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Rectangular WO3 particles with selectively exposed faces
were prepared via hydrothermal reaction and employed as O2-
evolving photocatalyst in the presence of Fe3+ electron acceptor.
The prepared WO3 photocatalyst showed a higher rate and
selectivity for O2 evolution than other commercial ones even
with decreased Fe3+ and increased Fe2+ concentrations,
certainly attributable to the unique adsorption property of the
exposed faces.
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Visible-light-induced water splitting using semiconductor
photocatalysts has become an area of active research due to the
potential for clean production of hydrogen (H2) by harvesting
abundant solar light.14 Two-step water splitting systems, so-
called Z-scheme, have been demonstrated as an effective way to
utilize a wide range of visible light, because the water splitting
reaction is separated into two parts, i.e., H2-evolving and oxygen
(O2)-evolving photocatalysts. The electron transfer between two
photocatalysts is mediated by a reversible redox couple, such
as Fe3+/Fe2+, IO3

¹/I¹, and [Co(bpy)3]3+/2+.5 Although the
introduction of the Z-scheme mechanism enables us to employ
various visible-light-responsive photocatalysts having narrow
band gaps, it generates a new problem, i.e., the occurrence of
backward electron transfer to the redox couple. We have so far
demonstrated that tungsten oxides loaded with partially oxidized
Pt cocatalyst (PtOx-WO3) exhibit high selectivity toward water
oxidation when combined with the IO3

¹/I¹ redox couple. This
high selectivity is basically attributed to the unique adsorption
property of the redox couple on the WO3 surface; IO3

¹ anion
readily and preferentially adsorbs on the WO3 surface whereas
I¹ hardly adsorbs.6 Thus, the photoexcited electrons can
efficiently react with IO3

¹, whereas the photogenerated holes
can selectively oxidize water molecules to O2 even with the
considerable concentration of I¹.

On the other hand, the selectivity of unmodified WO3

photocatalysts for water oxidation is not-so-great when com-
bined with the Fe3+/Fe2+ redox couple, while the reduction
of Fe3+ can efficiently proceed even on bare WO3 surface.1,710

It has been reported that the rate of O2 evolution on bare WO3

with Fe3+ gradually decreases with the progress of the reaction.
The decreased O2 evolution rate can probably be explained by
the increased rate of oxidation of Fe2+ (backward) and/or
the decreased rate of reduction of Fe3+ (forward). Thus,
controlling the adsorption property of Fe3+/Fe2+ redox will be
one of the effective ways to improve the overall efficiency. It
has been reported that some surface modifications by RuO2,7,8

Cs+,11 or rutile-TiO2
12 effectively enhance the O2 evolution

on WO3 photocatalysts in the presence of Fe3+/Fe2+. It has
also been reported that some shape-controlled TiO2

13,14 or
BiVO4

15,16 particles, which possess specifically exposed crystal

faces, showed unique reactivity in photocatalysis such as
selective deposition of metal species or significantly enhanced
activity.1416 Although the change in adsorption of cations (e.g.,
Fe3+/Fe2+) by the surface modification or the specifically-
exposed faces has not been examined in detail in these studies,
some of the reported results can probably be explained by the
unique adsorption property of each surface.

In the present study, we thus focused on the adsorption
control of redox by taking advantage of specifically exposed
crystal faces ofWO3, and thereby on improving the O2 evolution
on the WO3 photocatalyst in the presence of Fe3+/Fe2+.

