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ABSTRACT

We established a system for simultaneous measurements of photoelectrochemical (PEC)
reaction and photoabsorption in a semiconductor photoelectrode. This system uses a photoacoustic
technique and photoelectrodes with a film-thickness gradient that were prepared by electrophoretic
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deposition of tungsten(VI) oxide particles while pulling up a substrate. The system enabled highthroughput determination of optimum film thickness, and the results showed that irradiation
direction has a significant influence on PEC performance for a photoelectrode with a thick film.
Furthermore, the mechanism of enhancement of PEC performance by post-necking treatment was
discussed.

INTRODUCTION
Photoelectrochemical (PEC) water splitting over n-type and p-type semiconductor electrodes
has been intensively studied because this method can drive up-hill reactions, such as water splitting
and carbon dioxide reduction, using inexhaustible solar energy.1-6 In the case of an n-type
semiconductor electrode, excited electrons and positive holes, which are generated as a result of
photoabsorption of incident light, induce reduction on the counter electrode and oxidation on the
semiconductor surface, respectively. Therefore, film thickness is a fundamental parameter for a
photoelectrode because photoabsorption monotonically increases as a function of film thickness,
showing a saturation tendency when thickness is close to the penetration depth of photoexcitation.
However, performance, so that, Faradaic photocurrent sometimes does not show monotonic
increase as film thickness because the photocurrent depends on not only photoabsorption but also
recombination rate, which is changed by film thickness.7,8 Determination of the optimum thickness
by PEC measurements of many samples with various thickness is usually time-consuming and
costly. Therefore, research and development of a PEC system using a photoelectrode can be
accelerated if thickness optimization is achieved by a high-throughput method such as the screen
system utilized in optimization of photoelectrode, overcoating and co-catalyst materials.9-11
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One possible method for high-throughput optimization of thickness is simultaneous
measurements of PEC reaction and thickness. Although the thickness of a photoelectrode is
frequently measured by cross-sectional observation using a scanning electron microscope, this
cannot be applied to simultaneous measurement with PEC reaction. Absorption spectroscopic
analysis is one candidate for simultaneous measurements, but conventional transmission
spectroscopy cannot be applied to an opaque film. In contrast, the photoacoustic (PA) technique
can be applied to simultaneous measurements, regardless of sample transparency. The PA
technique is a method for absorption spectroscopy that is applicable to even opaque and strongly
scattering materials because it detects photoabsorption indirectly through photothermal waves
generated by relaxation of the photoexcited states.12,13 We have so far set up various in-situ
measurement systems including PEC reaction over a photoelectrode14 and a particulate
photocatalyst.15,16 Here, we propose a simple method for thickness optimization by combination
of the PA technique and step scanning of focused laser light. In order to accomplish it, a
photoelectrode with a film-thickness gradient was prepared by electrophoretic deposition of
tungsten(VI) oxide (WO3) particles while pulling up the substrate. We examined the correlation
between photoabsorption and photocurrent for as-prepared samples with and without post-necking
treatment, which is known to enhance PEC performance of a photoelectrode.17-21

EXPERIMENTAL
Chemicals and Materials
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Iodine, acetone, and sodium sulfate (Na2SO4) were purchased from Wako Chemical. WO3
particles (Aldrich, 550086) and ammonium metatungstate hydrate ((NH4)6H2W12O40·xH2O) were
purchased from Sigma-Aldrich.

Preparation of WO3 Photoanodes
A WO3 film as an n-type semiconductor was deposited on a fluorine-doped tin oxide-coated (FTO)
glass substrate by electrophoretic deposition (EPD).17-19 Acetone solution (50 mL) containing
WO3 particles (80 mg) and iodine (ca. 10 mg) was irradiated with ultrasound for 30 min. Two
parallel 15 mm × 30 mm FTO glass substrates (Geomatec, 10 ohm/sq, 0.5 mmt) were immersed
in the solution (5 mL) with a separation of 8 mm, and a bias of 20 V was applied between them.
During EPD, a cathode FTO glass was pulled up at a speed of 5.0 mm/min using a z-axis stage
(Suruga-Seiki, B05-23K) connected to a stepping motor, which was controlled by a stage
controller (Sigma-Koki, SHOT-602). A schematic illustration of EPD for preparation of a
photoelectrode with a film-thickness gradient is shown in Figure 1. After EPD, the cathode FTO
glass with deposition of WO3 was heated at 120 oC for 5 min. The above process was repeated 4
times, and heat treatment using an electric furnace at 500 °C for 30 min was finally performed.
Cross-sectional and top-view images of photoelectrode were observed using field-emission
scanning electron microscopy (FE-SEM; JEOL, JSM-6701FONO).
For post-necking treatment of the WO3 photoelectrode20,21, the as-prepared electrodes were
treated twice with 10 μL of ammonium metatungstate methanol solution (1.0 mmol/L) and then
dried in air at room temperature. Finally, samples without and with post-necking treatment were
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heated in air at 500 °C for 30 min. The samples prepared without and with post-necking treatment
are denoted as wo-PN and w-PN, respectively.

