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ABSTRACT: We applied an automated semiconductor synthesis and screen system to discover overcoating film materials and
optimize coating conditions on the BiVO,/WO; composite photoelectrode to enhance stability and photocurrent. Thirteen
metallic elements for overcoating oxides were examined with various coating amounts. The stability of the BiVO,/WO;
photoelectrode in a highly concentrated carbonate electrolyte aqueous solution was significantly improved by overcoating with
Ta, O film, which was amorphous and porous when calcined at 550 °C. The photocurrent for the water oxidation reaction was
only minimally inhibited by the presence of the Ta,0; film on the BiVO,/WOj; photoelectrode.
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Bl INTRODUCTION

The development of renewable and nonpolluting energy
resources is necessary to solve the energy and environmental
problems caused by conventional fossil fuels. Hydrogen (H,)
production by the electrolysis of water using renewable energy
sources is a highly desirable technology in this regard. While the
thermodynamic water splitting voltage (AG) at 25 °Cis 1.23 V,
conventional water electrolysis requires an applied voltage of
more than 1.6 V, representing a large overpotential for O,
evolution. Significant reduction of the applied bias voltage can
be accomplished by sunlight and various photoelectrodes of n-
type semiconductors.'~’ In this research field, porous oxide
semiconductors, such as Fe,O; BiVO, and WO, on a
conducting glass electrode have shown high photocurrents
under visible light. However, their solar energy conversion
efficiencies have been insufficient for practical use. To utilize
sunlight effectively, photoelectrodes with high conversion
efficiency must be discovered and developed. Since our first
report on the BiVO, photoelectrode,” this semiconductor has
been intensively investigated for water splitting because of its
suitable band potentials and high solar energy conversion
efficiency.” In addition, we have reported the photocurrent
behavior of BiVO, composite multilayer (BiVO,/WO; under
layer) electrodes in various electrolyte solutions.” ' In the
phosphate, sulfate and carbonate electrolyte solutions, the best
photocurrent behavior was obtained by the bicarbonate ion
(HCO;™) electrolyte and it improved with increasing
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bicarbonate (HCO;™) electrolyte concentration, and very
high applied bias photon-to-current efficiency (ABPE) >
1.35% could be obtained.'”'* Moreover, the precise quantita-
tive determination of evolved gases from water splitting showed
the evolution of H, and O, in the stoichiometric ratio with the
faradic efliciency of 100%. However, the stability of these
BiVO, composite photoelectrodes has not yet been investigated
in detail.

Several studies have reported that overcoating is a promising
method to improve the stability of photoelectrodes.*™"°
However, the photooxidation reaction at the BiVO,/electrolyte
interface may be also inhibited by overcoating on the BiVO,
surface, which would lead to a decrease in photocurrent. A
search for optimal overcoating conditions involves various
factors, such as overcoated film element, quantity, and film
preparation temperature, giving rise to an enormous number of
potential combinations. To accelerate the screening of the
overcoating film conditions that provide an adequate photo-
current and stability, synthesis and evaluation procedures
should be automated and accelerated.

We have developed two high-throughput screening systems
for new visible-light responsive semiconductors for photo-
electrodes. One is an automated synthesis system for a
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photoelectrode library (array of semiconductor film samples)
using the metal organic decomposition (MOD) method, and
the other is a photocurrent evaluation system on a photo-
electrode library.'” Using these systems, we have developed
several promising new materials, such as iron-based binary and
iron/titanium-based ternary oxides, for n-type semiconductors
and/or p-type semiconductors.'”"®

We describe here the application of a similar search method
and evaluation system to discover overcoating film materials
and detect the optimal coating condition on the BiVO,/WO,
composite photoelectrode with high stability in bicarbonate ion
electrolyte. We found that the stability of the BiVO,/WO,
photoelectrode in the highly concentrated carbonate electrolyte
aqueous solution was significantly improved by overcoating
with amorphous tantalum oxide film.

