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Abstract

The photocatalytic (PC) and photoelectrocatalytic (PEC) properties of
WOs/BiVO4 photo-anode for organic dye degradation under visible light irradiation
were studied. The performance of the electrodes was investigated by monitoring
the % degradation of methylene blue (MB) as a dye sample with UV-Vis
spectroscopy. To study the charge transfer rate improvement, a Cu.O electrode was
employed as a photo-cathode. In addition, Ag nanoparticles were deposited on both
WO3/BiVO4 and Cu0 electrodes to study the effect on the cataytic activity for MB
degradation. SEM, XRD and XPS techniques were used to confirm the morphologies
and composition of the modified electrodes. The effects of pH and the irradiation
wavelengths were investigated to understand the condition of MB degradation process.
The highest performance for MB degradation was attained when WOs/BiVOs was

used as a photo-anode and Cu.O/Ag as a photo-cathode under the PEC process.
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1. Introduction

Some organic dyes eluted from textile industries can be significantly
dangerous water pollutants. The toxicity and carcinogenic nature of those dyes cause a
number of risks to human health. However, the elimination by conventional physical
techniques is quite difficult. The photocatalytic degradation techniques of organic
dyes would be attractive for the elimination due to its strong oxidation ability, low-
cost and environmentally friendly characteristics. The powder suspension of
photocatalysts has been studied widely to evaluate the activity. However, powder
photocatalysts essentially have a problem because they must be separated from the
system after the completion of the catalytic process and the probability of deactivation
by electron-hole recombination is high. On the other hand, the photoelectrochemical
technique, in which photocatalysts are deposited on transparent electrodes, would
make the treatment in practical application much easier and have a potentia to
enhance charge separation by applying potential to serve higher degradation
performance. TiO- is a widely investigated photocatalyst, but it only responds to the
light in ultraviolet region [1-4]. For utilizing solar light, materials of the narrow band
gap energy semiconductors which absorb visible light are attractive [5-7]. Although
CdS has been used as photocatalysts, it decomposes by oxidation reaction as toxicity
of Cd ions became a serious problem. In place of CdS, at present BiVO, is widely
used as yelow pigment. Monoclinic BiVOs is an excellent semiconductor
photocatalysts, which presents a high activity for the oxidization of water and
degradation of organic pollutants under visible light irradiation [8-10]. However, pure
BiVO4 presents low activity due to the high electron-hole recombination ratio. In
order to enhance charge separation in BiVO4 photocatalyst, it must be combined with

a semiconductor having a suitable band gap energy level.



In the previous work, we reported that the composite of SnO./BiVOs and
WO3/BiVO: as photo anodes presented higher photocatalytic activity compared to a
pure BiVO; for water oxidation under visible light irradiation [11, 12]. The
combination of WOs/BiVOs shows higher activity than SnO./BiVOs because WOs
has more suitable band energy level to separate charge from BiVOas. Moreover, WOz
has been studied extensively to reduce the recombination effect on TiO; [13-14]. The
photocatalytic activities of composite WOs/BiVO,s were further improved by the
modification with Au nanoparticles, which increased charge transfer process without
undergoing a plasmon resonance effect [15]. Moreover, we have studied the effect of
Pt nanoparticles deposited on Cu.0O as a photo cathode for water reduction under
visible light irradiation [16]. The small Pt particle plays a catalyst-function to improve
the charge transfer process and the surface roughness of the Cu.O electrode. We have
suggested that the combination of the modified WO3/BiV Qs as a photo-anode with the
modified Cu20 as a photo-cathode should present a high efficiency for water splitting
under visible light irradiation. Therefore, this modified electrode system would be
suitable for the application in dye degradation. However, Au and Pt are highly
expensive for practica applications. Alternative candidates would be noble Ag
nanoparticles. In addition to the low cost, Ag offers a possibility to improve the
photocatalytic activity for organic pollutant degradation [17-21].

In this work, we have studied the dye degradation by using WOs/BiVOs as a
photo-anode under visible light irradiation. The CuO has also been investigated as a

photo-cathode to enhance the charge transfer rate. In addition, the effect of Ag



nanoparticle modification on both photo-anode and photo-cathode electrodes were
investigated.

