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A B S T R A C T   

In this work, visible region active Bi2WO6 thin films with variable thickness are successfully deposited by simple 
and effective spray pyrolysis technique. The structural, optical, morphological and photoelectrochemical prop
erties of synthesized thin films were studied. Rietveld refinement of the structural data tested purity and degree 
of crystallinity of Bi2WO6 thin films synthesized with variable solution quantity. Optical study revealed visible 
light absorption of films and small variation in band gap energy. A thin film deposited with 70 ml spraying 
solution quantity exhibit higher photocurrent density (460 mA/cm2) and same film with large area (10 × 10 
cm2) was used for photocatalytic and photoelectrocatalytic degradation of Rhodamine B (RhB) dye under solar 
radiation. The photoelectrocatalytic removal of RhB exhibit higher degradation efficiency (94%) as compared to 
photocatalytic process (23%). This study can trigger potential application of Bi2WO6 photoelectrode in solar 
energy conversion, wastewater treatment and energy production.   

1. Introduction 

Nowadays water pollution is one of the serious threat in front of the 
society. The various dyes, organic species and wastage released from 
rural, urban and industrial activity leaked into the streamline water 
bodies pose to water pollution [1]. Worldwide, the millions of deaths are 
related to the water borne diseases. The direct discharge of hazardous 
contaminants into the surface water resources like rivers, ocean lakes 
etc. is a serious environmental issue. Therefore, it is crucial to degrade 
these pollutants by using the appropriate method [2]. Several tech
niques have been employed for environmental remediation including 
advanced oxidation processes (AOPs), adsorption, photo-Fenton sys
tems, ultrasound, reverse osmosis, chlorination, ozonation, photolysis 
(UV/H2O2), membrane process, coagulation and biological methods. 
Among these, AOPs like heterogeneous photocatalysis are emerging as a 
leading technology for degradation of various organic pollutants [3–5]. 
Finegold and Cude first time introduced the decomposition of water into 
H2 and O2 by semiconductor catalysts under solar irradiation. This 
technique has great potential to convert solar energy into chemical en
ergy for the mineralization of organic pollutants [6,7]. The AOPs in
volves the generation of anions and highly oxidizing hydroxyl radical to 

degrade the toxic pollutants into harmless product. It carries enormous 
potential to degrade various pollutants and waste water treatment. The 
photocatalysis technique is a promising, cost effective, efficient, and 
green approach for environmental remediation. It has wide range of 
applications such as waste water treatment, self-cleaning applications, 
artificial photosynthesis, cancer treatment, H2 generation, structural 
applications, photochemical devices, selective oxidation and reduction, 
dye sensitized solar cells and removal of toxic gases from air [8–11]. 

Various metal oxides and metal sulfides such as TiO2, ZnO, WO3, 
Bi2O3, Cu2O, CuO, CeO2, Fe2O3, BiVO4, Bi2WO6, CdS, ZnS, etc. are 
widely studied for photocatalytic applications [12]. Among these the 
photocatalytic performance of TiO2 and ZnO is extensively studied 
because of their remarkable properties such as excellent chemical sta
bility, non-toxicity, low cost and higher oxidation stability. However, 
they are still struggling with the efficiency as they absorb only UV ra
diation (only 4% of solar spectrum) due to their wide band gap energies 
[13]. Therefore, recently a lot of effort is being made on the develop
ment of visible active photocatalyst to cover larger portion (44%) of the 
solar spectrum [14]. Bismuth tungstate (Bi2WO6) is a visible region 
active significant metal oxide semiconductor photocatalyst and has 
emerged as a promising candidate for waste water treatment. It is a 
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n-type direct band gap semiconductor which exhibits remarkable 
properties like ferroelectricity, dielectric susceptibility, better chemical 
and thermal stabilities, high Curie temperature and piezoelectricity. 
Bi2WO6 is a simple member of Aurivillius family and consists of Layers 
of (Bi2O2)2+ and perovskite (WO4)2− [15,16]. The Bi2WO6 has potential 
to degrade various pollutants such as methylene blue [17], RhB [18], 
rhodamine 6 G [19], phenol [20], etc. Bi2WO6 powder was used in 
mobile catalysis. There is difficulty in recollection of powder photo
catalyst after degradation reaction and causes aggregation due to 
loading of higher photocatalyst. Therefore, the use of thin film photo
catalyst in mobile catalysis is a cost effective alternate and stable route 
for photocatalytic applications [8,21]. Several techniques have been 
employed for Bi2WO6 thin film deposition such as dip coating [22], 
Aerosol-Assisted Chemical Vapor Deposition (AACVD) [23], spray py
rolysis [18], layer-by-layer technique [24], reactive magnetron sput
tering [25], spin coating [26], direct chemical deposition [27], etc. 
Among these, chemical spray pyrolysis has been attractive and novel 
due to its advantages in large area oxide film formation. Alfaifi et al. 
reported the effect of annealing temperature on the photodegradation of 
RhB by spray deposited Bi2WO6 thin film and found that degradation 
efficiency increases with annealing temperature [18]. However, this 
film showed comparatively lower photoelectrochemical performance. 

