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A B S T R A C T

Visible light active semiconductor Bi2WO6 photoelectrodes with desired physical and chemical properties are
sought for solar energy conversion and photocatalytic applications. The porous nanostructured Bi2WO6 photo-
electrodes are prepared by Spray Pyrolysis (SP). A detail study has been conducted to correlate the annealing
temperature, morphology and crystallographic orientation with the photoelectrochemical (PEC), electro-
chemical and photocatalytic properties. The photoelectrodes possess an optical bandgap of 2.82 eV and exhibit
anodic photocurrent. The current-voltage characterization of Bi2WO6 photoelectrodes reveals that the photo-
current density and photocurrent onset potential is strongly dependent on the deposition parameters. The PEC
study shows that the photoelectrode annealed at 525 °C has photocurrent density of 42 μAcm−2 at 0.23 V (vs Ag/
AgCl/3M KCl) under AM1.5 illumination and exhibit superior photocatalytic activity for Rhodamine B (RhB)
degradation. The electrochemical study shows that the photoelectrode has flatband potential of 2.85 V which is
in good agreement with photocurrent onset potential. This finding will have a significant influence on further
exploitation of Bi2WO6 as a potential semiconductor material in solar energy conversion and photocatalytic
applications.

1. Introduction

Architectural control of nanoparticles with well-defined shapes and
alignment of nanobuilding blocks into ordered superstructures have
been key challenge in materials chemistry and nanotechnology [1,2].
Recently, a significant interest has been received on controlling the
shape, size and structure of nanostructured materials because of the
strong correlation between morphology and physical/chemical prop-
erties [3]. Highly nanostructured materials with specific morphologies
have been receiving a wide attention owing to their important role in
the systematic studies of structure-property relationships [4]. Purposely
designed hierarchical structures of given inorganic materials possesses
novel physical and chemical properties as such structures hold the ad-
vantage of both microstructure and nanostructure [5]. For example,
isotropic or anisotropic behavior and region-dependent surface re-
activity are strongly related to the size, shape, and dimension of a
material [6]. Traditional methods for controlling the dimension and
structure are based on two strategies: one is the physical approach
which includes thermal evaporation [7], physical exfoliation [8], and
so on; the other is the soft chemical strategy that includes hydrothermal
[9,10] surfactant [11], and molecular assemblies as soft templates [12].

Unlike the synthesis of monodispersed spherical particles, as well as
one-dimension nanorods/nanowires, which have been successful in
many cases, deposition of nanostructured photoelectrodes with specific
properties has been shown to be much more difficult. A number of
electrode deposition techniques such pulsed laser deposition [13],
electrodeposition [14], spin-coating [15], dip-coating [16], spray pyr-
olysis [17] and chemical vapor deposition [18] have been used to ob-
tain shape controlled single component systems.

Among different electrode/thin film deposition techniques, spray
pyrolysis (SP) is simple, versatile and has advantage that a single so-
lution source can be used to fabricate multicomponent oxide photo-
electrodes. Moreover, it also diminish the stringent CVD requirement of
precursor volatility and precursor need to be soluble in a solvent from
which an aerosol can be generated [19,20]. Most of bismuth com-
pounds are not easily soluble in water and common organic solvents
which make it even more difficult to deposit the bismuth containing
multicomponent oxide film photoelectrodes. There are published works
on the preparation of Bi2WO6 particles by hydrothermal process and
then deposition of photoelectrodes by spin coating [21], electrostatic
layer by layer deposition technique [22,23] and dip-coating [24]. Re-
cently, Mann, et al. has prepared single crystalline nanoplates of
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Bi2WO6 using spray pyrolysis [25].
Bi2WO6 possesses very interesting intrinsic physical and chemical

properties, such as ferroelectric piezoelectricity, catalytic activity and
nonlinear dielectric susceptibility [26]. Recently, Bi2WO6 has attracted
extensive attention as a potential candidate for visible-light-induced
photocatalyst [15], photoelectrochemical (PEC) water splitting [27]
and CO2 reduction [28]. It is well known that the photocatalytic and
PEC properties are highly depends upon particle size, morphology and
structure. In early work, photocatalysts have been utilized as suspended
powders [29]. However, the limitations such as low photocatalytic
activity and the laborious recollection of the powder from the suspen-
sion have considerably restricted their applications. In order to over-
come such obstacles, nanostructured film photoelectrodes on solid
supports have been developed later. Such nanostructured photoelec-
trodes exhibit a large internal surface area, high porosity, and excellent
photocatalytic performance. In order to study the optical, electro-
chemical, electronic and PEC properties, nanostructured photoelec-
trodes should be prepared on optically transparent conducting sub-
strates. Unfortunately, the fabrication of highly crystalline
nanostructured thin film photoelectrodes of Bi2WO6 on such substrates
and a systematic study of PEC properties associated with nanostructure
and texture have not yet been examined in detail.