2. Experimental

2.1 Fabrication of WO3/BiVOs, CuO electrodes and modification with Ag
nanoparticles

Fabrication methods of WO3/BiVOs and Cu.O electrodes were described
previously [12, 16]. The electrodeposition technique was employed to deposit Ag
nanoparticles in a 1 mM AgNOs solution containing 2mM sodium citrate and 0.1M
KNOs at the applied potential of -0.6 V vs Ag/AgCI and the deposition time of 30s,

respectively [22].

2.2 Photoel ectrochemical measurements and characterization

The morphologies of electrode surface were investigated with a scanning
electron microscope (SEM), (Technex Co., Tiny-SEM 1710). X-ray photoelectron
spectroscopy (XPS) measurements were carried out using a JPS-9010TR spectrometer
(JEOL) with a monochromatic MgKa source. X-ray diffraction (XRD) patterns were

recorded with a diffract meter (MAC Science, MO3HF22) using Cu Ka radiation.

Photocurrent was measured by a three-electrode system, where a Pt wire and
Cu.O/Ag were the auxiliary electrode, an Ag/AgCl was the reference electrode,
WO3/BiVOs and WOs/BiVOs modified with Ag nanoparticles were the working
electrode. An aqueous solution of 5.0 mgL™? methylene blue in 0.1 M Na&SOs was
used as a dye sample solution [1, 3]. A voltammetry analyzer (Princeton Applied
Research, Inc., VersaSTAT 3) was used in the modes of cyclic voltammetry and

linear scan voltammetry. For photo-irradiation, a 50-W tungsten lamp (Moritex,



MHF-C50LR) was used as the light source and an optical filter (Hoya, L-42) was
inserted on the light path between the lamp and the test electrode to measure the
photocurrent properties at wavelengths longer than 420 nm. For the methylene blue
degradation study, a 500 W Xenon lamp (Ushio Denki, X500) was used as a light
source and cut-off UV light region with an optical filter (Hoya, L-42). A voltammetry
analyzer (Hokuto Denko, HSV-100) was used for applying the potential at 0.2 V vs
Ag/AgCI. The concentration of the methylene blue (MB) was determined from the
absorbance observed at A= 662 nm using a UV/Vis spectrophotometer (Shimadzu,
UV-3150). The percentage of MB degradation was calculated using:
% degradation = [(Ao-At)/Ao] X100
Where, Ao = absorbance at t = 0 min, A; = absorbance at t minutes after the irradiation

[23].

3. Reaults and discussion

3.1 Characterization of the film photocatal ysts

The morphologies of WOs/BiVOs electrode and that deposited with Ag
nanoparticles are shown in Figures 1A and 1B, respectively. In addition, the SEM
image also shows the change of the surface morphology of Cu.O when deposited with
Ag nanoparticles of the particle size in the range of 50-200 nm (Figures 1C and D).
As shown in Figures 1B and 1D, the modified Ag nanoparticles on a WOs/BiV O4
substrate show higher density than that of the CuO surface. Thus, it was confirmed
that with the electrochemical technique Ag nanoparticles could be deposited on both
WO3/BiV0O4 and Cu20 surfaces.

XPS spectrum was used to confirm that the Ag metal was deposited on the
substrate of WO3/BiVO4 and Cu20 (Figures 2A and B), respectively. The chemical
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state of Ag on Cu.0O sample have been directly verified with the Ag (0) state from the
reference XPS spectrum of Ag metal 3d [24], while the signal of Ag on WO3/BiVO4
sample shows a chemical shift towards dightly lower binding energy by 0.2 eV.
Moreover, for the identification, the crystalline structures of WO3/BiVOs and Cu.O
were studied before and after Ag deposition (Figure 3). The crystalline structures of
BiVO4 and Cu0 were confirmed in a similar way to the previous work [12, 15 and
16]. Although the contribution of Ag to the XRD pattern was very small due to a
smaller amount of Ag comparing with other components, these results certainly verify

the presence of Ag in the composition of the modified electrode.

3.2 Photocatal ytic and Photoel ectrocatal ytic degradation of methylene blue

The absorption spectra of MB with different reaction times of
photoelectrocatalytic (PEC) process are shown in Figure 4A. All of the absorption
peaks of MB decreased with an increase of the degradation time without forming
other new peaks, indicating that MB degraded in full mineralization. In Figure 4B, the
decrease of the peak absorbance of MB at 662 nm as a function of the irradiation time
is shown with different stages for applied potential (EC), photocatalysis (PC), and
photoelectrocatalysis (PEC). The highest degradation of MB was attained when both
applied potential (EC) and light irradiation (PC) were introduced, that is, PEC showed
the highest efficiency for MB degradation. Moreover, under dark conditions without
any bias potential, a constant absorbance was observed, indicating a high stability of

MB in anormal condition.