B EXPERIMENTAL PROCEDURES

Preparation of the Photoelectrodes for Combinatorial
Screening. The photoelectrode library was prepared using a
wet-coating process as shown in Figure 1. Precursor solutions
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Figure 1. Preparation method (A) and a photograph (B) of the
BiVO,/WO; photoelectrode overcoated with metal oxides for
combinatorial screening.

of various semiconductors were coated on a FTO (F-doped tin
oxide) conductive glass plate (114 mm X 32 mm X 1 mm) and
then calcined for each coating for 30 min under air. The FTO
glass plates were made by Asahi Glass Co., Ltd. The detailed
production method for the large BiVO,/WO;/FTO follows the
method described in previous papers on small photoelectr-
odes."”"" In the automated synthesis, the precursor solution of
various oxide semiconductors were MOD (metal organic
decomposition) coating reagents obtained from Symetrix Co.,
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USA. The detailed preparation method for concentration
adjustment follows previous papers.'”'* WO, and BiVO, films
were coated over the entire area of the FTO conducting
surface. First, a precursor solution of WO; was coated on FTO
conductive glass using a spin coater at 1000 rpm and then
calcined at 500 °C. Next, a precursor solution of BiVO, was
coated using a spin coater at 1000 rpm and then calcined at 550
°C. This process was repeated twice. Then, the overcoating
oxide films (4 mm X 8 mm) were coated in lines on the large
BiVO,/WO;/FTO plate by using an automated synthesis
system, as shown in Figure 1B. The precursor solution of
various oxide samples was dropped on a BiVO, layer. The
dropped solution was spread using a disposable tip moving, and
excess solution was suctioned. Next, it was calcined at 550 °C.
This process was repeated twice. Thirteen different metals were
used for the overcoating oxide (Ta, Ti, Nb, Zn, La, In, Co, Fe,
Sn, Zr, Mn, Si, and Mg). The formulas of the stable oxides are
as follows: Ta,O;, TiO, Nb,O;, ZnO, La,0; In,05; CoO,
Fe,03, Sn0O,, ZrO,, MnO,, SiO,, and MgO. We selected these
metal oxides which are relatively stable in the electrolyte
solution, and which are formed by calcination using
commercially available metal complex solutions for MOD
from Symetrix Co.. Moreover, we mainly selected n-type
semiconductor metal oxides. Because it is generally known that
hole in n-type semiconductor is useful for the water oxidation
to O,, and that the photoelectrochemical properties could be
improved by the formation of n-n junction such as BiVO,/WO,
and BiVO,/Sn0O,.

The doping effect of various metals (M) into the BiVO, film
was also investigated to improve stability. The samples of M-
doped BiVO,/WOj; were prepared using the same automated
semiconductor synthesis system. Thirteen types of MOD
solutions (Ta, Ti, Nb, Zn, La, In, Co, Fe, Sn, Zr, Mn, Si, and
Mg) were added to the precursor solution of BiVO, (additive
concentration: 20—0.25 mol %), and the solutions were mixed
well by pipetting, and then they were coated on large WO,/
FTO plates.

Photoelectrochemical Measurements for Combinato-
rial Screening. The photoelectrochemical properties were
investigated using a three-electrode system. This measurement
condition is shown in Scheme la. The three electrodes were
soaked in an electrolyte aqueous solution containing KHCOj;
(0.1 or 2.5 M). The current of photoelectrode was measured
using an electrochemical analyzer (potentiostat, PS-08, Toho
Technical Research Co., Ltd.) and a Pyrex glass cell. The
working electrode was a photoelectrode, the reference electrode
was Ag/AgCl, and the counter electrode was Pt wire. A copper
foil was taped on the top of the photoelectrode to connect the
cables to the working electrode. A xenon lamp (300 W, USHIO
Inc.) equipped with an optical fiber and a 420 nm cutoff filter
(HOYA, L-42) was used as the light source. The edge of the
optical fiber was covered with a 1 mm hole slit. The on/off
cycle of the light was repeated using a shutter. The optical fiber
that was fixed to the X—Y stage was moved at constant speed to
pass through the samples. The photocurrent was evaluated by
measuring the current difference between when the light on the
sample was turned on and off while applying a constant
potential. For the stability acceleration experiment, the
photoelectrode was soaked in the highly concentrated
bicarbonate (2.5 M KHCO5) electrolyte for a given length of
time under the light irradiation, as shown in Scheme 1Ib.
Subsequently, its photocurrent was measured again. The
stability of the photoelectrode that was soaked in a 2.5 M
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Scheme 1. Illustration of the Photoelectrochemical
Measurements for Combinatorial Screening in the Stability
Acceleration Experiments”

Potentiostat
—> a) Anodic bias + 0.6 V vs. R.E.
Optical fiber
WE X €—— RE. CE.
\
= 0
° 0 |
0 5]
0.1 M KHCO,
b) 25 M.KHCO3
W |
00000000000000
00000000000000
00000000000000

“(a) Measurement of the photocurrent in 0.1 M KHCO;. (b) Dipping
of the photoelectrode in 2.5 M KHCO; for 1 h.

carbonate electrolyte aqueous solution was evaluated using
these photocurrents (Scheme 1). We confirmed that
approximately the same photocurrent values were provided at
any position of the BiVO,/WO,;/FTO plate (Figure S1).