Stimulated by novel properties related to nanostructures, the pre-
paration of efficient visible-light sensitive Bi2WO6 photoelectrodes by
systematically controlling the nanostructure and texture is the primary
aim of this particular work. We also describe the preparation of highly
soluble and volatile solutions containing Bi and W compounds in aqu-
eous and organic solvents. In this work, Bi2WO6 nanostructured pho-
toelectrodes with nanoplates structures are fabricated by Spray
Pyrolysis (SP). These novel method is simple and reproducible route to
construct nanostructured Bi2WO6 photoelectrodes.

Moreover, the photoelectrodes prepared in this work has shown
considerably high photocurrent as well as high activity for photo-
catalytic degradation of Rhodamine B (RhB) dye. Our findings will
undoubtedly have a significant influence on further exploitation of
Bi2WO6 as a potential semiconductor material in solar energy conver-
sion and photocatalytic applications.

2. Experimental

2.1. Preparation of precursor solution

Analytical grade chemicals and reagents were purchased from
Sigma-Aldrich and used without further purification. Distilled water
was used throughout the experiment. The solution used for the de-
position of Bi2WO6 photoelectrodes was prepared as follows: 5.0 g of
diethylenetriaminepenta-acetic acid (DTPA) and 15mL of ammonia
water (30%) were added to 300mL of distilled water. 1.8 g of Bi2O3

powder and 1.0 g of (NH4)6 H2W12O40·xH2O powder were added to the
above stirring solution. The mixture was further stirred and heated to
80 °C in order to promote the dissolution and subsequent reaction. After
4 h of stirring, the mixture became a colorless transparent solution. The
solution was evaporated to dryness under reduced pressure to eliminate
any volatile by-products. The resulting powder was redissolved in
100mL of distilled water to obtain a transparent precursor solution.

2.2. Deposition of photoelectrodes by spray pyrolysis (SP)

The Bi2WO6 photoelectrodes were deposited by the SP process.
Fluorine doped tin oxide (FTO) glass substrates were cleaned ultra-
sonically (prior to spray pyrolysis) by ethanol, iso-propanol and acetone
15min each, in that order, and then washed with de-ionized water to
remove any remaining organic substances and dried with compressed
air. Once cleaned the FTO glass substrate was placed in the center of a
hot plate at 110 °C. The spray system comprised of a syringe pump
system (New Era Pump System NE-1000), an ultrasonic atomizer nozzle

(Sonozap) 1mm diameter and a vortex attachment [30]. 10ml of the
precursor solution was sprayed on to the FTO at a rate of 1mlmin−1

assisted with compressed air at a rate of 3 Lmin−1, which is passed
through the vortex attachment to generate a large plume of aerosol to
get a uniform coverage on the FTO. After the completion of spray, the
films were further annealed at different temperatures in air.

2.3. Structural characterization

The material phase composition was determined using a Bruker D8
Advance X-ray diffractometer (XRD) (Cu Kα irradiation, 40 kV/40mA,
0.02° 2θ step, and a scan time of 3 s per step) in the range of 20–70° 2θ.
The morphology and composition of the thin film was characterized
using a high resolution scanning electron microscope (SEM; HITACHI
S3200N) coupled with energy dispersive spectroscopy (EDS; Oxford
instrument elemental analysis).

Raman spectroscopy was undertaken using a HORIBA Jobin Yvon
LabRAM HR Raman Spectrophotometer (with 632.8 nm He-Ne laser).
The spectrum was recorded in the range of 100–1600 cm−1.