In the present work, sprayed deposited large area (10 × 10cm2) 
Bi2WO6 photoelectrode are employed in degradation reactor and stud
ied the photoelectrocatalytic and photocatalytic degradation perfor
mance for RhB dye degradation under solar radiation. The comparative 
studied found that the photoelectrocatalytic degradation process are 
more effective than that of photocatalytic process and has high degra
dation efficiency. The obtained results showed that Bi2WO6 thin films 
are helpful for RhB degradation using sunlight. 

2. Experimental details 

2.1. Material and methods 

All the commercially available chemicals of analytical grade were 
used for synthesis without further purification. Bismuth nitrate penta
hydrate [Bi (NO3)3.5H2O] AR (Thomas Baker, Mumbai, India) and 
tungsten metal powder (Sigma-Aldrich chemicals, Bangalore, India) 
were used as precursors. Hydrogen peroxide (30% W/V Thomas Baker, 
Mumbai, India), double distilled water and HNO3 (Thomas Baker, 

Mumbai, India) were used as solvents for the preparation of precursor 
solution. Sodalime and Fluorine-doped tin oxide (FTO, R~(10–15) 
Ω/cm2) coated glass substrates were used to deposite Bi2WO6 thin films. 

2.2. Thin film preparation 

The chemical spray pyrolysis method was adopted for the synthesis 
of Bi2WO6 thin films onto the preheated sodalime and FTO coated glass 
substrate. The appropriate amount of Bi (NO3)3.5H2O were dissolved in 
diluted HNO3 solution to get clear solution. 0.5 M stock solution of 
peroxotugnstic acid (PTA) was prepared by dissolving 2.77 g of tungsten 
powder in H2O2. The strong exothermic reaction between H2O2 and 
tungsten powder was avoided by keeping H2O2 containing beaker in an 
ice bath over the period of 30 min. Afterwards, resulting milky solution 
was kept on constant stirring for 48 h for complete dissolution of 
tungsten powder. The transparent PTA solution was obtained by the 
filtration of stirred solution and preserved under dark environment. The 
tungsten precursor solution for deposition was obtained by dissolving 
appropriate amount of PTA stock solution into double distilled water. 
The final precursors solution was obtained by appropriate composition 
of these two solutions contains Bi and W ions. The deposition was car
ried on both preheated sodalime and FTO coated glass substrates. The 
volume of the spraying solution was varied from 50 to 80 ml at the in
terval of 10 ml and other preparative parameters such as substrate 
temperature (325 ◦C), flow rate (4 ml/min), nozzle to substrate distance 
(31 cm), etc. were kept constant for all the experiments. The optimum 
volume of spraying solution was confirmed by photoelectrochemical 
study and large area photoelectrode (10 × 10 cm2) for degradation 
experiment was synthesized with optimized deposition parameters. The 
set of samples deposited with solution quantity 50 ml, 60 ml, 70 ml and 
80 ml were labeled, respectively as BWO1, BWO2, BWO3 and BWO4. 
The main purpose of changing the spraying solution volume was to 
monitor the film thickness. The aim been to obtain optimum thickness 
for achieving higher catalytic degradation efficiency. 