Electrochemical Characterization of the Selected
Photoelectrode. The detailed photoelectrochemical proper-
ties were investigated as follows. The photoelectrode was
prepared manually, and photocurrent—time-dependent change
measurements of the electrode under a solar simulator (SAN-EI
Electric Co., Ltd.) light irradiation were performed using an
electrochemical analyzer (BAS Inc.,, ALS660B). The light with
an intensity of 100 mW/cm* (AM 1.5) was irradiated to the
glass plate of FTO. The photoelectrode area was 2 cm X 2.1
cm. Moreover, the multicomposite semiconductor thin film was
characterized using a scanning electron microscope (SEM,
Hitachi S-800, SE mode), X-ray fluorescence spectrometer
(XRF, Rigaku ZSXmini), and X-ray diffractometer (PANalytical
Empyrean).

B RESULTS AND DISCUSSION

Typical Characterization of the BiVO,/WO; Photo-
electrode in Bicarbonate Aqueous Solution. The
distinctive time-dependent change of photocurrent on the
BiVO,/WO; photoelectrode at +1.2 Vi is shown in Figure 2.
The initial photocurrent in 2.5 M KHCO; aqueous solution
increased approximately 1.4 times compared with that in 0.1 M.
The photocurrent decreased significantly with increased
irradiation time in 2.5 M KHCOj; aqueous solution, and it
was stable in 0.1 M. The turnover numbers (TONs) of
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Figure 2. Time course of the photocurrent density of the BiVO,/WO;
photoelectrode in (a) 0.1 M and (b) 2.5 M KHCO3 ag. solution by
stirring and CO, bubbling at +1.2 V vs RHE. Light source: Solar
simulator AM 1.S. The direction of irradiation was to the FTO glass.
The photoelectrode were prepared using a spin coater.

o 06
£
:
:
2 04
w
£
2
W
S 02+
5 w w w
g

0

(A) (8) (9]

Figure 3. Changes before and after photoanodic reaction at +1.2 V vs
RHE of the amount of elements on the BiVO,/WOj; photoelectrode:
(A) before, (B) after 1 h in 0.1 M KHCO;, and (C) after 1 hin 2.5 M
KHCOj;: yellow, W; green, Bi; olive, V. Photoelectrodes were prepared
using a spin coater.

electrons that flowed through the circuit to the BiVO, unit
(mole number) in 0.1 and 2.5 M KHCO, aqueous solution for
1 h were approximately 652 and 380, respectively. These large
TONs more than one indicate that a catalytic reaction
progressed both in 0.1 and 2.5 M KHCOj; aqueous solution.
Figure 3 shows the amount of V, Bi, and W on the
photoelectrode analyzed using XRF after the photoanodic
reaction for 1 h. In 2.5 M KHCO; aqueous solution, the
amounts of BiVO, film and WO; film were reduced by 100%
and about 35% in 1 h, respectively, while the a decrease of the
element amount was scarcely observed in 0.1 M KHCO;
aqueous solution. In addition, in the photoelectrode with
only the BiVO, film, the film was completely dissolved in 2.5 M
KHCOj; aqueous solution. It is obvious that the BiVO, was
dissolved in the highly concentrated KHCO;. This dissolution
of the BiVO,/WO; thin film leads to a decrease in the
photocurrent. It was considered that not only the water
oxidation reaction occurred on the BiVO,/WOj; film, but also
the dissolution of the BiVO,/WO; film in highly- concentrated
KHCO; aqueous solution concurrently occurred gradually.
Therefore, in this study on the photoelectrode stability, we used
the highly concentrated KHCO; aqueous solution (2.5 M),
because the initial photocurrent is high and suitable for an
accelerated examination of the photoelectrode stability.
Automated Screening of Overcoating Oxide Films. In
the case of overcoating by metal oxide films on the BiVO,
surface for protection against the dissolution of the photo-
anode, it is important that the initial photocurrent is not greatly
decreased by the overcoating film. The synthesis and search for
effective coating materials were performed by applying the
automated screening system. The MOD stock solutions that
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Figure 4. A comparative evaluation of the photocurrent of the multicomposite film samples. The samples were Ta,O5 (A), TiO, (B), Nb,O; (C),
ZrO, (D), MgO (E), SiO, (F), Fe,0; (G), and CoO (H) coated on the BiVO,/WO; electrode using the automated synthesis and screening system.

