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Abstract

Gold nanoparticles were successfully deposited on FTO/WOs/BiVOs electrode
surface by means of electrolysis of AuCls™ ions. The composite films were characterized by SEM,
XPS and XRD techniques. An increase in photocurrent and a negative shift of onset potential for
water oxidation were observed upon modification of the electrode surface with the Au particles.
The electrochemical impedance spectroscopy was used to confirm the acceleration of charge
transfer process by Au deposition at the electrode surface. The photocurrent action spectrum did
not correlate with the plasmonic absorbance of Au nanoparticles at 560 nm, suggesting that the
Au nanoparticles increased charge separation without undergoing a plasmon resonance effect

under visible light irradiation.
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1. Introduction

The photocatalytic water oxidation driven by visible light irradiation is one of the most
attractive targets concerning with the development of oxygen evolution as a coupled reaction to
the hydrogen production of solar water splitting. Many oxide semiconductors such as BiVOsa,
WQOs3, Co304, FexO3[1-5] and so on have been used as a photocatalyst with absorption ability in
visible light region. Among them, BiVOs showed the highest activity for water oxidation [6].
However, the photocatalytic activity of BiVO4 alone is low due to the recombination between
photoinduced electrons at the conduction band and photoinduced holes at the valence band. The
coupled semiconductor or semiconductor composites could enhance the photocatalytic activity
by rapid removing of the photoinduced electrons form conduction band [7-9].

Our work has been projected to develop the photocataytic activities of BiVO4 electrode
by coupling with SnO- [10]. The photocurrent of BiVOs electrode increased when SnO, was
deposited between the layers of BiVOs and an F-doped tin oxide (FTO) conducting electrode.
Recently, we have reported that a composite WOs/BiV Os film electrode has higher photocurrent
efficiency than the coupled SnO,/BiV O4 because the WOs has a more suitable energy band level
than SnO; for efficient charge separation [11]. We have also revealed that the sequence of the
composite fabrication is an important factor for the high photocatalytic activity. However, the
photocatalytic activity of these composite electrodes is required to be improved in visible light
region for practical use.

Noble metal nanoparticles, especially gold (Au) particles have been interesting because it
could enhance the visible light absorption based on surface plasmon resonance effect and play as
catalysts for interfacial charge-transfer process [12-14]. Therefore, the combination of gold

nanoparticles and coupled WOs/BiVO4 electrodes was expected to promote the photocatalytic



activity of FTO/WOs/BiV O3 €electrodes. In this work, the nanoparticles of Au were deposited on
an FTO/WOz3/BiVOs electrode by the electrodepostion technique and a significant enhancement

of the photocatalytic properties for water oxidation under visible light irradiation will be reported.

2. Experimental

2.1 Preparation of the FTO/WOs/BiVO;4 film photoel ectrode

Precursor solutions of 0.05 M (M = mol dm®) BiVO4 and 0.10 M WOs3 were prepared as
described previously [11]. FTO/WOs/BiVOs film electrodes were fabricated by the deposition of
aWO:s layer on an FTO conducting electrode followed by the deposition of a BiVOa4 layer on the
surface of the WOs layer. For the deposition, the precursor solutions were coated by means of a
spin coater (1,000 rpm, 40 sec.) on an FTO substrate (40 mm x 20 mm), and then dried at 150°C
for 5 min for every coating. After the coatings, every sample was calcined at 550°C for 1 hour in
air. The edges of the electrodes were covered with epoxy resin to confine the irradiation areato 1
cm?. The number of coatings, which was first selected to obtain the highest photocatalytic
activity, was 5 times for BiVOs layer and once for WOz layer. The thickness of the BiVOa4 layer

was about 1 um [10, 11].

2.2 Preparation of FTO/WOs/BiVO4/Au electrode

Gold nanoparticles were electrodeposited onto the FTO/WOs/BiV O4 electrode according
to the literature [15] by the following procedure. Constant potential at -0.1 V (vs Ag/AgCI) was
applied for 10 to 480 sin 0.1M KNOs electrolyte solution containing 0.1%(w/v) HAuUCl4. After
the deposition the electrode was washed with pure water and dried at 150°C for 4 hours. The

deposition time was typically 60 s as the optimized condition to show the highest photocurrent.



2.3 Photoel ectrochemical measurements and characterization

The optical absorption spectra of the composite electrodes were measured by using a
UV/Vis spectrophotometer (Shimadzu, UV-3150). The recorded absorption spectra were
corrected for the interference by the transmission modulation simulated with a single sinusoidal
function. The morphology of electrode surface was studied by using a scanning electron
microscope (SEM), (Technex Co., Tiny-SEM 1710) after the glass substrates were cut and
coated with Au. X-ray photoelectron spectroscopy (XPS) measurements were carried out using a
JPS-9010TR (JEOL) spectrometer with a monochromatic MgKa source. X-ray diffraction
(XRD) patterns were recorded with a diffractometer (MAC Science, MO3HF22) using CuKa
radiation.

