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ARTICLE INFO ABSTRACT

Keywords: This work focuses on developing a novel photoelectrocatalytic (PEC) cell combined with a solar cell for the
Photoelectrocatalytic cell highest efficiency, simplest process, and most energy savings to degrade organic dyes in wastewater. FTO/WO3/
Solar cell

BiVO4 photoanode electrode fabrication was developed with the simple layer-by-layer dip coating method,
which allows production to be scaled up in the future. The fabricated WO3/BiVO4 shows thin film properties of
high porosity, good visible light absorption, and ability to cover the entire FTO substrate area. The developed
FTO/WO3/BiVOy, electrode exhibits high oxidation activity and high durability, and it can be applied to the PEC
cell prototype by working under the catalytic mechanism of light irradiation and bias potential for organic dye
degradation. The novel PEC cell was especially designed to include a solar cell to convert light into electrical
energy that is stored in batteries for potential bias at the anode electrode and to supply electricity to the light-
irradiated electrode and solar cell panel under the electrical circuit’s controller. The result shows that the
developed PEC cell prototype can operate on its own without using external power and is able to degrade
methylene blue and rhodamine B dyes up to 94% and 93% in 3 h, respectively. This research provides a novel,
innovative PEC cell prototype that is highly effective at removing various organic dye substances, uses a simple
method, offers an energy saving process, and is a very interesting way to further a large industrial dye waste-
water treatment system.

Organic dye degradation
WO3/BiVOy thin film
Dip coating method

1. Introduction

Organic dyes from industrial systems make it necessary to accelerate
the development of removal techniques because these substances cause
water pollution and unsightly scenery [1-5]. Many methods have been
developed to treat dye wastewater, such as using chemical coagulation
[6-8], membrane [9,10], and biological systems [11,12], but these
techniques are still not very effective or compatible methods because
they use many removal steps. Therefore, highly effective treatment
techniques and simple treatment procedures are urgently needed to
solve the previous methods’ limitations. The photoelectrocatalytic
technique is an attractive method that has many advantages in treating
dye wastewater with a highly efficient technique and simple procedures
[13-18]. The photoelectrocatalytic cell can be developed by electrode
fabrication method improvement [19-22] and photoelectrocatalytic cell

designation [23-25] to be a highly effective and practical application.
Photoanode electrode development widely uses titanium dioxide (TiO5)
semiconductors because they present high photocatalytic activity under
ultraviolet light and are also durable in the environment [26-28].
However, TiOy is only active in ultraviolet light that is minimal
compared to the visible light in natural light. Therefore, light absorption
properties of TiO2 must increase by the addition of other substances with
optical absorption properties in visible light [29-32] or one must select
other semiconductors with narrow bandgap energy [33-35]. Tungsten
oxide (WO3) and Bismuth vanadate (BiVO4) are usually selected as
narrow semiconductors because they have high photocatalytic activity
under visible light region [36-40]. In previous research, we successfully
developed composited WO3/BiVO4 preparation using the spin coating
method for water oxidation and organic dye removal under visible light
[16,38,41]; however, it was used in a small-scale laboratory application.
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Therefore, a large-scale and practical electrode preparation process must
be studied and developed for industrial plant application. The dip
coating technique is one of the simplest techniques that it is still being
continuously developed for large-scale thin film fabrication [22,42-45].
The photoelectrocatalytic cell design is especially important for high
efficiency, compatibility, and energy saving when applied to a real
wastewater treatment system [25,46,47].

In this work we developed the WO3/BiVO4 photoanode electrode
preparation by simple dip-coating method and applied the designed
photoelectrocatalytic cell for organic dye degradation. Moreover, a solar
cell system and batteries were included to convert light energy into an
electrical energy storage system. The results show that the developed
system can be applied to the removal of various organic dyes with high
efficiency and energy saving process.