2.4. Optical and photoelectrochemical and electrochemical characterization

Room temperature UV-Vis absorption spectra were recorded on a
lambda 1050 with 150mm integrated InGaAs sphere Perkin-Elmer UV-
Vis spectrophotometer in the wavelength range of 200–800 nm. A bare
FTO coated glass substrate was placed in the reference optical path,
thus the absorbance measurements included only contributions from
Bi2WO6 photoelectrodes.

A three-electrode electrochemical cell, fitted with a quartz window,
was used for photoelectrochemical studies. An aqueous solution of 1M
NaOH was used as the electrolyte. The potential of the Bi2WO6 working
electrode was controlled by a potentiostat (micro-Autolab, type III). A
Ag/AgCl/3M KCl electrode was used as the reference electrode and a Pt
wire was adopted as the counter electrode. In electrochemical cell light
enters through a quartz window and travels about a 5mm path length
in the electrolyte before illuminating the photoelectrode. The Bi2WO6

photoelectrode was illuminated through the electrolyte side and the
illumination source was an AM1.5 class A solar simulator (Solar Light
16S–300 solar simulator).

Mott-Schottky relationship was used to calculate the flatband po-
tential (Vfb) of nanostructured Bi2WO6 photoelectrodes. The Mott-
Schottky plots were constructed using capacitance data obtained from a
cyclic voltammetry (CV) technique described by Eggleston et al. [31]
and Boschloo et al. [32] using the equation below.

= = =c dQ
dV

i dt
dV

i
v

with Q the charge, V the potential and i the current. The Cyclic vol-
tammograms (CVs) were measured in different pH electrolytes to cal-
culate the pH dependence of flatband potential.

3. Photocatalytic degradation of rhodamine B (RhB)

The light source for photocatalytic measurements was a 100W
ozone free Xenon lamp (Oriel LCS-100, Newport) with 420 nm high
pass cut-edge filter to cut UV radiations. . Degradation of rhodamine B
(RhB) was performed in a quartz cuvette reactor containing 60ml of
RhB (10mg/L) and 1ml of H2O2. The photodegradation experiment
also carried out using higher concentration 20mg/L of RhB. Prior to
irradiation, the suspension was kept in the dark for 30min to establish
absorption/desorption equilibrium between RhB solution and the
electrode. During the reaction, 3mL of RhB solution was sampled at
certain time intervals to check the degree of degradation, which was
done by measuring the absorbance at 554 nm as a function of reaction
time. After the measurement, the sampled RhB solution was returned to
the reactor to keep the total volume of the reaction roughly equivalent.
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Bi2WO6 photoelectrodes prepared at different calcination temperature
were used in the experiment in order to investigate the influence of
annealing temperature of electrodes on the efficiency of degradation.

4. Result and discussion

Nanostructured Bi2WO6 photoelectrodes were successfully prepared
through a simple procedure employing SP processes. A comparative
study of the effect of annealing/deposition temperature on the mor-
phology and PEC properties of the photoelectrodes was conducted. In
general, photoelectrodes deposited in the present work are superior to
the ones reported in the literature in terms of their easy fabrication
(one-step process, clean deposition, good adhesion to FTO substrate as
verified by "Scotch Tape Test") and PEC performance. The photoelec-
trodes are also highly stable under PEC and electrochemical measure-
ment conditions.

4.1. Structural characterization

Raman spectra of as-prepared photoelectrodes are shown in Fig. 1.
The peaks in the range of 600–1000 cm−1 are assigned to the stretches
of the W–O bands, according to the Grane et al. [33] The bands at 760
and 790 cm−1 of Bi2WO6 were associated with the antisymmetric and
symmetric Ag modes of terminal O–W–O chain. The band of 310 cm−1

Fig. 1. Raman Spectra of Bi2WO6 photoelectrodes deposited by spray pyrolysis
and annealed at 450 °C–525 °C.

Fig. 2. The XRD peak pattern and SEM micrographs (a–d) of photoelectrodes deposited by SP and annealed at 450–525 °C.
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could be assigned to translational modes involving simultaneous mo-
tions of Bi3+ and WO4. The bands at about 300 cm−1 were assigned to
the modes of terminal WO2 group. The W–O bonds of intermediate
length (about unit valency) are characteristic of bridging W–O bonds
and are assigned to Raman mode stretching wavenumbers in the range
of 700–1000 cm−1 [34]. As can be seen in Fig. 1, the intensity of peaks
increase with the increase in annealing temperature indicate that the
crystallinity of photoelectrode increase with temperature. These ob-
servations are in good agreement with SEM and XRD results.