Photocurrent was measured by a three-electrode system, where a Pt wire was the counter
electrode, an Ag/AgCl was the reference electrode and the prepared composite electrodes were
served as the working electrode. An agueous solution of 0.5 M N&SOs; was used as the
electrolyte. A voltammetry analyzer (Hokuto Denko, HSV-100) was used in the measurements
of cyclic voltammetry and linear scan voltammetry. For the visible light irradiation at
wavelength range longer than 420 nm, a 50-W tungsten lamp (Moritex, MHF-C50LR) was used
with inserting an optical glass filter (Hoya, L-42) to measure the photocurrent properties. For the
measurements of incident photon to current conversion efficiency, %I PCE, a each wavelength
of A, a 500 W xenon lamp (Ushio Denki Co. X500) was used as a light source and the
wavelength was selected with a monochromator. Photon flux was measured by an optical power
meter (Advantest Co., TQ8210). The %IPCE a each wavelength was calculated as described

previously [11]. The electrochemical impedance spectroscopy (EIS) was performed with aVersa



STAT 3 (Princeton Applied Research, Inc.) under the open circuit potential at frequencies

ranging from 100 kHz to 0.1 Hz under visible light (A > 420 nm) irradiation.

3. Results and Discussion

3.1 Characterization of the film photocatal ysts

Figure 1 shows the absorption spectra of the FTO/WO3/BiVO4/Au and FTO/WOs/BiV Oa4
electrodes. The absorption edges of the spectrafor both electrodes were approximated to 510 nm,
which corresponds to the band gap energies of ca. 2.43 eV [16]. This value is consistent with the
band gap energy of BiVOs (2.4 eV) [11]. The FTO/WO3/BiVO4/Au electrode showed the
absorption at around 560 nm, corresponding to the surface plasmon resonance band of Au
nanoparticles [17-19]. This indicates that Au nanoparticles have been assembled successfully on
the FTO/WQO3/BiVO4 electrode to show the enhanced visible absorption owing to the surface
plasmon resonance.

The SEM images of the electrode surfaces (Figure 2) showed that the particle size of Au
ranged from 50 to 100 nm and smaller than that of the surface grains of WO3/BiV Oas. The surface
morphology was different from those deposited by the vacuum evaporation and sputtering
methods. This result indicates that electrodeposition is favorable to prepare Au nanoparticles
with a high surface-area size on FTO/WOs3/BiV O4 electrode.

X-ray photoelectron spectroscopy (XPS) was used to identify the chemical states of the
Au on the FTO/WOs/BiVOs surface. The shift of peak position on the charge effect was
calibrated using the binding energy of C 1s at 284.8 eV [20]. In the XPS spectra, the peaks of Au
47> and 4fs> were located at 83.5 and 87.2 eV, respectively, which were assigned to metallic

gold (Au®) [13]. Moreover, to identify the crystalline structure of Au, the XRD patterns were



recorded before and after the Au electrodeposition on FTO/WOs/BiVO4 electrodes. As shown in
Figure 3, the XRD peaks observed at 20 = 38.2°, 44.4° and 64.5° were attributable to the
diffractions of (111), (200) and (220) planes of cubic gold metal crystal [15, 21, 22], respectively.
The remained XRD peaks are ascribed to the tetragonal structure of SnO,, monoclinic sheelite of
BiV O, and monoclinic WOs as reported previously [11]. Therefore, these XRD measurements

also indicated the formation of Au, BiVO4 and WO3 on the FTO substrate.

3.2 Photoel ectrochemical properties

Cyclic voltammetric technique was used to study the photocurrent properties of the
FTO/WO3/BiVOa4/Au electrode in a NaxSO4 solution under visible-light irradiation (A > 420 nm)
and compared with that of the FTO/WOs/BiVOs electrode. As shown in Figure 4, the anodic
photocurrent of the FTO/WQOs/BiVO4/Au electrode was significantly enhanced as compared to
that of the FTO/BiVO4/WO:s at the potential of >0.1 V (vs Ag/AgCl). Furthermore, the negative
shift of the onset potential of FTO/WOs/BiVO4/Au compared to that of FTO/WO3/BiVOs was
also observed. These results indicate that the Au nanoparticles deposited on the semiconductor
improved photoinduced electron transfer processes at the semiconductor interface [14, 23] and
suppressed the recombination of photoinduced electron and holes. In addition to the photocurrent,
dark current peaks were observed at the potentials of 1.1 V is attributable to the oxidation of Au
nanoparticles. At the reverse scan shows two reduction peaks of gold oxide at 0.7 and 0.2 V (vs.
Ag/AgCl) [17].