2.3. Material characterization 

The photoelectrochemical response of the thin films were recorded 
with three electrode configuration by adopting linear sweep voltam
metry (LSV) technique. An aqueous solution of 1 M NaOH was used as an 
electrolyte. The Bi2WO6 film deposited on FTO glass acts as a working 
electrode, Platinum wire acts as a counter electrode, 500 W tungsten 
filament as light source and standard calomel electrode (SCE) was used 
as a reference electrode. The distance between working and counter 
electrodes was kept 0.5 cm throughout the experiment. The working 
electrode was illuminated from backside with light source and contact 
area at working-electrolyte interface was 1 cm2. 

The structural data were recorded by Bruker X-ray diffractometer 
Model D2: phaser with CuK-alpha radiation of wavelength 1.5418 Å. 
The surface morphology of films was captured by Tescan, Mira3 field 
emission scanning electron microscope (FESEM). Elemental identifica
tion and their respective compositions were determined by using Energy 
Dispersive X-ray analysis (EDX). The Raman spectrum was recorded by 
Renishaw invia Raman microroscope and surface topography was 
studied by Park, NX10 atomic force microscope (AFM). UV-Vis spec
trophotometer (UV1800, Shimadzu) was used to study optical 
properties. 

2.4. Degradation of RhB 

RhB dye (30 mg/L) was used as model organic pollutant for the 
degradation experiment. For both photocatalytic and photo
electrocatalytic degradation processes, the single cell PEC reactor was 
used in which large area (10 × 10 cm2) deposited Bi2WO6/FTO film 
acted as working electrode and stainless-steel body of cell as a counter 
electrode. These electrodes were separated by distance of 0.1 cm 

Fig. 1. X-ray diffraction pattern of Bi2WO6 thin films with variation in spray
ing quantity. 
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through a Teflon made gasket which functions to support circulation of 
organic pollutant solution in between inlet and outlet of the cell. The 
total geometrical area of the Bi2WO6/FTO photoelectrode in contact 
with the pollutant was ~ 64 cm2. The re-circulation of electrolyte was 
carried out by using a Gilson MINIPLUS peristaltic pump, made in 
France with constant flow rate in order to bring maximum number of 

impurities in contact with Bi2WO6 thin film photocatalyst. The total 
volume of single cell reactor was 6 ml and supported on a z-shaped 
stand. The backside of BWO3 photoanode was illuminated by solar light 
and potential was applied to the contacts made at corners of the BWO3/ 
FTO photoelectrode. During the degradation reaction, 1 ml sample from 
reaction mixture was collected after certain time interval. The 

Table 1 
a: Atomic positions of BWO3 film after the Rietveld refinement b: Lattice parameter, density, direct cell volume and Braggs R-factor of Bi2WO6 thin films by Rietveld 
refinement method.  

Atom x y z B Occupancy     

Bi1 0.52055 0.42238 0.97608 0.43584 1     
Bi2 0.4824 0.07712 0.97956 0.59533 1     
W 0.00706 0.24948 0.0000 0.1587 1     
O1 0.08361 0.17775 0.51068 0.85194 1     
O2 0.41419 0.8 0.60301 0.68692 1     
O3 0.93894 0.49484 0.23243 0.39715 1     
O4 0.48632 0.12894 0.369 0.78562 1     
O5 0.07145 0.32619 0.51212 0.95696 1     
O6 0.45506 0.35091 0.52417 0.68929 1     
Sample Lattice parameter Density (g/cm3) Cell Volume (Å3) Rwp (%) RB (%) Rexp (%) χ2  

a (Å) b (Å) c (Å)       
BWO1 5.4692 16.3161 5.4747 9.488 488.537 28.3 11.06 17.6 2.569 
BWO2 5.4388 16.3793 5.4714 9.509 487.415 26.4 8.144 15.2 3.005 
BWO3 5.4604 16.2986 5.4712 9.519 486.915 24.8 8.55 14.7 2.841 
BWO4 5.4615 16.3253 5.4719 9.501 487.875 21.2 5.44 13.6 2.421 
CIF file No. 9011799 5.437 16.430 5.458 9.505 487.563 5.94 ‒ 5.17 1.32  

Fig. 2. Rietveld refinement plots of (a) BWO1 (b) BWO2 (c) BWO3 and (d) BWO4 films.  
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absorbance spectra were recorded by UV-Vis spectrophotometer to 
determine degradation performance of BWO3 photocatalyst using RhB 
dye. 