2. Experiment
2.1. WO3/BiVOy4 photoanode electrode preparation

A precursor solution of 0.1 M BiVO4 was prepared by mixing 25 ml of
0.2 M (BiNO3)3 in acetic acid solution with 25 ml of 0.2 M (C;oH1405V)
in acetyl acetone solution. 0.1 M WO3 was prepared by dissolving
tungstic acid in 30% ammonia (NH4OH) solution then refluxed at 60 °C
for 1 h. Fluorine doped tin oxide (FTO) 10 x 10 cm in size was used as an
electrode substrate. The FTO substrate was cleaned and its surface
modified by sonicating in the priority solution of 0.5 M NaOH for 15
min, ethanol for 15 min, and deionized water for 15 min. The modified
FTO substrate was dipped in 0.1 M WOs3 solution in the first layer and
dried at 150 °C for 5 min. The FTO/WO3 was dipped in 0.1 M BiVO4 in
the second layer and dried again. The FTO/WO3/BiVO4 was calcined at
550 °C for 1 h and then connected with copper wire and covered by
epoxy resin to control the reaction surface area.

2.2. Characterization and photoelectrocatalytic properties analysis

The fabricated FTO/WO3/BiVO4 was characterized to study the op-
tical property, morphology, chemical composition, and crystalline
structure. Absorption property was studied using a UV/Vis spectro-
photometer (Shimadzu, UV-1601). The surface morphology of FTO/
WO3/BiVOy4 thin film was investigated using an atomic force microscope
(AFM) (JEOL, JAFM 4500 XT) and scanning electron microscopy (SEM)
(JEOL, JSM 6510). The elemental composition and oxidation states of
WO3 and BiVOy thin films were confirmed using X-ray photoelectron
spectroscopy (XPS) (JEOL, JPS-9010TR). The crystalline structure of
WO3/BiVO4 thin films on the FTO substrate was studied by X-ray
diffraction (XRD) (JEOL, JDX-3530) in the 20 range from 10° to 70°. The
photoelectrocatalytic activity for water oxidation was studied using a
voltammetry analyser (Princeton Applied Research, Inc., VersaSTAT 3)
in a 0.1 M NaySO4 electrolyte solution at an applied potential of 1.0 V
versus Ag/AgCl wunder visible-light illumination. The photo-
electrocatalytic organic dye degradation efficiency was studied in 5.0
mg L~! Rhodamine B (RhB) and methylene blue (MB) in a 0.1 M NazSO4
solution under an applied potential of 1.0 V and visible-light irradiation.
The concentrations of RhB and MB organic dyes were determined using
a UV/Vis spectrophotometer (Shimadzu, UV-2401PC). The following
equation calculated organic dye degradation efficiency:

Ay —A
Organic dyes degradation(%):( 0 A ‘)xlOO (@D)]
0

where Ay is the initial absorbance of organic dyes and A; is the absor-
bance of organic dyes at given time t. Moreover, the chemical oxygen
demand (COD) parameter was observed to confirm the PEC cell’s
degradation efficiency.
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2.3. PEC cell design

Fig. 1 shows the designed PEC cell including the solar cell system.
The PEC cell consists of the developed WO3/BiVO4 photoanode elec-
trode (1), which was placed parallel to the stainless steel cathode elec-
trode (2). All electrodes were dipped in a 5.0 mg/L MB or RhB solution
used as an organic dye sample (3). The cell design included a pump (4)
to continuously flow the organic dye solution through the anode elec-
trode (1) and refresh the electrode surface at all time. The system’s
operation accelerates the reaction at the anode electrode by the light
irradiation from 2 lamps (5). The first lamp is located at the anode
electrode to accelerate the semiconductor electrode (photocatalysis),
and the second lamp is located at the solar cell panel (6) to convert the
light energy into electrical energy and charge the battery (7). The bat-
tery is responsible for supplying voltage to the lamps (5) and electrodes
(1, 2), which control the power supply with the circuit board (8). The
circuit board (8) controls the electrical circuit from the solar cells to
store electricity in the battery and control the power supply from the
battery to the lamps (5) and the electrodes (1, 2). In particular, we
control the electric potential at the electrode by adding a voltage control
panel device (9) to control the voltage at the electrode so it is specific
and constant.