Particles of WO3 were prepared by a hydrothermal reaction
according to the previous report by Kominami et al.17 except
for a modification in the reaction temperature. Firstly, sodium
tungstate(VI) dihydrate (Na2WO4¢2H2O, Wako Pure Chemical
Industries, Ltd., 99.0%) was dissolved in pure water (Milli-Q
grade, 37.5mL), and then, the Na+ cations in the solution were
exchanged with protons (H+) by passing the solution through
a glass column filled with an ion-exchange resin (Dowex,
50W©2, 100200, Mesh(H)) to produce amorphous H2WO4¢
2H2O and WO3. The colloidal solution obtained was eluted with
Milli-Q water to make the total amount 75mL, and then
transferred to a glass test tube. The test tube was placed in a
200mL autoclave, in which additional pure water (25mL) was
placed in the gap between the autoclave wall and the test tube for
heat transfer. The solution was heated in the autoclave under a
nitrogen (N2, 99.99%) atmosphere up to a desired temperature
(225, 255, 285, or 315 °C) with a heating rate of 2.6 °Cmin¹1,
and then, kept at the temperature for 4 h. After cooling down
naturally to the room temperature, the suspension was subjected
to centrifugation (10000 rpm, 15min) to collect WO3 particles;
the obtained particles were washed with pure water and then
dried in air. Samples prepared via the hydrothermal reaction will
be referred to as HT-315, for example, with the temperature of
the hydrothermal reaction. Two commercial WO3 samples, K-
WO3 (Kojundo Chemical Laboratory Co., Ltd., 99.99%, mixture
of triclinic and monoclinic, 4.8m2 g¹1), and S-WO3 (Soekawa
Chemical Co., Ltd., 99.9%, monoclinic, 1.6m2 g¹1) were used
for comparison. These commercial WO3 samples consist of
particles with irregular morphology (Figure S1). Particles of
strontium titanate doped with Rh species (SrTiO3:Rh) were
prepared by a solid-state reaction, loaded with Ru-cocatalyst via
photoreduction according to previous reports by Kudo et al.,18

and employed as the H2-evolving photocatalyst. The photo-
catalytic oxidation of water was conducted using a top-
irradiation-type Pyrex reaction cell, in which the photocatalyst
particles (0.1 g) were continuously suspended in an aqueous
solution (100mL) containing the required amount of FeCl3¢
6H2O (Wako Pure Chemical Industries, Ltd., 99%); the initial
concentration was changed from 1 to 16mM (0.1 to 1.6mmol as
Fe3+). In some cases, the appropriate amount of FeCl2¢6H2O
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was also added. The suspension was degassed and then
irradiated using a Xe lamp (LX-300F, Cermax 300W) as the
light source. For the O2 evolution (half reaction), the light
containing both UV and visible light (300 <  < 500 nm) was
irradiated to facilitate the saturation of O2 evolution at shorter
times and also to avoid the amount of photons to be the rate-
determining step. On the other hand, for the two-step water
splitting reaction, only visible light ( > 400 nm) was passed
through a cutoff filter (Hoya, L-42). The evolved gases were
analyzed using gas chromatography (GC-8A, TCD, Shimadzu,
column; MS-5A, Ar carrier) connected to a closed gas
circulation system. For the adsorption analysis of Fe3+ and
Fe2+ by means of UVvis spectroscopy, please see ESI.

Although the sample prepared at 225 °C contained a certain
amount of WO3¢0.33H2O with the orthorhombic phase, all the
samples prepared at greater than 255 °C were confirmed to
consist of the monoclinic phase predominantly (see XRD pattern
in Figure S2). As shown in Figure 1, the samples prepared
via the hydrothermal reaction at greater than 255 °C have
rectangular-like shapes with considerably flat surfaces, while
that prepared at 225 °C consists of inhomogeneous small
particles. As shown in Figure 1d, both flat surface and clear
lattice fringes were observed for the TEM images of HT-315;
the observed distances were almost consistent with the d200 and
d020 values of monoclinic WO3; the flat surface seems almost
parallel to the (020) lattice fringe. These findings strongly
suggest that the rectangular WO3 particles prepared via the
present hydrothermal method possess selectively exposed (200),
(020), and (002) facets of the monoclinic crystal phase.

Then, the photocatalytic activity of the prepared WO3

samples was evaluated for the O2 evolution with the Fe3+

electron acceptor. Because the HT-315 sample shows the highest
activity for O2 evolution among these samples (Figure S3),
further detailed experiments were carried out using the HT-315
sample in comparison with other commercial WO3 samples.
Figure 2 shows the time courses of O2 evolution on three WO3

samples (0.1 g) in an aqueous FeCl3 solution (16mM, 100mL)
under light irradiation (300 <  < 500 nm). The HT-315 sample
exhibited the highest rate of O2 evolution in the initial period;

the rate was almost unchanged within 10 h. Although the rate
gradually decreased after 10 h, it continued until the total amount
of O2 evolved reached ca. 390¯mol, which is close to the
stoichiometric amount (400¯mol) expected from the initial
amount of Fe3+. On the other hand, the rate of O2 evolution on
the K-WO3 sample, which is known as one of the most active
WO3 photocatalyst for water oxidation,6 significantly decreased
after ca. 4 h of irradiation, while it exhibits almost comparable
O2 evolution rate with the HT-315 sample in the very early stage
of irradiation (ca. 2 h). Both the initial and steady rates of O2