3. Results and discussion 

3.1. Structural analysis 

The XRD patterns of spray deposited Bi2WO6 thin films are shown in 
Fig. 1. The presence of multiple peaks in XRD patterns are confirmed 
polycrystalline nature of synthesized films. The diffraction peaks posi
tion in XRD patterns are well-matched with standard JCPDS card No. 
01–079–2381 and confirms orthorhombic crystal structure with 
preferred orientation along (131) plane having Pca21 space group. The 
peak intensity increased upto 70 ml spraying quantity due to increase in 
crystallinity and afterwards it was found to be decreased as a conse
quence of formation of powdery and less adherent films [28]. The 
average crystallite sizes of the films were calculated using well known 
Debye Scherer formula, D= 0.9λ/βcosθ, and were found in the range of 
40–50 nm. Films with better crystallinity will not have much light 
scattering thereby improving probability of light absorption at the 
semiconductor-liquid junction which in turns will lead to improved 
quantum yield and higher photocurrent. Powdery film would led to light 
scattering and lower photocurrent. 

The Rietveld refinement method by using Fullprof software was 
adopted to analyze crystalline architecture and variation in crystallinity 
of the films with variable solution quantity. This study confirmed 
orthorhombic phase of the Bi2WO6 films with Pca21 space group and 
absence of any secondary phase. Initially the required background was 
obtained from powder diffraction profile with the help of automatic 
background (with threshold 0.05) function in Fullprof software. Peak 
shape function used was Pseudo-Voiget. Initial input parameters for the 
refinement were adopted from CIF file No. 9011799 reported by Knight 
[29]. Then the other parameters were fixed and only the following pa
rameters were refined in sequence given: background, lattice parame
ters, scale factor, overall B-factor, FWHM parameters U, W and atomic 
positions. 

Cycle of refinement used were 20. The χ2 factor and the difference 
plot were monitored during each refinement calculation. The goal was 
to obtain least χ2 and almost flat difference plot, without violating any 
physical rule. Table 1a represents atomic positions of Bi, W and O ob
tained after the refinement and 1b lists output parameters such as lattice 
parameter (a, b and c), weight profile factor (Rwp), profile factor (Rp), cell 
volume, compound density, expected weighted profile factor (Rexp), 
Reduced chi-square (χ2), and Bragg factor (RB). The lattice parameters of 
all films were found to be similar with lattice parameters that reported in 
JCPDS file (01–079–2381). Fig. 2 indicates the fitting of experimentally 
observed data against theoretically calculated data and goodness of 

Fig. 3. (a) Raman spectrum of synthesized BWO3 sample, (b) Photoelectrochemical performance of Bi2WO6|1 M NaOH|Pt photoelectrochemical cell, (c) Optical 
absorption spectra and (d) Variation in band gap energy of Bi2WO6 films with various volume of spraying solution. (For interpretation of the references to color in 
this figure, the reader is referred to the web version of this article.) 
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fitting was decided by the nature of (Yobs - Ycal) line. Excellent agreement 
between experiment and calculated data was found as reflected from the 
values of R-factors. In the Rietveld method following relations are 
generally used to obtain various output parameters of sample under 
study after the refinement. 

Weighted profile factor: 

Rwp =

[∑n
i=1wi

⃒
⃒yobs,i − ycal,i

⃒
⃒2

∑n
i=1wiy2

obs,i

]1/2

× 100 (1) 

Expected weighted profile factor: 

Rexp =

[
n − p

∑n
i=1wiy2

obs,i

]1/2

× 100 (2) 

Bragg factor: 

RB =

[∑
h

⃒
⃒Iobs,h − Ical,h

⃒
⃒

∑
h

⃒
⃒Iobs,h

⃒
⃒

]

× 100 (3) 

Crystallographic Rf factor: 

RF =

[∑
h

⃒
⃒Fobs,k − Fcal,h

⃒
⃒

∑
h

⃒
⃒Fobs,h

⃒
⃒

]

× 100 (4)  

Reduced chi − square (χ2) =
(

Rwp
Rexp

)2

(5) 

Where, y, w, n, p, I, and F are profile intensities, suitable weights 
taken from experimental error margin, number of observations (data 
points), number of parameters, integrated intensities, and structure 
factors, respectively. Subscripts ‘obs’ and ‘cal’ represent observed pa
rameters and calculated parameters, respectively. These obtained 
output parameters support reliability and accuracy of the refinement. 