Symbols: black, at start; blue, after 1 h.

were precursor solutions of various oxides were diluted every
5%. The amount of overcoated oxide films was adjusted by the
concentration of the precursor solution.

First, the calcination temperature for overcoating oxide films
was investigated at 550, 600, and 650 °C. In all cases, the
photocurrents at over 600 °C were lower than those at 550 °C,
regardless of the amount of coating oxidation products.
Therefore, the optimum calcination temperature was found to
be 550 °C. The photocurrents of BiVO,/WOj; photoelectrodes
overcoated with various oxides were compared with those of
the bare BiVO,/WOj; photoelectrode, as shown in Figure 4 and
Figure S2. The 0 mM of the horizontal axis indicates the
photocurrent without overcoating films on BiVO,/WO; (i,
bare BiVO,/WO,). The initial photocurrent of the bare
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BiVO,/WO; photoanode was taken as a standard (initial
photocurrent = 1 au), and the photocurrents at the start and
after 1 h were compared. They were classified into 8 patterns.
(1) Ta,Og: The decrease ratio of the initial photocurrent after
Ta,O; film coating was less than 20%. The photocurrent was
minimally decreased, particularly in the low concentration
range of precursor solution. These photocurrents were
maintained for 1 h in a wide concentration range of precursor
solution. (2)TiO,: The decrease ratio of the initial photo-
current after coating was small in the high concentration range
for overcoating solutions. A suitable amount of TiO, was
necessary to maintain photocurrent value for 1 h. (3) Nb,Ox:
The decrease ratio of the initial photocurrent after coating was
40% regardless of the coating quantity, and it increased after 1
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h. (4) ZrO, and SnO,: The decrease ratio of the initial
photocurrent after coating was below 40% regardless of coating
quantity, and the photocurrent values were mostly maintained
for 1 h. (5) MgO and In,O;: The decrease ratio of the initial
photocurrent after coating was below 40% regardless of the
coating quantity, and the photocurrent values were further
decreased after 1 h. (6) SiO, and ZnO: The decrease ratio of
the initial photocurrent after coating increased with increasing
coating quantity, and the photocurrent values were further
decreased after 1 h. (7) Fe,O,: The initial photocurrent was
decreased by more than 80% by the coating. (8) La,0, CoO,
and MnO,: The initial photocurrent value was decreased
substantially after coating, even when the concentration of the
precursor solution was below 20 mM.

It was found from the above results that photostability was
enhanced by the Ta,O;, TiO,, and Nb,O; film overcoating. In
the case of a precursor solution of 250 mM for the overcoating
of metal oxide, the amounts of each oxide film, BiVO, and
WO;, after photoreaction for 1 h were analyzed using XRF, as
shown in Table 1. The WO; film was perfectly protected

Table 1. Variations of Each Layers after 1 h”

decrease ratio (%) of various compounds

sample top layer (various covering layer) BiVO, WO,
Ta,04/BiVO,/WO, 9 0 0
TiO,/BiVO,/WO, 35 50 0
Nb,0,/BiVO,/WO, 25 14 0

“The photoelectrodes were prepared using the automated synthesis
system.

against dissolution by overcoating in all three samples. The
dissolution of the BiVO, film was also protected significantly by
Ta,Oj coating. The decrease ratio of BiVO, film in the cases of
TiO, and Nb,Oj coating was about 50% and 14%, respectively.
The Ta,0j coating was effective in ensuring the stability of the
amount of BiVO,/WO; film as well as the stability of the initial
photocurrent and after 1 h.

