 

layers of halogen ions (Cl-, I-) and thus there 

is inhomogeneity in charge distribution. This 

charge distribution inhomogeneity in the 

asymmetric structure generates internal 

electric field along c-axis. The internal 

electric field helps in separation of photo 

generated charge carriers; electrons move to 

[Bi2O2]2+ layer and holes to halogen (Cl-, I-) 

layer. Lattice constants for monolayers are 

BiOCl𝑎=𝑏 = 3.89Å and𝑐 = 7.37Å and 

BiOI𝑎=𝑏 = 3.984Å and𝑐 = 9.128Å.  

Since lattice constants 𝑎and𝑏 do not differ 

much, the heterogeneous bilayer structures 

can be formed readily with little interfacial 

strain.  In all bilayer cases, the two monolayer 

constituents couple themselves by aligning 

the halogen atoms (X=Cl, I) of one BiOX 

constituent layer in proximity to the Bi atoms 

of the other BiOX layer. Tang et al  have 

supported coupling configuration to be 

reasonable as the halogen atoms(X) of each 
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constituent layer are electronegative and thus 

tend to avoid each other and to get close to the 

Bi atoms which are eager to give up some of 

their valence electrons.  They further 

suggested that homogeneous bilayer 

formation consistently leads to very slight 

lattice dilation e.g. when two monolayers of 

same compound (say BiOCl) move towards 

each other from a well-separated condition to 

the fully relaxed form of a van der Waal 

bilayer, the lattice constant changes from 3.87 

to 3.89 Å. Similarly, the respective lattice 

constants of BiOI/BiOI van der Waal layer 

changes from 3.984 to 4.00 Å, with about 

0.016 Å of lattice dilation. Such dilation 

probably eases the charge-repulsive forces 

between the halogen atoms of the constituent 

layers at the coupling interface. For the 

heterogeneous bilayers BiOCl/BiOI the 

lattice constants are 3.94 Å with interlayer 

distance as 2.634 Å. 

Some scientists calculated formation energy 

of BiOCl/BiOI layers as -0.27 eV which 

confirms thermodynamic feasibility of such 

bilayer formation. For a formation energy of 

− 0.27 eV and a lattice constant of 3.94 Å one 

can estimate the corresponding cohesive 

energy ~ 2.7 J/m2. This energy is much more 

than in case of graphene/graphene. boron 

nitride/boron nitride or graphene/boron 

nitride layers (0.56, 0.22 and 0.35 J.m-2 

respectively). This suggests that BiOCl/BiOI 

bilayers are robust enough for practical 

applications. The bilayer coupling and charge 

redistribution between proximity pairs of Cl-

Bi at the bilayer interface leads to the 

formation of interfacial dipole which 

promotes charge separation. 

 
(a) 

 
(b) 

 
(c) 

Figure 14: (a) arrangement of Bo, Cl and O atoms in 
BiOCl unit cell. (b) stacking of layers in BiOCl 3D 
structure formation (c) stacking of layers in 
BiOCl/BiOI composite 3D structure 
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Regarding electronic structure of bismuth 

oxyhalide compounds the conduction band 

minima (CBM) density of states (DOS) are 

mainly contributed by Bi 6p atomic orbitals, 

while valance band maxima (VBM) density 

of states (DOS) are mainly contributed by X 

np (Cl → 3p; I → 5p) and O 2p orbitals. 

Photo-excitation manifests itself by pumping 

electrons from the Cl 3p or I 5p orbitals 

located away from the interface, with small 

fraction of electrons from the O 2p orbitals in 

those states near VBM of BiOCl or BiOI, to 

the empty CBM states belonging to the Bi 6p 

orbitals, particularly belonging to those Bi 

atoms located near the bilayer interface (p to 

p charge transfer). Electrons and holes move 

to the surface of semiconductor (material) and 

may induce redox reactions with the 

adsorbates having suitable redox potentials. 