Bi2WO6 is a ternary metal oxide composed of alternating layers of 
(Bi2O2)2+ and perovskite (WO4)2− stacks. With apical oxygen WO6 oc
tahedrons are linked together and equatorial oxygen connects WO6 and 
more complex BiO6 polyhedrons [30]. At room temperature, Bi2WO6 
structure with Pca21 space group exhibits 2A1g + B1g +3Eg +4A2u +B2u 
+ 5Eu optic modes. Among these, 2A1g, B1g and 3Eg are Raman active 
modes and the rest are IR active. These modes are associated with 
several possible vibration such as asymmetric (A2u) and symmetric (A1g) 
stretching of WO6 (apical oxygen atoms), asymmetric (Eu) stretching of 
WO6 (equatorial oxygen atoms), vibrations involving translational mo
tions of Bi3+ and W6+ ions (A2u + Eu), bending (Eg +A2u +B2u + 2Eu) 
vibrations of WO6 and stretching and bending (B1g + Eg + A2u + Eu) 
vibrations of (Bi2O2)2+ layer. 

Fig. 3(a) shows Raman spectrum of the BWO3 thin film. The peak 
positions are evident to orthorhombic phase of the Bi2WO6. The 
stretching of the W–O bonds are assigned by the bands in the range 
600–900 cm− 1. The bands at 205 cm− 1, 258 cm− 1, 280 cm− 1, 302 cm− 1 

and 331 cm− 1 is associated with bending vibrations of WO6 and 
(Bi2O2)2+ layer. The peak position at 720 cm− 1 illustrates the antisym
metric bridging mode associated with the tungstate chain. While, the 
peaks observed at 792 cm− 1 and 819 cm− 1 are assigned to asymmetric 
(A2u) and symmetric (A1g) stretching modes of the terminal O–W–O 
groups in the WO6 octahedral. [7,19,31]. These obtained results confirm 
the formation of Bi2WO6 thin films. 

3.2. Photoelectrochemical performance 

Fig. 3(b) illustrates the photoelectrochemical performance of 
Bi2WO6 photoelectrodes. The behavior of photocurrent density against 
applied potential range within 0–0.7 V was studied by LSV method with 
scan rate of 10 mV/s. The BWO3 thin film shows higher photocurrent 
density, it may be due to higher crystallinity and quantum yield. The 
photocurrent density (Jph) found to be increased with applied potential, 

this might be due to the availability of large effective semiconductor- 
electrolyte interface [18]. Further, comparatively higher photocurrent 
density of this film against the applied potential may be attributed to its 
optimum thickness (750 nm) and well crystalline growth which offered 
easier route for charge carrier transportation. In this experiment, getting 
more photocurrent is considered to be signature of more degradation. In 
the degradation, more is the rate of catalytic oxidation; more are the 
electrons released. The lower Jph value at higher solution quantity 
attributed increase in film thickness which leads to powdery nature of 
the film and induces scattering of light which results in lower quantum 
yield. Table 2 indicates photocurrent density of Bi2WO6 film with vari
able solution quantity. 

3.3. Optical study 

The optical absorption spectra of Bi2WO6 films with variable solution 
quantity is shown in Fig. 3(c). Absorption edge is red shifted with in
crease in solution quantity. The major visible region absorption of the 
films is responsible for enhanced photoactivity. The steep shape of 
absorbance curve indicates absorption is due to band gap transition and 
not because of impurity transitions [32]. The optical absorption spectra 
was analyzed by using following relation [33]. 

αhν=A
(
hν − Eg

)n (6)  

where, α is absorption coefficient, A is the constants, hν is photon en
ergy, Eg is band gap energy of the material and n is the order. Fig. 3(d) 
depicts the variation of (αhν)2 v/s energy with respect to volume of 
spraying solution. The characteristics of transition in semiconductor are 
decided by the value of n. The transition corresponding to n values 1/2, 
2, 1/3 and 2/3 are direct allowed, indirect allowed, forbidden indirect 
and forbidden direct optical transition, respectively. The band gap 
values of all films were calculated by extrapolating linear part of the 
curve obtained by plotting (αhν)2 against energy hν to zero absorption 
coefficient (α = 0). Table 2 summarizes variation of band gap energy 
with solution quantity. The difference in band gap energy is due to the 
difference in crystalline structure of material with respect to change in 
quantity. In powdery film, the amorphous content could be responsible 
for increase in band gap energy. 