Next, to improve the photoanode stability using another
method, we also investigated the doping effect of various metals
(M) into the BiVO, film. The 13 types (Ti—Mg) of MOD
solutions were added to the precursor solution of BiVO,, and
then it was coated on WO; film. 550 °C was the optimum
calcination temperature for the photocurrent for M-doped
BiVO,/WOj; samples. The results for Ta-, Ti-, and Nb-doped
BiVO,/WO; at a calcination temperature of 550 °C are shown
in Figure S. The photocurrent values of various samples were
measured with reference to the initial photocurrent of the
nondoped sample. The initial photocurrents depended on the
doping amounts and elements, and they decreased with
increasing amounts of doped element. The photocurrents
after photoreaction for 1 h were greatly decreased in all cases.
Therefore, no clear improvement in the stability of the BiVO,/
WOj; photoelectrode was observed using the doping method
for 13 metallic elements into BiVO,. In conclusion, using the
automated screening method, we found that overcoating with
Ta,O; on the BiVO,/WOj; photoelectrode was better than that
with other coating oxides and much better than the doping
method.

Photoelectrochemical Stability of Overcoated Photo-
electrode Prepared by Hand. We compared the results of
the stability by using the automated screening system with that
using a handmade preparation. The photoelectrode was
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Figure S. A comparative evaluation of the photocurrent of the M ((a)
Ta, (b) Ti, and (c) Nb)-doped BiVO,/WO; composite film
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were prepared using the automated synthesis and screening system.

prepared manually for a detailed characterization of the
composite films (Ta,05/BiVO,/WO;, Nb,Os/BiVO,/WOs,,
and TiO,/BiVO,/WO,). The precursor solutions of these
overcoating films were applied to a BiVO,/WO;/FTO using a
spin coater, and the film was calcined at 550 °C in air for 30
min.

The photocurrent at +1.2 Vyyy was measured under solar
simulator light irradiation for 200 min. The amounts of
elements in the photoelectrodes obtained using XRF are shown
in Figure 6. In the case of TiO, and Nb,Oj; coatings, the BiVO,
layer was completely dissolved within 100 and 200 min,
respectively. In contrast, in the case of Ta,Oj coating (0.17
umol cm™), it was found that the dissolution of the BiVO,
layer was clearly inhibited. Therefore, the Ta,O5 overcoating
was found to be the most effective in the inhibition of the
dissolution of the BiVO,/WO; photoelectrode in the case of
the handmade preparation as well as the automated screening
system. The photocurrent behavior of the Ta,0/BiVO,/WO;
photoelectrode is shown in Figure 7. It was optimized in Ta,O4
film for stability and photocurrent. The photocurrent of the
Ta,0,/BiVO,/WO; photoelectrode did not decrease within
200 min, and that without Ta,Os decreased gradually. The
TON of electron to BiVO, of the Ta,0;/BiVO,/WO;,
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Figure 7. Time course of the photocurrent density of the (a) Ta,0;
(0.17 ymol cm™)/BiVO,/WOj; and (b) BiVO,/WO; photoelectrode
in 2.5 M KHCO; aq. soln. with stirring and CO, bubbling at +1.2 V vs
RHE. The photoelectrodes were prepared using a spin coater.

photoelectrode for 200 min was 1633 times, which was higher
than that of the bare BiVO,/WO; photoelectrode in Figure 2.
It is suggested that the stability of the photocurrent was
dominantly improved by Ta,O; coating compared to the bare
BiVO,/WO; photoelectrode.

Role of the Overcoated Ta,O5 on the Enhancement of
Photostability. Any peaks of Ta,O; did not appear at 550 °C
in the XRD pattern of the Ta,0/BiVO,/WO; film, suggesting
that the Ta,O; film of this sample was not a crystal (Figure S3).
We prepared the Ta,O5 powder by the calcination of the same

precursor solution used for the overcoated film. It was found
that the XRD peaks of Ta,O were observed at 750 °C. The
crystallization temperature of Ta,Oy is reported to be above
700 °C."” Therefore, it is expected that the Ta,O overcoating
film existed as an amorphous, because the sample was prepared
at a calcination temperature of 550 °C. Figure 8 shows the SEM
images of the surface of the multicomposite photoelectrodes
before and after coating with Ta,Oj film. The BiVO, particle
size was 200—300 nm, and many pores between the BiVO,
particles were observed before the Ta,0; coating. It was clearly
confirmed that the rough surface of BiVO, was completely
covered by the Ta,0; film as the amount of Ta,Oj analyzed by
XRF increased. In the case of Ta,O4 (0.17 ymol cm™2)/BiVO,/
WO; in Figure 8 (A), in which the Ta,Oj film was optimized as
shown in Figure 7, the surface of the Ta,05 film was smooth
and the particle shape of Ta,Oj film was not confirmed. The
average thickness of this Ta,O; film was calculated to be ~90
nm using the amount of Ta,O; with the theoretical density.
The light absorption of this Ta,Os film at >300 nm was
negligible because of the large band gap, >4 eV, indicating that
the Ta,05 film did not prevent the absorption of light by
BiVO,/WO,.