3. Results and discussion
3.1. WOs3/BiVOy electrode fabrication and characterization

This research has successfully developed WO3/BiVO4 thin film
fabrication on the FTO substrate by a simple dip-coating technique. The
inset in Fig. 2b shows the dark-yellow black of WO3/BiVOy4 after calci-
nation at 550 °C, corresponding to the colour of WO3 and BiVO4 semi-
conductors [19,41,48]. The WO3/BiVO,4 thin film fabricated by the
dip-coating technique presents better homogeneous thin film cover over
all areas of the FTO substrate than that the previous spin-coating tech-
nique [41]. Fig. 2 shows the higher visible light absorption intensity of
WO3/BiVOy4 thin film prepared by the dip coating technique than the
spin coating technique due to the effect of thin film coverage on the
substrate mentioned above. The inset of Fig. 2a shows the correlation
between the absorbance coefficient and bandgap energy (Eg), which
could be calculated as 2.40 eV and 2.8 eV, corresponding with BiVO4
and WOs at the electrode surface, respectively [16,33,37,49]. The result
confirms that both BiVO4 and WO3 semiconductors can generate hole
(h™") for oxidation reaction efficiently from e-h™ charge separation
under visible light irradiation. The absorption result confirms that WO3
in the inner layer can generate e-h" under light irradiation and act as
electron separation of the generated electron from the BiVO4 conduction
band to the electrode, preventing the charge recombination effect and
resulting in improved photoelectrocatalytic activities. Our method im-
proves on previous works that addressed FTO/WO3/BiVO, fabricated
using the spin coating method [41]. BiVOy4 at the outer layer improves
visible light absorption and enhances the generated h* separation from
the valence band of WOs3, which causes highly efficient h* to occur and
improves the oxidation reaction at the electrode surface. This absorption
property indicates that the developed WO3/BiVOy thin film electrode
has a suitable bandgap for photoelectrocatalytic degradation of organic
dye under visible light irradiation [50-53]. Fig. 3(A and B) shows the
top view morphology of WO3/BiVOy thin film analysis by AFM and SEM
techniques with the small particle size of 100-200 nm and present high
surface roughness, which places the surface area in contact with organic
substances and water for high efficiency of the oxidizing process at the
electrode surface. The XPS analysis confirmed the chemical composition
and oxidation state of elements on the FTO/WO3/BiVO4 prepared by
dip-coating technique very well. Fig. 4 shows Vanadium (2ps,2) and
Bismuth (4f;/2, 4f5/2) peaks at the binding energy of 516.5, 158.9, and
164.2 eV, which confirms the chemical composition of thin films with
V>* and Bi®" of BiVO, [54]. In addition, we found the W (4f 7,2, 4f5/2)
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Fig. 1. Schematic PEC cell design including solar cell system (1) FTO/WO3/BiVO,4 anode electrode, (2) stainless steel cathode electrode, (3) organic dyes solution, (4)
pump, (5) light sources, (6) solar cell, (7) battery, (8) circuit board, and (9) voltage control panel.
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Fig. 2. UV/Vis absorption spectra of FTO substrate, FTO/WO3, and FTO/WO3/BiVO, prepared by dip coating and spin coating techniques. Inset of (a) shows the
correlation between the absorbance coefficient and bandgap energy of FTO and FTO/WO3/BiVO,4 prepared by dip coating technique and (b) shows the colour of
FTO/WO3; and FTO/WO3/BiVOy4 thin film prepared by spin coating and dip coating techniques.

peaks at the binding energy of 35.1 and 37.2 eV, which confirms the
chemical composition of the thin film has W®" of WO5 [55,56].
Furthermore, oxygen (1s) is present at the binding energy of 529.8 eV,
which means oxygen in the crystal structure of WO3 and BiVO4 [57,58].
The crystal structure of the FTO/WO3/BiVO4 electrode prepared by the
dip coating technique after it was calcined at 550 °C was studied using
X-ray diffraction (XRD). Fig. 5 shows the XRD pattern at 2-theta of 24°

that related to monoclinic WO3 [59], while the monoclinic BiVO4 pre-
sents the XRD pattern at 2-theta of 18.8°, 28.9°, and 30.6° [60],
respectively. Such studies can confirm that WO3; and BiVO4 semi-
conductors are actually on the electrode and have a crystal structure
suitable for use as a photocatalytic semiconductor on the electrode for
further high oxidation activity of organic dyes. Overall, the character-
ization confirms the optical properties, morphologies, chemical
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Fig. 3. (A) AFM images and (B) SEM image on the top sectional view images of the fabricated WO3/BiVO, thin film on FTO substrate using dip coating technique.