3.3 Effect of pH



The MB degradation by the PEC process was studied at various pH (Figure 5).
Under applied potential of 0.2 V vs Ag/AgCIl and visible light irradiation, MB shows
high stability in an acidic condition (pH=3.0). The % degradation increased when pH
was adjusted to near neutral (pH 6.5 - 9.0) and under a strong basic condition (pH >
10.0) MB was rapidly degraded. The result indicates that MB easily decomposes
under the strong basic condition due to the chemical reaction with OH". Therefore, on
employing MB as a model compound for PEC degradation, the experiment should be

performed at neutral pH.

3.4 Effect of light cut-off

To understand the mechanism of MB degradation, the effect of wavelength
region of light irradiation was investigated. Figure 6 shows the % MB degradation
under the light irradiation in different wavelength ranges. The light of wavelength
longer than 560 nm was absorbed only by MB (see, Figure 4A), in the region of 400-
550 nm, only BiVO4 absorption, in the region longer than 400 nm both BiVO4 and
MB absorption, and in the region longer than 325 nm absorptions for al materials
were observed. The % MB degradation in the range of BiVO4 absorption is high,
while MB absorption did not affect the degradation process. Therefore, it was
confirmed that the MB degradation depends on the absorption properties of BiVOa.
However, WOs plays important roles to separate the photoelectron from BiVOs and
induce high photo-holes generated on the BiVOs surface. There presents highly
efficient hetero junction electrodes for dyes decomposition which are correlated with

the many researches [13, 14].

3.5 Effect of Ag nanoparticles modification



In the above experiments, a Pt-wire was used as a counter electrode and
WOs/BiVO4 as a working electrode. In the following experiments, instead of a Pt-
wire, Cu.0 was used as a counter electrode to study the enhancement of electron
transfer rate. Especially, the effect of the modification with Ag nanoparticles on both
WO3/BiVOs and Cu;O €lectrodes was investigated. The result shows that Ag
nanoparticles present catalytic activity for MB degradation only when deposited on a
Cu20 electrode. Figure 7A shows that the photocurrent for the Ag deposited Cu.O
electrode is increased with the applied potential. The catalytic activity of Ag deposited
electrodes was confirmed by the study of MB degradation under photocataytic (PC)
and photoelectrocatalytic (PEC) systems as shown in Figure 7B. Both PC and PEC
investigations show that Ag deposition could enhance the % MB degradation than the
pure Cu,O electrode. Since the electron transfer rate for the MB oxidation at
WO3/BiV 04 electrode was not enhanced by Ag deposition, the enhancement observed
for Cu0 electrode would arise from the fact that the energy level of Ag is lower than
that of the conduction band of Cu.O [25]. Therefore, highly efficient electron
separation from conduction band of Cu20 via Ag resulted in a higher electron transfer
ratein this system.

The mechanism of MB degradation was studied by monitoring CO> during PEC
process. Figure 8A shows that the increase of CO, concentration is correlated with
the % MB degradation. Thus, it was confirmed that the final product was CO- as
suggested from the fact that the absorption spectra of MB in the degradation process
showed no other absorption peaks.

A plausible schematic diagram is presented in Figure 8B by the function of
PEC for WO3/BiV s as a photo-anode and Cu>O/Ag as a photo-cathode under visible

light irradiation. Under visible light irradiation and bias potential, at a photo-anode a



number of holes (h*) are generated to oxidize MB to CO,. The €electrons from the
photo anode were derived by bias potential, while at the photo cathode the reduction
would take place efficiently by the electron transfer from the Cu.O conduction band

to Ag particles. Therefore, the high efficiency of the degradation of MB was achieved.