It is noteworthy that the decrease of the photocurrent by
Ta,Oj overcoating was very little despite the existence of Ta,O;
film over the BiVO, surface. It is suggested that water oxidation
was not inhibited by the Ta,O; film. The top edge of the
valence band of the crystalline BiVO, and Ta,Oj is about +2.5

——
500 nm

o
500 nm

500 nm

Figure 8. Surface SEM images of (A) Ta,0; (0.17 umol cm™2)/BiVO,/WOs,, (B) Ta,05 (0.13 ymol cm™2)/BiVO,/WO,, (C) Ta,O4 (0.046 pumol
cm™?)/BiVO,/WO;, and (D) BiVO,/WO;. The photoelectrodes were prepared using a spin coater.
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V (vs NHE pH = 0)*° and +4.0 V,”' respectively. The valence
band potential of the amorphous Ta,O; is not clear, but it
might be difficult to explain the mechanism by the hole transfer
from the BiVO, to water through the valence band of thick
Ta,Os layer with highly positive potential.

Figure S4 shows water oxidation over RuO,/FTO and
Ta,05/Ru0,/FTO anodes without irradiation. RuO, is known
to have a low overpotential for O, evolution (ie, water
oxidation) in the electrolysis of water.”* The Ta,Os film on the
RuO,/FTO was prepared using the same conditions as those
for the BiVO,/WO; photoelectrode. Large amount of anodic
current was observed on the Ta,O;/RuQO,/FTO anode,
although the current—potential curve was shifted slightly to
the positive potential side. It is suggested that the water
oxidation occurred through the Ta,O; film also on the RuO,/
FTO anode.

Recently, it was reported that n-type semiconductor
photoanodes such as Si, GaAs, and GaP for O, evolution
were stabilized by overcoating with amorphous TiO, (4—143
nm thickness) prepared using atomic layer deposition,”
although the valence band potential of TiO, was more positive
than those of the n-type semiconductors. It is suggested that
holes can transport across amorphous oxides independent of
the valence band potentials. Moreover, it was found that the
amorphous Ta,O; film had small pores. We prepared Ta,Oj,
Nb,Os, and TiO, powder by the calcination of the same
precursor solution used for the overcoated film. These powders
were analyzed using a nitrogen adsorption—desorption
measurement. The pore size and volume of the Ta,O; was
estimated as 1.7 nm and 0.002 mL g, respectively, which were
the smallest among these compounds (Table S1). In the case of
amorphous Ta,Os-coated BiVO,/WO; film with very small
pores, it is surmised that the positive effect on the inhibition of
the dissolution of the BiVO,/WO; film was more preferential
to the negative effect on the inhibition of transportation of
holes, water, and O, by the amorphous and porous Ta,O;
overcoating.

B CONCLUSIONS

To obtain enhanced stability with high photocurrent for a
BiVO,/WO; composite thin film photoelectrode, we per-
formed a combinatorial study to discover new overcoating film
materials and the optimum coating conditions on this
composite photoelectrode using an automated semiconductor
synthesis and screening system. Overcoating oxide film
materials prepared using 13 different elements were examined
with variation in the amounts of coated film. Among these
overcoating oxide films, Ta,05 calcined at 550 °C showed
significant improvement in the stability of the BiVO,/WO,
photoelectrode in a highly concentrated bicarbonate electrolyte
aqueous solution. This coated Ta,O; film is amorphous and
highly porous, and does not significantly diminish the
photocurrent of the underlying BiVO,/WOj; photoelectrode
nor inhibit the water oxidation reaction. The resulting
protected photoelectrode material has significant potential for
improved performance in water splitting applications. Fur-
thermore, the loading of cocatalyst on photoanodes, which is
one of the methods to improve both the efficiency and the
stability, is under investigation.
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