3.4. Morphological and compositional study 

The FESEM micrographs of Bi2WO6 films are shown in Fig. 4(a–d) 
designates random sized interconnected microparticle and porous 
morphology. The BWO3 film showed comparatively higher porous 
structure and interconnected network which may enhance photo
generated charge carrier transport. At higher solution quantity, slight 
agglomeration of particles responsible for reduced PEC performance. 
The surface topography of sample BWO3 was analyzed by atomic force 
microscopy (AFM) with non-contact imaging mode. The histogram is 
recorded over 1 µm × 1 µm scan area. Fig. 5(b, c) shows both 2D and 3D 
images and average roughness of the film was found to be < 25 nm. 

The surface area is directly linked to the surface roughness, therefore 
rough morphology observed for BWO3 significantly contributed to 
photodegradation performance [34]. Energy dispersive X-ray spectra 
(EDX) of BWO3 film (Fig. 5(a)) shows the peaks regarding the elements 
O, Bi, and W. It does not have any impurity peaks that reveals absence of 

Table 2 
Variation of photocurrent density and band gap energy with spraying solution 
quantities.  

Solution quantity (ml) Photocurrent density (µA/cm2) Band gap energy (eV) 

50 170 2.68 
60 366 2.74 
70 460 2.78 
80 395 2.82  
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foreign elements. The elemental ratios given in Table 3 confirmed the 
stoichiometry of film material, as the expected and observed elemental 
proportions are matched. 

3.5. Charge transfer study 

Electrochemical impedance spectroscopy (EIS) was used to examine 
charge separation characteristic of Bi2WO6 photoelectrode during 
degradation phenomena. Fig. 6(a) represents Nyquist plot of Bi2WO6| 
1MNaOH|Pt cell prepared with different spaying solution quantity 
under dark, light, and light + bias conditions. The radius of the arc is a 
rate of reaction which occurs at the electrode surface and is significantly 
related to separation of photogenerated charge carriers. Under light 

illumination, large arc radius revealing poor separation of charges. 
However, drastic reduction in arc radius was observed after applying 
bias potential to the electrode. The smaller radius value for BWO3|1M 
NaOH|Pt cell indicates fast interfacial charge transfer of photoelectron- 
holes and effective separation of these charge carriers as compare to 
other cells. The only one arc appeared in the plot suggests both photo
catalysis and photoelectrocatalysis are appear to be simple electrode 
processes [35,36]. This study supports enhanced performance of RhB 
degradation after applying the external bias potential. 

3.6. Band edge analysis of Bi2WO6 

In Bi2WO6 photocatalyst, hybridization of Bi 6s and O 2p states 

Fig. 4. FE-SEM micrograph of (a) BWO1 (b) BWO2 (c) BWO3 and (d) BWO4 film.  
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constitute valance band and W 5d composes conduction band. After 
light illumination, oxidation and reduction phenomena at catalyst- 
pollutant interface are mainly depends on band positions of catalyst. 
Band positions dominates both dissociations of excited charge carriers 
over surrounding medium and photoexcitation process. The degradation 

performance is always dominated by generation rate of reactive oxida
tion species. Band edge potential of the catalyst decides which reactive 
species take part in the mineralization of the pollutant. The band posi
tion of the semiconductors is related to its electronegativity and it can be 
calculated by geometric mean of electronegativity of all constituent 
atoms of the semiconductor [37]. 

The conduction band minima (ECB) and valance band maxima (EVB) 
was calculated by the following Butler and Shinley’s relation [38], 

ECB = χ(s) −
1
2
(
Eg
)
− E0 (7)  

Fig. 5. (a) EDAX spectrum, (b) 2D and (c) 3D AFM images of the BWO3 film.  

Table 3 
Elemental ratio of BWO3 film from EDAX analysis.  