Figure 5 shows the comparison in linear scan voltammograms for the
FTO/WO3/BiVO4/Auwith the FTO/WOs/BiV O4 electrodes under the visible light illumination at

increasing potential from 0.0 to 1.4 V. Both electrodes showed the steady increase in the anodic



photo current with applied positive potential under visible light irradiation. The
FTO/WO3/BiVO4/Au electrode presents significantly higher photocurrent than the
FTO/WO3/BiVOs at the potentials ranging from 0.0 to 1.0 V. The increase in the photocurrent at
a lower potential indicates that the deposition of Au nanoparticles suppress the recombination
between photoinduced holes and electrons, which provide the enhancement of the charge transfer
at the WO3/BiV Oy electrode surface.

An EIS measurement was applied to characterize electrochemical interfacial reaction of
FTO/WO3/BiVO4/Au electrode for water oxidation under visible light irradiation. Figure 6
shows Nyquist plots for FTO/BiVOs, FTO/WOs/BiVO4 and FTO/WOs/BiVO4/Au electrode in
agueous solution of NaSOa. The proposed equivalent circuit consist of solution resistance (Rs),
charge transfer resistance (R«) in parallel to the constant phase element (CPE) as illustrated in
Figure 6. The diameter of the semicircle usually equals the R« parameter, corresponding to the
efficiency of charge transfer at the electrode interface. By fitting the observed result by
simulation, the R values for FTO/BiV Os, FTO/WO3/BiVO4 and FTO/WQO3/BiV O4/Au electrode
were obtained to be 305, 48 and 16 kQ cm?, respectively. This indicates that the charge transfer
rate from BiVOs to FTO substrate was increased by the insertion of WOs layer between BiVOs
and FTO. Moreover, Au at the BiVO4 surface also enhances the charge transfer at the interface of
the FTO/WOs/BiV O4/Au electrode and the electrolyte [24, 25].

The content of Au at electrode surface is very important factor for controlling the
catalytic activity of FTO/WOs/BiV O4 electrode. Figure 7A shows the effect of the photocurrent
with the content of Au at the electrodes prepared with various deposition times. The photocurrent
was increased at the deposition time up to 60 s and then decreased at the longer deposition times.

On the other hand, the charge transfer resistance was also increased after increased of the



deposition time more than 60 sec (Figure 7B). This experimental result represents that a small
amount of Au nanoparticles deposited is suitable for enhancing the photocataytic activity of
FTO/WO3/BiVOs4 electrodes. With the longer deposition time, Au will be accumulated to form
particles of larger sizes and affect the active surface area of the FTO/WO3/BiVO4/Au electrode.
Moreover, the thickness of Au particle layers increased and influenced the charge transfer rate at
electrode surface.

The relationship between %IPCE and absorption spectrum on the wavelength of
FTO/WO3/BiVO4/Au electrode is shown in Figure 8. The photocurrent action spectrum of the
FTO/WO3/BiVO4/Au electrode was related to the absorption spectrum of BiVOas, and did not
correlate with the absorption property of Au nanoparticles. It is noteworthy that the surface
plasmon absorption of the Au nanoparticles does not affect the photocurrent. This observation
indicates that the plasmonic excitation of Au particles did not influence the catalytic activity at
the electrode surface which acts as a catalyst.

Based on the present observations, the schematic diagram of charge transfer processes at
the FTO/WO3/BiVO4/Au photo-electrodes for water oxidation under visible light irradiation is
illustrated in Figure 9. Due to the matching of the energy levels, photogenerated electrons
easily transfer from the conduction band of BiVOato that of WOs. Moreover, WOs layer play as
the barrier for the hole of BiVO4 to reach FTO surface and then decrease the recombination as
described in the previous work [11]. The holes transfer at the interface between BiVO4 and
electrolyte is improved by the presence of Au nanoparticles deposited. Although the Au
nanoparticles showed the enhancement of visible light absorption, the surface plasmon
absorption did not relate with the photocurrent properties. Therefore, this improvement of

photoelectrochemical performance is explained by that the Au nanoparticles act as the catalyst