(a) Bi 4f7/2
=
g
&
)
=
S
L
160 165 161 157 153
Binding enenergy (eV)
(c) W4,

Intensity (a.u.)

44 42 40 38 36 34 32 30
Binding energy (eV)

(b)

A% ZpM

Intensity (a.u.)

519 518 517 516 515 514 513
Binding enenergy (eV)

(d)

O 1s

Intensity (a.u.)

537 535 533 531 529 527 525 523
Binding enenergy (eV)

Fig. 4. XPS spectra of (a) Bi 4f, (b) V 2p, (c) W 4f, and (d) O 1s on FTO/WO3/BiVO, electrode fabricated by dip coating technique.

composition, and crystalline structure of the fabricated FTO/WO3/-
BiVOQy4 electrode using the simple method, which was suitably applied to
a photoanode electrode in a PEC cell for the dye degradation process.

3.2. Photoelectrocatalytic properties analysis

Fig. 6 shows the anodic photocurrent from the water oxidation
process using the WO3/BiVOy electrode prepared by the developed dip-
coating technique was significantly higher than the previous spin
coating technique [41]. The higher photoelectrocatalytic activities of
the dip coating technique for WO3/BiVO, thin film preparation were
consistent with the better physical and absorptive properties compared

to the spin coating technique. Importantly, the dip coating technique is
also simple and can scale up thin film fabrication better than the spin
coating technique, and it is suitable for application to the removal of
large-scale dye wastewater.

3.3. The designed PEC cell efficiency for dye degradation

As shown in Fig. 7, the PEC cell design (which includes a solar cell
system) was successfully applied to dye degradation under the consid-
eration of the most effective dye removal. Under the optimum condition
using parallel FTO/WOQ3/BiVO4 photoanode electrodes and the stainless
steel cathode electrode with a bias potential of 2.0 V, adjusting the pH
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Fig. 5. X-ray diffraction patterns of FTO substrate, FTO/WOs3, FTO/BiVO, and FTO/WO3/BiVO, prepared by dip coating techniques.
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Fig. 6. Photocurrent of FTO/WO3/BiVO4 electrode with different fabrication of dip coating and spin coating techniques at 1.0 V vs. Ag/AgCl in 0.1 M Na,SO4

aqueous solution under periodical visible light irradiation.

value to 3 under 20 W visible light-accelerated conditions in the 10 L dye
wastewater container can remove up to 94% and 93% of MB and RhB
dye wastewater, respectively, in 3 h as shown in Fig. 8. The inset of Fig. 8
shows the dyes’ significant colour change from dark blue and dark pink
until it becomes a clear solution, which confirms the high efficiency of
the developed PEC cell for dye degradation applications. The COD value
was monitored to confirm that the organic dye removal can be changed
from the dye substance into CO, and HyO without turning into other
organic substances. The result shows that the develop PEC cell can
reduce the COD value up to 82% in 180 min, which confirms that the
designed PEC cell is highly effective in treating dye wastewater, as
shown in Fig. 9. Table 1 shows the dye degradation efficiency
improvement of this work compared with the related research. There are
presents the % colour degradation of dye up to over 90% for all research.
The highlight of this research is higher efficiency COD removal in a
shorter time using a light source with lower power than other studies

and that can degrade many types of dyes. The developed PEC cell can be
used in large-scale applications and save more energy when combined
with solar cells. Therefore, we can confirm the high efficiency in large-
scale applications and energy-saving of the developed PEC cell for dye
degradation. The organic dye removal efficiency on the electrode sur-
face was analysed using the photocatalytic (PC), electrocatalytic (EC),
and photoelectrocatalytic (PEC) mechanisms by comparing the per-
centage of RhB degradation. Fig. 10 shows that the PEC catalytic
mechanism has the best dye removal efficiency over EC and PC. The
result confirms that both light and applied potential are important fac-
tors for the dye degradation efficiency of the developed FTO/WO3/
BiVOy electrode. Fig. 11 shows a schematic diagram of the reaction on
the surface of the FTO/WOQ3/BiVO4 electrode under the catalytic con-
dition by light irradiation and bias potential. The separated e~ and h™
were generated at the conduction band (CB) and valent band (VB) of the
WOj3 and BiVO4 semiconductors. The e~ generated at the CB of the
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Fig. 7. Experimental set up of the designed PEC cell for dye degrada-
tion process.