4. Conclusions

With the electrodeposition technique, Ag nanoparticles could be successfully
deposited on both WOs/BiVOs and Cu.O electrodes. WO3/BiVO4 photo-anode
electrode showed a high performance for MB degradation under the
photoelectrocatalytic (PEC) process. The Cu.O photo-cathode modified with Ag
nanoparticle presented the enhancement of the catalytic activity for MB degradation
under both photocatalytic (PC) and PEC systems. MB degradation was significantly
influenced by pH of the solution. To study the PEC process, neutral pH was found to
be suitable. A plausible schematic diagram by the function of PEC on employing
WOs/BiVO;4 as a photo-anode and Cu.O/Ag as a photo-cathode under visible light
irradiation was proposed. Under visible light irradiation and bias potential, at a photo-
anode a significant amount of holes (h*) are generated to oxidize MB to CO,. The
electrons from the photo anode were drawn by bias potential, while at the photo
cathode the reduction would take place efficiently by the electron transfer from Cu.O
conduction band to Ag particles. This leads to the high efficiency of the degradation
of MB.
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Figure Captions

Figure 1. SEM images of (A) FTO/WOs3/BiVOs (B) FTO/WOs/BiVO4J/AQ
(C) FTO/Cu20 and (D) FTO/Cu20/Ag €lectrodes

Figure 2. XPS Ag 3d spectraon the substrate (A) WO3/BiV O, and (B) Cu0 .

Figure 3. XRD patterns of (A) FTO/WOs/BiVO4/Ag and (B) FTO/Cu.O/Ag.

Figure 4. (A) Absorption spectra of methylene blue in different time degradation of
photoelectrocatalysis using WOs/BiVOs biased to +0.2 V vs Ag/AgCl under
irradiation of visible light ( > 420 nm), (B) MB degradation profiles under conditions
of (Dark);without light and applied potential, (EC);electrochemical at an applied
potential of 0.2V vs Ag/AgCI, (PC);photocatalysis with visible light irradiation
(> 420nm), (PEC);photoelectrocatalysis with applied potential of 0.2 V vs Ag/AgCI

and visible light irradiation ( > 420nm).

Figure 5. The effect of pH on the % degradation of MB by the photoelectrocatalysis
with a WO3/BiV s electrode, applied potential of 0.2 V vs Ag/AgCI and visible light

irradiation (A > 420 nm).

Figure 6. The % degradation of MB of WO3/BiVOs electrode as a function of the

irradiation time with the effect of cut-off wavelength of the light. Applied potential

was 0.2 V vs Ag/AgCl.
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Figure 7. (A) Linear scan voltammograms of WOs/BiVO4 as a working electrode,
Cu.0 as a counter electrode in solution of 5.0 mg/L MB and 0.1M N&SO4 under dark
condition and light irradiation. (B) MB degradation profiles with different stages by

using Cu20 and that modified with Ag nanoparticles as a counter electrode.

Figure 8. (A) CO. production and MB degradation as a function of irradiation time by
PEC system of WO3/BiVOs as a photo-anode and Cu,O/Ag as a photo-cathode.
(B) A schematic diagram of MB degradation under visible light irradiation in this

PEC system.
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Figure 1. SEM images of (A) FTO/WOs/BiVOs (B) FTO/WOs/BiVO4/Ag
(C) FTO/Cu20 and (D) FTO/Cu2O/Ag electrodes
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Figure 2. XPS Ag 3d spectraon the substrate (A) WO3/BiVOa, and (B) Cu.0
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Figure 4. (A) Absorption spectra of methylene blue in different time
degradation of photoelectrocatalysis using WOs/BiV O biased to +0.2 V
vs Ag/AQCl under irradiation of visible light ( > 420 nm), (B) MB
degradation profiles under conditions of (Dark);without light and applied
potential, (EC);electrochemical at an applied potential of 0.2V vs
Ag/AgCI, (PC);photocatalysis with visible light irradiation (> 420nm),
(PEC); photoelectrocatalysis with applied potential of 0.2 V vs Ag/AgCI
and visible light irradiation ( > 420nm).

18



100 -

20 -

60 -

% degradation

20 -

0 20 40 60 80 100 120

Time / min
Figure 5. The effect of pH on the % degradation of MB by the photoelectrocatalysis
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potential was 0.2 V vs Ag/AgCI.
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MB and 0.1M N&SOs under dark condition and light irradiation. (B) MB
degradation profiles with different stages by using Cu.O and that modified

with Ag nanoparticles as a counter electrode.
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Figure 8. (A) CO> production and MB degradation as a function of irradiation time
by PEC system of WOs3/BiV 4 as a photo-anode and Cu.O/Ag as a photo-cathode.
(B) A schematic diagram of MB degradation under visible light irradiation in this

PEC system
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