Elemental ratio Expected Observed 

W:Bi 0.50 0.55  

Fig. 6. (a) EIS spectra of Bi2WO6 film synthesized with variable solution quantity under dark, light, and light + bias conditions and (b) Band edge positions of BWO3 
film against normal hydrogen electrode (NHE). 
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EVB = ECB − Eg (8) 

Where, Eg is the band gap energy, χ(s) electronegativity of semi
conductor, and E0 is the factor relating the reference electrode redox 
level to the absolute vacuum scale (E0= 4.5 eV for NHE). Based on above 
equations, Fig. 6(b) represents schematic of band positions of BWO3 
film. More positive potential value of valance band (3.14 eV) signifies 
higher oxidation potential of Bi2WO6 catalyst to decompose various 
organic pollutant. Further, conduction band potential (0.36 eV) is 
enough to produce superoxide anion (O−

2 ) radical in the aqueous solu
tion. The above calculated ECB and EVB values are found similar to earlier 
reported values [39]. 

3.7. Photoelectrocatalytic activity of RhB 

The detailed investigation of photoelectrocatalytic and photo
catalytic degradation of RhB dye as a model organic species for Bi2WO6 
photoelectrode were carried out under solar light illumination. The 
experiment was performed during sunny weather between 11am and 
3pm at Kolhapur, India (16.6780◦ N, 74.2555◦ E). The extinction spectra 
were recorded during degradation experiment in wavelength range 300 
to 700 nm over specific reaction time interval as shown in Fig. 7(a, b). It 

indicates decrease in concentration of organic species with the reaction 
time. The degradation efficiencies were calculated by using the 
following relation [40]. 

% degradation =

(
C0 − C

C0

)

x 100 (9) 

Here, C0 is the initial concentration, Ct is concentration at different 
time interval and t is the reaction time. As shown in Fig. 7(a), decrement 
in height of absorbance peak at 525 nm wavelength with increase in 
reaction time was observed for photocatalytic reaction and yields 
degradation efficiency of about 28% within 240 min under solar radi
ation. This lower efficiency was the consequences of aggressive recom
bination of photogenerated electrons and holes. The poor interaction of 
excited electrons in the conduction band with electron acceptors to 
produce reactive species. As a result, accumulation of electron at the 
bottom of conduction band may enhanced the recombination rate of 
charge carriers further. Therefore, separation of charge carriers is an 
effective route to improve the photocatalytic degradation of RhB [20]. 

The potential of 0.7 V was applied across the photoanode and 
cathode to support charge carrier transfer through the external circuit in 
the single cell reactor. As shown in Fig. 7(b), the extinction spectra of 
RhB reveals the faster photoelectrocatalytic degradation over 240 min 

Fig. 7. Degradation of Rhodamine B (RhB) by Bi2WO6 photocatalyst under solar radiation (a) photocatalysis and (b) photoelectrocatalysis.  

Fig. 8. (a) Photocatalytic, electrocatalytic, and photoelectrocatalytic degradation efficiency of Bi2WO6 over RhB under solar radiation and (b) Kinetics of degra
dation reaction of RhB under solar radiation. 
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under solar radiation. The application of external electrical bias poten
tial enhances degradation efficiency to 94% which is 3 fold higher than 
photocatalytic performance due to enhanced charge separation char
acteristic of Bi2WO6 photoelectrode. Fig. 8(a) indicates comparative 
study of efficiencies of photocatalytic (PC), electrocatalytic (EC), and 
photoelectrocatalytic (PEC) degradation of RhB. The electrocatalytic 
process at bias potential 0.7 V yielded no appreciable degradation of 
RhB. Further, the synergetic effect of photocatalytic and electrochemical 
process in PEC treatment is attributed to higher PEC degradation effi
ciency than the sum of PC and EC efficiencies. 