BiVO4 layer was separated from the CB of the WOj3 layer and transferred
to the anode electrode under positive bias potential, which helps reduce
the recombination effect of e~ and h™ of both semiconductors. At the
same time, the h™ generated at the VB position of both semiconductors
was separated and transferred from the VB layer of WO3 to the VB of
BiVOy, resulting in many h™ occurring at the surface of the FTO/WQ3/
BiVO, electrode. The amount of h' at the VB of the BiVO, semi-
conductor that has high positive potential is sufficient to oxidize various
substances on the electrode surface, including water and various organic
dye substances at the electrode surface, which confirms the FTO/WO3/
BiVO4 electrode’s improvement of the photoelectrocatalytic activities
for dye degradation. The results demonstrated that the designed PEC cell
is highly effective in removing various dyes in a short time. In addition,
the PEC cell cooperating with a solar cell to generate electric support
with light and an applied potential system allows the system to work day
and night without wasting energy. The designed system is able to work
efficiently and is suitable for further application in industrial systems.

4. Conclusions

The designed PEC cell prototype combined with solar cells exhibits
high efficiency for various organic dye degradation using a simple
fabricated FTO/WOs3/BiVO4 photoanode electrode. The developed FTO/
WO3/BiVO4 electrode using the dip coating method showed higher
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Fig. 9. % Colour and % chemical oxygen demand degradation of Rhodamine B
dye by the PEC cell.

Table 1
Efficiency of dye degradation, comparing this work and the related research.

Author/ condition % colour % organic
References degradation removal
This work FTO/WO3/BiVO, under 20 94% for 180 82% COD
W visible light irradiation min removal for
at an applied potential of 180 min
2.0 V for 10,000 mL of dye
MB and RhB solution.
D.Liuetal.,, 2017  FTO/TiO under 450W 92.9% for 62% TOC
[61] visible light irradiation at 240 min removal for
an applied potential of 1.4 240 min
V for 50 mL of MB solution
Y.M. Hunge FTO/WO3 under 500W 92.0% for 79.5% COD
et al., 2018 visible light irradiation at 240 min removal for
[34] an applied potential of 1.5 240 min
V for 40 mL of brilliant blue
solution
R.D. Suryavanshi FTO/WO3/BiVO, under 98% for 180 53% TOC
et al., 2018 300W visible light min removal for
[62] irradiation at an applied 180 min
potential of 1.35 V for 100
mL of methylene blue (MB)
and Congo red (CR)
solution
100 (B)
80 *
r before after
40
20
0 'y
0 60 120 180
Time / min.

Fig. 8. % Dye degradation of (A) methylene blue and (B) Rhodamine B. The inset shows the colour change of dye before and after the process using the developed

PEC cell.
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Fig. 10. % Methylene blue dye degradation using photocatalytic (PC), elec-
trocatalytic (EC), and photoelectrocatalytic (PEC) mechanisms.
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Fig. 11. Schematic diagram of FTO/WOs3/BiVO4 photoanode electrode for dyes
degradation under the photoelectrocatalytic mechanism.

visible light absorption, and better morphological properties cause
photoelectrocatalytic activity improvement compared to those prepared
by the previous spin coating method. We can confirm that the developed
electrode preparation technique is simple, convenient, and suitable for
scaling up applications. Under the optimum conditions, the designed
PEC/solar cell can eliminate up to 94% of MB and 93% of RhB in 3 h and
can reduce COD by up to 82% in 3 h, which confirms that the developed
system is highly effective in treating dye wastewater. In particular,
including solar cells and batteries with the PEC cell can reduce energy
consumption and allow it to work independently, which is suitable for
further development in the dye wastewater industry.
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