4.2. Effect of annealing temperature on crystallinity and morphology

The effect of precursor solution and different annealing/deposition
temperature on the nanostructure and morphology of Bi2WO6 photo-
electrodes prepared by SP were investigated in detail. In order to study
the effect of substrate temperature on crystallinity and morphology,
photoelectrodes were annealed on different substrate temperatures
while all other parameters were kept constant. The effect of annealing
temperature on properties of photoelectrodes prepared by SP was stu-
died over the temperature range of 450–525 °C.

The phase and crystallinity of photoelectrodes were characterized
by XRD and all peaks indexed by (*) in XRD peak pattern correspond to
the substrate fluorinated SnO2 layer, while the remaining reflections
were indexed to orthorhombic phase (Russellite) Bi2WO6 with space
group B2ab (Fig. 2). The peak pattern is in good agreement with the
reported data for Bi2WO6 (ICDD 01-073-2020, a=5.457 Å,
b=5.436 Å, and c=16.425 Å) [35]. The Fig. 2 illustrates the effect of
annealing temperature on electrode structure and morphology. The
XRD peak pattern showed that the Bi2WO6 phase was achieved at
450 °C with very small peak intensities which may be due to poor
crystallinity. The peak intensity increased with the increase in an-
nealing temperature indicating the enhanced crystallinity of photo-
electrodes. The crystallites size calculated from the boarding of the
(113) peak of the electrode annealed at 525 °C is 65 nm.

The analysis of SEM images shows that the photoelectrodes an-
nealed at 450 °C consist of big lumps with very uniform pores as shown
in SEM Fig. 2a. With the increase of temperature, the lumps began to
disperse and particles with different boundaries starts emerging. The
growth of particles with specific shape became more apparent with the
increase of annealing temperature as elucidated by progressive SEM
images (Fig. 2b and c). The particles acquired a near cuboids shape after
annealing at 525 °C as shown in SEM image (Fig. 2d). These Bi2WO6

particles have a length of about 100–150 nm and a thickness of about
50–70 nm and are linked together to make a porous structured elec-
trode.

4.3. Optical characterization

In Bi2WO6, Bi+3 has two 6s valence electrons in the crystalline
phase. The band structure of Bi2WO6 was suggested to be composed of
W5d (conduction band, CB) and hybridization of Bi6s and O2p (valence
band, VB) [36]. It has been reported that Bi2WO6 thin films have a steep
absorption edge in the visible range, indicating that it is due to the
intrinsic transition within the material related to the fundamental ab-
sorption edge rather than the transition from impurity levels [37].

The optical properties of Bi2WO6 samples were recorded using UV/
Vis spectroscopy. Fig. 3 shows direct bandgap [38,39] of thin films for
Bi2WO6 film photoelectrodes for porous nanoplate electrode deposited
by SP at 525 °C. For a crystalline semiconductor, it was shown that the
optical absorption near the band edge follows the equation
(αhν)n=A(hν - Eg), where α, ν, Eg, and A are light absorption coeffi-
cient, frequency, bandgap, and a constant, respectively. Among them, n
decides the characteristics of the transition in a semiconductor. A slight
increase in absorption is observed with increase in annealing tem-
perature and absorption spectra are given in Fig. S2. As seen from Fig.
S2, the absorption of Bi2WO6 does not show a clear absorption edged.

This can be due to very thin films as well as due to large voids and high
porosity in the photoelectrodes. The absorption is directly used as
equivalent to the absorption coefficient in determination of bandgaps.
The annealing temperature has slight effect on bandgap (Eg) and the
bandgap estimated by extrapolation of the plots of (αhν)2 versus hν are
2.82 eV (Fig. 3) and are comparable to the reported values for Bi2WO6

powder nanoparticles [4].

4.4. Photoelectrochemical properties

The photoelectrochemical (PEC) properties of Bi2WO6 photoelec-
trodes were investigated under AM 1.5 illumination in a 3-electrodes
open quartz cell. The steady-state J-V plots in Fig. 4a show the de-
pendence of photocurrent density on the annealing temperature. The
photocurrent increases with the increase of annealing temperature. The
crystallite size, orientation and morphology of the photoelectrodes
drastically varied with the annealing temperature. Further increased of
annealing temperature could not be continued beyond certain limit due
to instability of glass substrate at high temperature (> 550 °C). The
result indicate that the morphology as well as the degree of crystal-
lographic preferred orientation are the key factors in defining the light
harvesting and charge transfer properties [40].