As per the report published earlier, formation of gradient at the 
Bi2WO6 surface effectively separates photogenerated charge carriers 
[35]. After incidence of photons (hνph≥ 2.78 eV) on the Bi2WO6 pho
toelectrode, electrons from valance band (VB) get excited to conduction 
band leaving behind holes in the VB. The electrons travel through the 
external circuit to counter electrode assists the formation of highly 
reactive superoxide anion radicals (O−

2 ) which takes part in the degra
dation process. The holes left in the valance band oxidizes water to yield 
ȮH radicals which interact with organic pollutant to give less harmful 
reaction product. In case of Bi2WO6 photocatalyst, major degradation 
species are O−

2 and photogenerated holes (depends on bonding of cata
lyst with the pollutant). The combined effect of photocatalytic and 
electrocatalytic oxidation processes influences degradation performance 
of Bi2WO6 electrode. The chemical kinetics of the degradation reaction 
was studied by using pseudo-first-order kinetic law. 

Ln
(

C
C0

)

= − kt (10) 

Where, k is the kinetic rate constant of the reaction and t is the 
illumination time [41]. Fig. 8(b) illustrates kinetics of degradation re
action of RhB under solar radiation. 

The Ln(Ct/C0) shows straight line nature after plotting against time t 
which confirms photoelectrocatalytic degradation of RhB obeys first 

order reaction kinetics. The slope of the line 1.08 × 10− 4s− 1 gives 
constant k. It depends on the surface area of photoanode and intensity of 
the light source. For comparative study, other kinetic parameters were 
calculated by using following relations [40]. 

k
′

= kV
(
cm3s− 1) (11)  

k′ =
k

′

A
(
cms− 1) (12)  

k′′′ =
kVF

i
(
M− 1) (13)  

where, k׳, k and k ׳׳  are rate constants, V is the total volume of organic ׳׳׳
pollutant under treatment, iph is total photocurrent, A and F are the area 
of photoelectrode and Faraday’s constant (96,500 mol− 1), respectively. 
The constant k  is a measure of oxidative degradation of organic ׳׳׳
species. 

3.8. Stability of Bi2WO6/FTO electrode 

The stability and reusability of Bi2WO6 photoelectrode were tested 
by carrying out PEC degradation of 250 ml RhB solution by BWO3/FTO 
electrode at bias potential 0.7 V under solar light. The same degradation 
experiment was carried out three times with fresh RhB solution. After 
each degradation cycle, film was cleaned by ultrasonication in double 
distilled water. Fig. 9 indicates the nature of degradation efficiency of 
Bi2WO6 photoelectrode against the number of cycles. Bi2WO6 film 
possesses excellent photoelectrocatalytic stability as there is no apparent 
change in its performance after four consecutive PEC runs. 

Table 4 indicates various kinetic parameters and efficiency of pho
toelectrocatalytic degradation of RhB. There are few reports on appli
cation of Bi2WO6 film for photoelectrocatalytic waste water treatment. 
Table 4 represent degradation performance of Bi2WO6 photoelectrode 
reported till date. 

4. Conclusion 

In summary, Bi2WO6 photocatalyst immobilized on FTO substrate by 
spray pyrolysis technique can efficiently degrade RhB with the appli
cation of external bias potential under solar radiation. An effective 
separation of photogenerated charge carriers in photoelectrocatalytic 
degradation process was responsible for higher performance than pho
tocatalytic process. The volume of spraying solution significantly affects 
crystallinity, morphology, photoelectrochemical and optical properties 
of Bi2WO6 films. The optimized film showed higher crystallinity and 
photocurrent density. Photoelectrocatalytic degradation of RhB obeys 
pseudo first order kinetics and showed 94% degradation efficiency. This 
work would account for potential application of Bi2WO6 films in 
wastewater treatment and photocatalytic water splitting. 
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Fig. 9. Stability and recyclability of Bi2WO6 photoelectrode towards RhB 
degradation under solar radiation. 

Table 4 
Degradation of organic pollutant by Bi2WO6 photoelectrode so far.  

Photoelectrode Method Pollutant Light source Pollutant Volume and concentration Efficiency Refs. 

Bi2WO6/FTO Solvothermal Phenol 500 W Xe 15 ml (10 mg/L) 78% [20] 
Bi2WO6/ITO Hydrothermal RhB 500 W Xe 150 mL 87.2% [42] 
Bi2WO6/ITO Hydrothermal 4-Chlorophenol (4-CP) 500 W Xe 100 mL 53% [36] 
Bi2WO6/FTO Spray Pyrolysis RhB Sunlight 250 ml (30 mg/L) 94% Present work  
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