for enhancing holes transfer rate from BiVOs to dectrolyte [12, 14, 23, and 24]. Consequently,
holes easily reach at the BiVOa surface without recombination and cause the efficient water
oxidation (Figure 9A). Figure 9B shows the Au deposited on the film with particles to simplify
the function of each layer. After visible light was absorbed by BiVOs layer the photogenerated
electrons were separated from holes by the assistance of WOs layer [11]. On the other hand holes
reach the BiVOaJ/electrolyte interface to oxidize water to oxygen [26]. In this process, the small
particle with high surface area of Au nanoparticles at BiVO4 surface act as catalyst by enhancing
the oxidation reaction with hole due to the suppression of charge recombination. Hepel et al
reported that a porous WOz film with high surface area is beneficial to decreasing the
recombination losses in bi-component WOs/TiO. photoelectrode [27, 28]. Moreover, Nakato and
co-workers reported that the effect of surface roughening is important for nucleophilic attack of
an H>O molecule to a surface-trapped hole of photoinduced oxygen evolution at TiO surface
[29], which supports our experimental result.

The modified electrodes reported in the present study provided an improved efficiency of
photoinduced charge separation in a photocatalytic system. Therefore, it may be useful for other
photoelectrochemical applications such as the decomposition of organic contamination in

wastewater [30] and the degradation of diazo dyes in agueous solution [31].
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4. Conclusions

Spherical Au nanoparticles of cubic crystalline phase were successful fabricated by the
convenient electrodeposition technique. Significant enhancement in both photocurrent and
threshold photopotential for water oxidation are observed after the deposition of a small amount
of Au particles on FTO/WO3/BiVO:s electrode, suggesting that charge separation was improved
in the composite system. The photocurrent action spectrum was not correlated with the plasmon
absorption of Au nanoparticles. The analysis of electrochemical impedance spectrum for the
samples prepared with various Au deposition times indicates that Au nanoparticles act as a
catalyst for enhancing the charge transfer rate at the FTO/WQOs/BiVOs electrode for water

oxidation under visible light irradiation.
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Figure Captions

Figure 1 UV-Vis absorption spectra of €) FTO/WO3/BiVO4/Au,

(b) FTO/WOs/BiVO4 and (c) FTO electrodes. The interference by the film was corrected.

Figure 2. Scanning electron micrographs (SEM) at top view of (A) FTO/WOs/BiVOs, (B)

FTO/WO3/BiVO4/Au

Figure 3. The XRD patterns for the FTO, FTO/Au, FTO/WOs/BiV s, and FTO/WOs/BiV O4/Au

electrodes which are calcined under the same condition at 550°C.

Figure 4. Comparison of cyclic voltammograms between FTO/WOs/BiVO4/Au and
FTO/WO3/BiVO4 composite electrodesin 0.5 M NaSO4 aqueous solution under the visible light
illumination (> 420 nm). Scan rate was 50 mVs?. Electrolyte solution was deaerated by N2 gas.

Electrodeposition time of Au nanoparticles was 60 s.

Figure 5. Linear scan voltammograms of FTO/WOs/BiVO4/Au and FTO/WO3/BiV O4 electrodes
under periodical visible light illuminations in N2-bubbled 0.5M NaSO4 aqueous solution. Scan

rate was 50 mV's™. Electrodeposition time of Au nanoparticles was 60 s.

Figure 6. Nyquist plots for FTO/BiVOas, FTO/WOs/BiVOs and FTO/WOs/BiVO4/Au electrodes

in N2-bubbled 0.5M NaSO4 agueous solution under visible light illuminations. Electrodeposition
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time of Au nanoparticles was 60 s. The inset shows equivalent circuit for the electrochemical

system of water oxidation reaction.

Figure 7. (A) The photocurrent of FTO/WOs/BiVO4/Au electrode for water oxidation under
visible light irradiation a 0.4 V (vs Ag/AgCl) are plotted as a function of the electrodeposition
time for Au nanoparticles. (B) The charge transfer resistance of FTO/WQOz/BiVO4/Au electrode
measured by EIS method under visible light irradiation at 0.4 V (vs Ag/AgCl) is plotted as a

function of the electrodeposition time for Au nanoparticles. .

Figure 8. The correlation between %IPCE and absorption spectrum of FTO/WO3/BiVO4/Au

electrodes in N2-bubbled 0.5M Na&SO4 agqueous solution under an applied potential of 0.4 V vs.

Ag/AgCl.

Figure9 (A) Energy diagram (at pH = 0) and (B) the particulate films of the hetero  junction

FTO/WO3/BiVO4/Au composite electrode showing the charge transfer process.
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Figure 1. UV-Vis  absorption  spectra of (@) FTO/WQ3/BiVO4/Au,

(b) FTO/WOs/BiVO4 and (c) FTO electrodes. The interference by the film was corrected.
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junction FTO/WOz3/BiVO4/Au composite electrode showing the charge transfer process.
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