The simplest picture of degradation is, 

thermodynamically the VB holes can oxidize 

adsorbed compounds if the redox potential of 

VBM is more positive than the adsorbates and 

CB electrons can reduce adsorbed species if 

CBM is at more negative potential than the 

adsorbates. However, degradation is carried 

out through more complex processes actually 

and degradation occurs through 

heterogeneous catalysis. Electrons and holes 

produced in CB and VB respectively may 

carry out the degradation of organic matter D 

(including MB) (fig. 15) as per the following 

reactions; 

Photocatalyst + h→  Photocatalyst (e- + h+) 
 (1) 

h+ + H2O → •OH + H+   
 (2) 

O2 + e− → O2
•−   

 (3) 

O2
•−+ H+  → HO2

•   (4) 

HO2
• + HO2

• → H2O2 + O2  (5) 

O2
•−+ HO2

• → O2 + HO2
−  (6) 

HO2
− + H+ → H2O2   (7) 

H2O2 + h → 2•OH   (8) 

H2O2 + O2
•− → HO + OH− + O2 

 (9) 

H2O2 + e− → HO + OH−  (10) 

h+ + D → Dox    (11) 

HO + D → Dox   
 (12) 

CB electrons reduce dissolved oxygen to 
superoxide radical O2

•− and Valence band 
holes leads to oxidation of solute (either 
directly or through OH  radicals). O2

•− and 
OH  radicals if not participating in 
degradation process finally lead to formation 
of oxygen and water. 

 

Figure 15: Schematic illustration heterogeneous 
photocatalysis. 1: Bandgap (Eg) excitation and 
electron–hole (charge pair creation), 2: Charge loss due 
to recombination, 3: Electron transfer to electron 
acceptor (A: usually dissolved oxygen), 4: Electron 
transfer to oxygen molecule, 5: Formation of 
hydroxyperoxyl radical via a reductive pathway, 6: 
hydrogen peroxide formation  7: formation of hydroxyl 
radical, 8: hole transfer to electron donor (D: usually 
organic pollutants), 9: hole transfer to surface hydroxyl 
group to generate OH radical, 10: hydroxyl radical-
mediated oxidation of organic substrate.  
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Houas et al. (2001) have studied in detailed 

the photocatalytic degradation pathways of 

methylene blue (MB). Degradation of MB 

originated from the initial opening of the 

central aromatic ring by the cleavage of bonds 

of the C–S+=C functional group by OH• 

radical attack. Successive attacks by OH• 

radicals at room temperature decolorized and 

degraded MB to the final products (CO2, 

SO4
2−, NH4

+and NO3
−). As per above 

equations (2) – (10), OH• radicals are 

produced by both, VB holes and CB electrons 

through several successive processes. 

Production of OH• radicals by conduction 

band electrons is through superoxide (O2
•−) 

formation (eqns 3-10). Standard redox 

potential EO(O2/ O2
•−) versus SHE is -0.18eV 

in aqua (O2 + e → O2
•− -18eV). Therefore, 

CBM should more negative than -0.18 eV for 

thermodynamic feasibility of CB electron to 

form superoxide. Zhong et al. (2018) studied 

photocatalytic properties of BiOI/BiOCl thin 

films under visible light. They identified 

OH , O2
 − and h+ as active species in the 

degradation of RhB and MB, through the 

trapping experiments. Characteristic peaks of 

superoxide radicals (O2
 −) with strong 

intensities were detected in EPR 

investigations of BiOI/BiOCl composite 

under solar irradiation, indicating that the 

superoxide radicals are the main reactive 

oxygen species during the photocatalytic 

reaction process. 

Valence band holes either directly oxidize the 

attached particle or interact with H2O or OH⎯ 

to produce •OH radicals. Standard potential 

for the reactions H2O + h+ → •OH + H+ and 

OH⎯ + h+ → •OH is + 2.27 eV and +2.38eV 

respectively. Top of valence band (VB) 

should be more positive than 2.27eV to enable 

generation of •OH by VB holes (h+).  

Clearly band edge positions (CBM and VBM) 

of the photocatalyst are very important to 

produce reactive oxygen species (ROS) for 

the degradation of MB (and other pollutants). 