The photocurrent increased rapidly with the applied potential,
which could be due to fact that the high internal surface area exposed to
the electrolyte provides a large effective semiconductor/electrolyte
interface. Thus, the separation of photogenerated carriers within the
width of the space charge layer becomes a key factor to enhance PEC
performance of photoelectrodes.

The best photoelectrodes prepared using the SP methods have been
studied under chopped light (AM 1.5 illumination) to reveal the dark
current simultaneously. Fig. 4b describes the photocurrent transients in
the potential range that encompasses the photocurrent and dark current
onset potentials. For comparison, the steady-state J-V plot was super-
imposed on the transient plot in each case. Steady-state and transient J-
V plots agree well for all photoelectrodes. Generally dark current starts
at about 0.6 V (vs. Ag/AgCl/3M KCl) in 1M NaOH electrolyte. This
photoelectrode have shown about 42 μAcm−2 photocurrent density at
0.23 V (vs Ag/AgCl/3M KCl) under AM1.5 illumination and a negligible
dark current (Fig. 4b). However, the recombination characteristics are
evident in photocurrent transients. This indicates that the light har-
vesting properties of Bi2WO6 photoelectrodes depend on the fabrication
conditions which are directly related to the texture, morphology and

Fig. 3. Plot of (αhυ)2 versus photon energy (hυ) for Bi2WO6 photoelectrodes
deposited by spray pyrolysis and annealed at 450 °C–525 °C.
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preferred orientation of photoelectrodes [41].

4.5. Electrochemical characterization

One of the important parameters in the study of semiconductor
electrolyte interface is flat-band potential which explains the electro-
chemical characteristics of the system in dark and under illumination.
Cyclic voltammograms of Bi2WO6 photoelectrodes are measured in
three electrodes mode under dark condition at different scan rates in
different pH electrolytes. The potential range is such that the Bi2WO6

photoelectrodes are always under depletion conditions; i.e., the applied
potential is more negative than the flatband potential (Vfb). An intri-
guing feature of these CVs is that the current is an approximately linear
function of the applied potential, in the directions of both the forward
and the reverse scans. Furthermore, the current at a given potential is
linearly dependent on the scan rate. The cyclic voltammograms re-
corded as a function of scan rate for Bi2WO6 photoelectrodes annealed
at 525 °C are shown in Fig. S3. The CVs of Bi2WO6 photoelectrodes
prepared in the current work do not shows any electrochemical inter-
facial redox reactions indicates that the origin of current is capacitive.

In the absence of interfacial redox reactions, the scan-rate (n) de-
pendence of current can be attributed to charging and discharging of
the space charge layer. The CVs collected for a series of scan rates, the
current (i) was plotted versus scan rate (n) at selected applied potential.
The current i was plotted against scan rate v at selected applied po-
tentials (both anodic and cathodic plots were given in Fig. S4. The slope
of the line in such a plot is a measure of space charge layer capacitance
(CSC) at each potential. The data from the forward scans of the CVs are
used to calculate the capacitance to construct the Mott−Schottky plots
(i.e., C−2 vs V) and the flatband potential was estimated by extra-
polating the linear part of the Mott−Schottky plots. The Mott−-
Schottky plot determined at pH 13.3 for the photoelectrode is given in
Fig. 5. The flatband potential 2.85 V estimated from the Mott−Schottky
plot remarkably agrees with the photocurrent onset potentials which
further support the negative shift of the photocurrent onset associated
with hierarchical microsphere structures.

It is well known that the flatband potential of many semiconductors
in contact with aqueous electrolytes depends on the pH of the solution.
The relationship between Vfb and the pH was linear with a slope of
about 60mV per pH unit (Fig. 5 inset), which is very close to the
Nernstian response (−59mV/pH) expected for reactions involving
protons and hydroxide ions.