evolution on S-WO3 were obviously lower compared to those
of others. The observed more favorable reactivity of the HT-315
sample toward water oxidation than others, i.e., high and steady
rate of O2 evolution, can probably be explained by following two
properties: (1) lower rate of re-oxidation of Fe2+ to Fe3+ by holes
compared to the rate of water oxidation, except for the cases with
significantly high concentrations of Fe2+, and/or (2) higher rate
of Fe3+ reduction by photoexcited electrons even with lowered
concentration of Fe3+. Thus, the influence of the concentration
of iron cations on the O2 evolution rate was examined in detail,
along with the adsorption amount of each cation on each WO3

sample in aqueous solutions under the dark condition.
Figure 3 shows the initial rates of photocatalytic O2

evolution on these WO3 samples in the presence of different
concentrations of Fe3+ and/or Fe2+, whereas Figure 4 shows
the amount of Fe3+ or Fe2+ cation adsorbed on each sample
in aqueous solutions with different concentrations of FeCl3 or
FeCl2, respectively. As shown in Figure 3a, the rates of O2

evolution on commercial WO3 samples were significantly
lowered by the decreased concentration of Fe3+, resulting in
much lower rates with the initial Fe3+ concentrations below
1.6mM, compared to those with 16mM (the same condition as
in Figure 2). On the other hand, the rates of O2 evolution on the
HT-315 sample were less affected by the decrease in the Fe3+

concentration; it exhibited a relatively high rate of O2 evolution
even with 1mM of Fe3+ (ca. 22¯mol h¹1). The observed
significant impact of the Fe3+ concentration can be explained
reasonably by the adsorption property of Fe3+ on each WO3

sample (Figure 4). It was found that the HT-315 sample could

Figure 1. (a)(c) SEM images of WO3 samples prepared via
hydrothermal reaction at different temperatures (Reaction time;
4 h). (d) TEM image of HT-315.

Figure 2. Time courses of photocatalytic oxidation of water
on WO3 sample (0.1 g) in aqueous solution of FeCl3 (16mM,
100mL, pH 2.1 adjusted with HCl) under light irradiation
(300 <  < 500 nm). Dotted lines indicate the theoretical
amount of O2 calculated from added Fe3+.
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adsorb obviously higher amounts of Fe3+ compared to others.
Surprisingly, the HT-315 sample adsorbed much higher amount
of Fe3+ (ca. 7.0¯mol g¹1) than the K-WO3 sample (ca.
1.1¯mol g¹1) when compared at low concentrations of Fe3+

(1.6mM), in spite of the smaller specific surface area (1.6 and
4.8m2 g¹1, respectively). Although the origins of the unique
adsorption property of the rectangular WO3 (HT-315) particles
have not been clarified yet, it appears that the difference in
the surface potential (and/or the atomic arrangement) of each
exposed face has considerable impact on the adsorptivity to Fe3+

or Fe2+ cations. Thus, the photoexcited electrons generated on
HT-315 can efficiently react with Fe3+ cations that are adsorbed
on the surface even with low concentrations, resulting in a high
rate of water oxidation by the remaining photogenerated holes.
The steady rate of O2 evolution on the HT-315 sample up to 10 h
(Figure 2), can be therefore explained by the facile and abundant
adsorption of Fe3+ on the surface even when its concentration
becomes low with the progress of the reaction.

Then, the influence of Fe2+ concentration on the O2

evolution rate was examined on each sample with a fixed initial
concentration of Fe3+ (16mM), at which the reduction of Fe3+

by photoexcited electrons proceeds efficiently (by judging from

the results shown in Figure 3a). On all the WO3 samples
examined, the initial rates of O2 evolution were obviously
lowered by the increasing concentration of Fe2+, as shown
in Figure 3b. The lowered O2 evolution rate is undoubtedly
attributed to the occurrence of Fe2+ oxidation in conjunction
with water oxidation. When the rates on HT-315 and K-WO3,
which showed similar activity in the absence of Fe2+, are
compared, the increase in Fe2+ concentration was more
detrimental to the O2 evolution on K-WO3, especially at
>3.1mM. Interestingly, the initial O2 evolution rates on HT-
315 were slightly affected by the increased Fe2+ concentration
above 3.1mM. These results indicate that the backward reaction,
the oxidation of Fe2+ by holes, proceeds more preferentially on
the commercial K-WO3. A part of the observed trend can be
reasonably explained by the adsorption properties of Fe2+