We calculated band edge positions by the 

empirical formula; 

EVB= χ− Ee+ 0.5Eg 

ECB= EVB− Eg 

Where EVB, ECB, Eg, and χ are valence band 

edge potential, conduction band edge 

potential, band gap and electronegativity of 

the material respectively. Ee is the energy of 

free electrons on the hydrogen scale (~ 4.5 

eV). Electronegativity of the material is taken 

as geometric mean of the electronegativity of 

constituent atoms. Electronegativity of 

specific atom is arithmetic mean of electron 

affinity and first ionization potential of that 

atom. The χvalue for BiOCl and BiOI is about 

6.64 and 6.20 eV, respectively. Calculated 

band edge positions are; EVB = 3.79eV; ECB 

= 0.49eV for BiOCl and EVB = 2.6eV; ECB = 

0.8eV for BiOI. We have calculated flat band 

potentials for BiOCl and BiOI as 0.076 and 

0.38 respectively. In (BiOCl+BiOI) 

composite 50% Cl in BiOCl is replaced by I. 

it can be understood that CB and VB edges of 

composite material are between respective 

band edges of pure BiOCl and BiOIi. e. 

CBBiOCl>CBcomposite>CBBiOI and 

VBBiOCl<VBcomposite<VBBiOI). Thus flat band 

potential of composite material is between 

0.076eV and 0.38eV. This potential for bulk 

material does not thermodynamically support 

transfer of CB electron to O2 for O2
 − 

production, which is important to carry out 

degradation reactions. Sub dimensional (2D 
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and 1D) structures in our composite material 

can be held responsible to split CB into sub 

bands. Some of these CB sub bands are at 

sufficient negative levels to 

thermodynamically support the transfer of 

photo generated electrons to O2 for O2
 − 

generation. To flood the higher energy sub 

bands with electrons is possible for visible 

energy as bandgap of the composite is 2.1eV 

and visible energy is up to 3.0eV. This 

phenomenon is explained diagrammatically 

in figure 16. A good fraction of the electrons 

excited to higher sub bands transfers to O2 to 

produce O2
 − and some of the excited 

electrons loose energy thermally to reach the 

bottom of CB and may be lost by 

recombination processes. Further the sub 

dimensional structures including very thin 

nano sheets are more prone to surface oxygen 

vacancies. Oxygen vacancies serve as 

potential centers for photo generated electrons 

and inhibit recombination, increasing the 

lifetime of photo generated e-h pairs. Also the 

oxygen vacancies might favor the capture of 

typical molecules viz; O2, H2O, CO2 and N2. 

Oxygen vacancies 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. 

Valence band top is sufficiently positive for 

the holes to produce OH  and OH⎯ to promote 

degradation via oxidation. These both 

processes result in enhanced photoactivity of 

our composite samples. 

 
 

 

Figure 16: Proposed band diagram of Nanostructured 

(BiOCl+BiOI) and photo activity mechanism. Energy 

bands (CB & VB) of Bulk (3D) BiOClandBiOI are also 

shown in the figure. 

Conclusions 

BiOCl and BiOI have the same layered 

structure and atomic arrangement. Therefore, 

I atoms can be easily incorporated into in to 

BiOCl lattice or vice versa to yield composite 

of two halides with energy bandgap in the 

visible energy regime. Resulting composite 

can be synthesized in to sub dimensional 

nanostructures (1D and 2D) by simple wet 

chemical route. Conduction band of these 

nano structures is split into number of sub 

bands, electrons from valence band can be 

excited to different sub bands at sufficient 

negative potential above CBM by visible 

energy. Electrons excited to sub bands away 

from bottom of CB are thermodynamically 

able to interact with O2 to generate O2
 − 

which is not otherwise possible for the 

electrons residing at the bottom of CB. The 

O2
 − radicals are able to support high 

throughput reactions for the degradation of 

environmental pollutants. The exposed 

surface of the nano sheets is prone to oxygen 

vacancies which act as electron traps and 

enhances the life time of photo generated 

electron-hole pairs. Thus there are two main 
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factors which are responsible enhanced photo 

activity of the (BiOCl+BiOI) composite;  

i) splitting of energy band into sub bands 

and  

ii) electron trapping by surface oxygen 

vacancies to enhance charge carrier’s life 

time. 
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