Figure 1. Schematic illustration of EPD for preparation of a photoelectrode with a film-thickness
gradient.

Simultaneous PEC and PA measurements
PEC measurement using a three-electrode type cell (Ag/AgCl as a reference electrode and Pt as
a counter electrode) and a potentiostat (Princeton Applied Research, 263A) equipped with a lockin amplifier (Stanford Research Systems, SR830) and PA measurement were carried out
simultaneously. The electrolyte used was 0.1 mol/L Na2SO4 (pH 6.1). A homemade PA cell with
an acrylic body and a quartz window was used. The PA cell was attached to the back side (glass
side) of a sample electrode, and photoirradiation was carried out from the glass side or sample side.
A laser diode module (Edmund Optics, 37-025, 405 nm) was used as the light source for PEC and
PA measurements, and the output intensity was modulated at 2.6 Hz. Vertical step scanning of
laser irradiation every 0.02 mm was performed using z-axis stages (Sigma-Koki, TARW-25503L)
equipped with a stepping motor, which was controlled by a stage controller (Sigma-Koki, GSC-
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01). A schematic illustration of the system for simultaneous PEC and PA measurements is shown
in Figure 2.

The PA signal was acquired by a digital MEMS microphone (Knowles,

SPK0641HT4H-1) buried in the cell and recorded using a PC equipped with a digital I/O interface.
Time-series data were acquired by Fourier transformation of the PA signal with a Hamming
window function. The obtained data were modified in order to perform correction of the irradiation
direction and position. From the PEC measurements at 960 mV vs reversible hydrogen electrode
(RHE) of applied potential, which was converted from 400 mV vs Ag/AgCl, incident photon-tocurrent conversion efficiency (IPCE) was calculated from the photocurrent (jph) measured using
the following equation:
IPCE (%) = 100 × (1240 × jph) / (λ × P),
where λ is incident wavelength and P is the intensity of incident light to the WO3 film with
consideration of transmission of the glass window and FTO glass substrate. Figure 3 shows a
transmission spectrum of the FTO glass used in the present study.

Figure 2. Schematic illustration of the system for simultaneous PEC and PA measurements.
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Figure 3. Transmission spectrum of the FTO glass used in the present study.

RESULTS AND DISCUSSION
PA intensity and IPCE as functions of irradiation position for a wo-PN sample
Figure S1 shows linear sweep voltammetry (LSV) curves of a wo-EC sample under
photoirradiation in the thick-film region (red line) and thin-film region (blue line). Although
applied potential is one of factors determining the photoelectrode performance, dependence of
LSV curves on applied potential was similar, regardless of film thickness. The results indicate
that the applied potential has a slight influence on optimum thickness in the present sample.
Therefore, the applied potential was fixed at 960 mV vs RHE in the present study.
Figure 4 shows the PA intensity and IPCE of a wo-EC sample as functions of vertical irradiation
position (glass-side irradiation). Both PA intensity and IPCE of the wo-EC sample were much
larger than those of the FTO glass, indicating that PA intensity and IPCE of the wo-EC sample
obtained by glass-side irradiation are attributed to photoabsorption of WO3 deposited on the FTO
glass. As shown in Figure 4a, PA intensity increased and then showed a saturation tendency as
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irradiation was scanned in the z-axis direction. This is reasonable because photoabsorption
increase as a film thickness and shows saturation in the case of film thickness close to penetration
depth of irradiation light. The increase in WO3 film thickness along the z-axis direction was
confirmed by cross-sectional FE-SEM images (Fig. S2) while changes on the morphology were
hardly observed from top-view FE-SEM images (Fig. S3). In Figure 4b, IPCE increased and then
showed a saturation tendency as irradiation was scanned in the z-axis direction. The feature in
Figure 4b is similar to that in Figure 4a, indicating that PEC performance depends largely on
photoabsorption. About 2% of maximum IPCE value in the present study was not so high,
compared to previous study. One possibility for it is because recombination rate was increased as
a result of photoexcitation with high power density of focused laser beam.