However, this relationship deviates from the Nernstian slope for the
electrodes annealed at 450 °C and 475 °C is more pronounced especially
at pH 9 and 10 as shown in Fig. S5. This deviation can be attributed to

the microstructure and crystallinity of the electrodes. The electrode
annealed at 450 °C and 475 °C has bigger voids but the individual
particle is not crystalline with clear boundaries. However, with the
increase in temperature the particles become more crystalline and voids
become more distributed making films more porous and crystalline.
The electrode annealed at 500 °C and 525 °C follow the Nernstian slope
to entire range of measured pH particularly and the Vfb and its pH
dependence support the argument that the nanoplate structures pro-
vides high internal surface area which allows more electrolyte solution
to penetrate to the interior of each porous nanostructure providing a
large semiconductor/electrolyte interface to enhance the photoelec-
trochemical and photocatalytic performance of photoelectrodes.

4.6. Photocatalytic activity

The photocatalytic activity of Bi2WO6 film has been evaluated by
degredtion of rhodamine B (RhB) as the target pollutant. The RhB de-
gradation is tested for 10mg/L and 20mg/L RhB concentration. Fig. 6
shows the photocatalytic degradation of RhB (10mg/L) over Bi2WO6

prepared at different calcination tempreture, 525 °C, 500 °C, 475 °C,
and 450 °C. The photocatalytic results for RhB (20mg/L) is given in
supporting information Fig. S6 and Fig. S7. It can be seen from Fig. 6a
that, maximum degredation of RhB is achived in 30min for the film
annealed at 525 °C. It is also be noted, the minimum photocatalytic
activity is obtained by the film annealed at 450 °C as shown in Fig. 6d.
Fig. 7 shows the photocatalytic activity of Bi2WO6 films prepared at
different tempreture at the wavelength of 554 nm as a function of C/Co

vs. irradiation time.
The primary degradation reaction is estimated to follow a pseudo

first-order kinetic law, according the Equation (1).

− =Ln C
C

k tapp
0 (1)

Where kapp is the apparent pseudo-first-order reaction is rate constant
and reaction time is t . The Ln(C/C0) was replotted as a function of il-
lumination time for RhB shown in Fig. 8. From the straight lines ob-
tained in Fig. 8 which confirm kinetics of RhB degradation followed the
pseudo first-order degradation curve, which agreed with the Lang-
muir–Hinshelwood L-H model [42].

The rate constant for photoelectrodes annealed at different tem-
perature is determined from the slope of the plots in Fig. 8. The pho-
tocatalytic kinetic parameters such as pseudo-first-order rate constant
and substrate half-life are shown in Table 1. The parameters in Table 1
confirm that an increase in the annealing temperature leads to increase
in the rate of degradation of RhB by Bi2WO6 films. It is obsereved that

Fig. 4. (a) J-V plots showing the dependence of photocurrent on annealing temperature for the photoelectrodes (b) Chopped and steady state J-V plot of porous
nanostructured annealed at 525 °C.
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calcination temperature has significant impact on the photocatalytic
activity of as-prepared films. The increase in the annealing temperature
lead to increase the crystallinity which provide better surface area
which is the main reason for the enhancement of the photocatalytic
activity [43,44]. The dye degradation study prove that the light har-
vesting performance is directly related to the texture, morphology and
preferred orientation of photoelectrodes.

5. Conclusion

We have demonstrated a convenient single solution source spray
pyrolysis process for the fabrication of Bi2WO6 photoelectrodes with
different annealing temperature. The fabrication method and annealing
temperature have strong influence on the texture, morphology and

orientation of Bi2WO6 photoelectrodes. These photoelectrodes are
highly reproducible and possess an optical bandgap of ∼2.8 eV and
exhibit anodic photocurrent. The present work opens new routes to
improve the properties of Bi2WO6 photoelectrodes by controlling their
texture, morphology and orientation. Overall, the methods reported
here provide simple and convenient means for modulation of the sur-
face properties of Bi2WO6 photoelectrodes. We believe that our findings
will trigger exploitation of Bi2WO6 photoelectrodes in a wide range of
areas such as photocatalytic, electrochemical, photoelectrochemical
and electronic applications.
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Table 1
Apparent constant and half-life for Langmuir-Hinshel-wood model for rhoda-
mine B photo degradation by Bi2WO6 films.

Temperature (°C) kapp(min−1) t1/2 (min)

450°C 0.116 11
475°C 0.138 7
500°C 0.157 6
525°C 0.180 5
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