cations on each sample (see open symbols in Figure 4). The
HT-315 adsorbs less amount of Fe2+ compared to K-WO3, in
contrast to the case of Fe3+ (see closed ones). More Fe2+ cations
were adsorbed on K-WO3 surface and can thus be oxidized
efficiently by holes, thus resulting in the lowered O2 evolution
rate. However, the adsorption property of Fe2+ on HT-315
shown in Figure 4 cannot simply explain the unaffected O2

evolution rates with Fe2+ concentration greater than 3.1mM,
since the adsorption amount was still increased in this region.
This finding implies that a crystal face exposed on the HT-315
sample possesses especially high selectivity toward water
oxidation even in the presence of a high concentration of
Fe2+. It therefore can be concluded that the present “rectangular
WO3 particles” have two features derived from the unique
adsorption property: (1) higher selectivity (or sensitivity) for
Fe3+ reduction, and (2) lower selectivity for Fe2+ oxidation.
These features afford the rectangular WO3 particles a higher
selectivity (along with activity) for O2 evolution with the Fe3+/
Fe2+ redox couple, compared to other commercial ones with
irregular morphology. Although the contributions of each
exposed face to the above features have not been clarified yet,
controlling the aspect ratio with more precisely controlled
synthesis will probably enable us to clarify it and also improve
further the selectivity for water oxidation. Further investigation
is now under way.

Then, these WO3 photocatalysts were combined with a
H2-evolving photocatalyst, SrTiO3:Rh18 in the presence of the
Fe3+/Fe2+ redox couple under visible light irradiation; the time
courses of gas evolution are shown in Figure 5. In this case, a
much lower concentration of Fe3+ (5mM) was chosen as the
initial condition, compared to that in the half reactions (16mM
in Figures 2 and 3). Such a low concentration (below 5mM) is
generally employed in Z-scheme reactions (i.e., combination of
H2- and O2-evolving photocatalysts) to suppress the backward
reaction and also to avoid the light shielding effect by the redox
itself. It was confirmed that the aqueous FeCl3 solutions with its
concentration higher than 5mM significantly absorbs photons
in the visible light region. Thus, 5mM of FeCl3 was chosen
in the present study. The use of the HT-315 resulted in higher
rates of H2 and O2 evolution compared to the case of K-WO3.
The gas evolution with the stoichiometric ratio continued
without a notable decrease in the evolution rates. These results
demonstrated that the use of rectangular WO3 particles with
specifically exposed faces is effective for improving the total
efficiency in Z-scheme water splitting with Fe3+/Fe2+ redox.

Figure 3. (a) Influence of Fe3+ concentration on the rate of O2

evolution under light irradiation. (b) Initial rate of O2 evolution
on various WO3 photocatalysts suspended in aqueous solutions
containing Fe3+ (16mM) and Fe2+ (0, 1.6, 3.1, 7.9, and
12.4mM) under light irradiation (pH 2.1 adjusted with HCl).

Figure 4. Adsorption isotherm (at 20 °C) of Fe cation on the
surface of various WO3 samples in aqueous solution with
different concentration of FeCl3 or FeCl2 (Amount of WO3;
0.1 g, Amount of solvent; 10mL, Time for mixing in dark under
inert gas atmosphere; 15 h).
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In conclusion, it was firstly demonstrated that the WO3

particles having selectively exposed faces showed more favor-
able reactivity toward water oxidation than commercial WO3

samples having irregular morphology. A part of the observed
trend can be reasonably explained by the adsorption properties
of Fe cations on each sample: higher adsorption amount of Fe3+

and lower adsorption amount of Fe2+. The use of the rectangular
WO3 particles as an O2-evolving photocatalyst with the Fe3+/
Fe2+ electron mediator indeed resulted in a higher efficiency in
Z-scheme water splitting. These findings strongly suggested that
the use of such adsorption-controlled photocatalyst particles will
enable us to develop highly efficient Z-scheme water splitting
systems with a redox mediator under visible light irradiation.
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