Figure 4. PA intensity and IPCE of a wo-EC sample as functions of vertical irradiation position
(glass-side irradiation).
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Figure 5. PA intensity and IPCE of a wo-EC sample as functions of vertical irradiation position
(sample-side irradiation).

Figure 5 shows PA intensity and IPCE of a wo-EC sample as functions of vertical irradiation
position (sample-side irradiation). Larger values of both PA intensity and IPCE of the wo-EC
sample than those of the FTO glass were also observed, indicating that PA intensity and IPCE
obtained by sample-side irradiation are attributed to photoabsorption of WO3 deposited on the FTO
glass. PA intensity measured with sample-side irradiation (Figure 5a) was similar to that measured
with glass-side irradiation (Figure 4a). In contrast, a local maximum point was observed for IPCE
measured with sample-side irradiation (Figure 5b). The detailed mechanism for the differences is
discussed in the next section.
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Correlation between photoabsorption and IPCE for a wo-PN sample
Figure 6 shows the relationship between PA intensity and IPCE. Film thickness with PA
intensity of ca. 0.055 was the optimum thickness in the case of sample-side irradiation. On the
other hand, results obtained by glass-side irradiation showed no local maximum point, but PA
intensity of ca. 0.08, which shows saturation of photoabsorption, is presumably the optimum point.
Both results obtained by glass-side irradiation and those obtained by sample-side irradiation
showed almost the same linear relationship between PA intensity and IPCE in the PA intensity
range of <0.04. This is reasonable since the distribution of positive holes and exited electrons in
the film was almost uniform regardless of the irradiation direction when the thickness of the film
is much smaller than the penetration depth. In the PA intensity range of >0.04, however, the results
for glass-side irradiation and those for sample-side irradiation are clearly different. The reason for
the decrease in IPCE in the case of sample-side irradiation is that most of the electrons cannot
travel a long distance without recombination. On the other hand, IPCE obtained with glass-side
irradiation increases as film thickness increases in all regions (Figure 4b). This is attributed to the
porosity of WO3 films, in which positive holes can react with the electrolyte that has permeated
into the WO3 film.
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Figure 6. Relationship between PA intensity and IPCE for a wo-NP sample.

PA intensity and IPCE as functions of irradiation position for a w-PN sample
The same measurements were carried out for electrode samples with post-necking treatment.
Figure 7 and 8 show PA intensity and IPCE of a w-PN sample as functions of vertical irradiation
position (glass-side and sample-side irradiation, respectively). Compared to wo-PN samples, PA
intensity and IPCE showed similar dependence on irradiation position regardless of the irradiation
direction, but the absolute IPCE value was greatly increased. In order to discuss separately from
absorption, the relationship between PA and IPCE is discussed in the following section.
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Figure 7. PA intensity and IPCE of a w-EC sample as functions of vertical irradiation position
(glass-side irradiation).

Figure 8. PA intensity and IPCE of a w-EC sample as functions of vertical irradiation position
(sample-side irradiation).
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Correlation between photoabsorption and IPCE for a w-PN sample
Figure 9 shows the relationship between PA intensity and IPCE. Dependence of PA intensity
on IPCE for a w-PN sample was similar to that for a wo-PN sample. IPCE monotonically increased
as a function of PA intensity for glass-side irradiation, while a local maximum was observed for
sample-side irradiation. However, IPCE of w-PN was larger than that of wo-PN at the same PA
intensity, indicating that enhancement of IPCE is not due to photoabsorption. A local maximum
was observed at PA intensity of ca. 0.055 for sample-side irradiation, and this was almost the same
as that in the case of glass-side irradiation. This indicate that an increase in diffusion length, which
is caused by inter-particle contact and passivation of the surface state, is not the main reason for
enhancement of performance by post-necking treatment. Another possibility is the formation of a
WO3 blocking layer on FTO that suppresses back electron transfer to the electrolyte solution at the
FTO/electrolyte interface.22,23

Figure 9. Relationship between PA intensity and IPCE for a w-NP sample.

13

CONCLUSION
In the present study, a system for simultaneous measurements of PEC reaction and
photoabsorption was established using a PA technique and a photoelectrode with a film-thickness
gradient. This system requires only one electrode in order to determine optimum thickness, and it
is applicable to various kinds of photoelectrode (kind of semiconductor and post-treatment). This
method is also useful for elucidation of the mechanism for PEC reaction from relationship between
IPCE and photoabsorption.
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