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Photoelectrochemical Property of Tungsten Oxide Films of
Vertically Aligned Flakes for Visible-Light-Induced

Water Oxidation

Fumiaki Amano,””*” Ding Li,” and Bunsho Ohtani”

Catal)sts Research Center, Hokkaido University, Sapporo 001-0021, Japan
YGraduate School of Environmental Science, Hokkaido University, Sapporo 060-0810, Japan

A vertically arrayed flake film, “flake-wall film,” of monoclinic tungsten oxide (WQO;) was prepared on a transparent conductive
glass by controlling anisotropic crystal growth and self-arrayed growth of WO; hydrate with a layered crystal structure. The WO3
flake-wall film exhibited superior performance for photoelectrochemical water oxidation under visible-light irradiation compared
to that of a film consisting of horizontally laminated WO; flakes. The small differences between photocurrents under front-side
irradiation and back-side irradiation and between photocurrents in the absence and the presence of methanol indicate the excellent
electron transport property and long photogenerated carrier lifetime in the flake-wall film.
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Development of highly efficient semiconductor electrodes and
photocatalysts is one of the most important subjects for solar-energy
conversion and environmental purification. Hydrogen production by
water splitting using a renewable energy, solar light, is a key tech-
nology for further fabrlcatlon of a hydrogen economy to achieve
low-carbon s001ety ? Photoelectrochemical oxidation of water into
oxygen is induced by photogenerated valence-band holes of n-type
metal-oxide films under anodic polarization. High incident photon-
to-current conversion efficiency has been reported for nanocrystal-
line films of tungsten oxide (WO3) with a large interface of
semiconductor/liquid.*11 The nanocrystalline films require thickness
of several micrometers to maximize absorption of incident photons,
while an increase in the thickness would increase the density of
grain boundaries, resulting in the retardation of electron transport to
the back contacted conductive substrate due to resistance (Fig.
la) 2 The grain boundaries also seem to act as recombination
centers to reduce the lifetime of photoexcited carriers. Conversely,
films of platelike crystallites vertically arrayed to the substrate are
expected to exhibit photoelectrochemical performance superior to
that of films with a large number of grain boundaries (Fig. 1b).
Recently, we have fabricated WOj5 films consisting of crystalline
flakes vertically arrayed to the substrate (flake-wall films) by con-
trolling the anisotropic crystal growth of tungsten oxide monohy-
drate (WO5-H,0), followed by calcination."® It has been reported
that the photoelectrochemical performance of the vertically arrayed
crystalline structures to the conductive substrates is relative to that
of the particulate nanocrystalline structures.'>1*'® However, the
systematic comparisons of the properties of the semiconductor elec-
trode with different orientations of the same crystalline structure
have not been performed. In the present study, we investigated the
photoelectrochemical properties of the flake-wall film and film con-
sisting of horizontally laminated flakes (flake-laminate films) for
oxidation of water'” and methanol.

Experimental

Preparation of tungsten oxide films.— Tin-oxide (SnO,)-deposit-
ed glass was used for a transparent conductive substrate and was
covered with a nanocrystallme WOj; thin film using a colloidal so-
Iution of tungstic acid.*® The colloidal solution was obtained by
passing an aqueous solution of sodium tungstate through a column
packed with a proton exchange resin (Dowex, Aldrich 50WX2, 100
200 mesh), followed by collection in ethanol and evaporation to
give a solution with a concentration of ca. 1.0 mol 17!, After addi-
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tion of polyethylene glycol 300 (Wako Pure Chemical Industries),
the viscous colloidal solution was coated on a conductive glass by a
paste-squeegee method and annealed at 773 K for 30 min.

Deposition of WO3-H,O crystallltes was performed using a
newly developed solvothermal method. " Tungsten chloride (WClg,
2 mmol) was dissolved in 70 mL ethanol in a globe box filled with
dry air to prevent hydrolysis by atmospheric humidity. The substrate
covered with a nanocrystalline WOj5 film (5.25 cm?) was immersed
in the ethanol solution of WClg and heated in a 100 mL Teflon-lined
autoclave at 373 K for 20 h. The obtained film was washed with
water, dried at 393 K, and calcined at 773 K for 2 h.

Flake-laminate films were prepared by the paste-squeegee
method using WO;3-H,O precipitates crystallized during the solvo-
thermal reaction for the flake-wall film preparation. The paste ob-
tained by mixing crystalline powders, pure water, acethylacetone,
and surfactant Toriton X-100 (Aldrich) in a mortar was coated on
the SnO, glass or nanocrystalline WOj film, followed by calcination
at 773 K for 2 h.

Photoelectrochemical reaction.— The photoelectrochemical
properties of the prepared films were investigated using a three-
electrode system in a cylindrical glass vessel at room temperature. A
platinum wire was used as a counter electrode. A silver/silver chlo-
ride (Ag/AgCl) electrode in an aqueous solution of 3 mol 1! so-
dium chloride (+0.209 V vs standard hydrogen electrode) was used
as a reference electrode. An aqueous solution of 0.1 mol 17! sodium
sulfate (Na,SO,4) was used as a supporting electrolyte. An aqueous
solution of 10 vol % methanol with 0.1 mol I-' Na,SO, was used
for the photoelectrochemical oxidation of methanol. The electrode
potential was swept in the anodic direction at a rate of 50 mV s!
using a potentiostat (Princeton Applied Research, Oak Ridge
PARSTAT 2263). Visible-light irradiation ( > 400 nm) was per-
formed using a 300 W xenon arc lamp equipped with a cutoff filter
(Asahi Techno Glass, L42, Tokyo, Japan) under magnetic stirring.

Characterization.— Scanning electron microscopic (SEM) im-
ages were obtained by a JEOL, Tokyo, Japan, JSM-7400F. Diffuse
transmission spectra were recorded by a JASCO, Tokyo, Japan,
V-670 spectrometer equipped with a PIN-757, JASCO integrating
sphere. X-ray diffraction (XRD) patterns were recorded on a
Rigaku, Tokyo, Japan, RINT ultima diffractometer with Cu Ko ra-
diation.

Results and Discussion

Flake-wall film.— XRD pattern and SEM images of the precipi-
tates generated by solvothermal reaction of WClg in ethanol solution
are shown in Fig. 2 and 3, respectively. The particles exhibited XRD
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conductive
substrate

Figure 1. Schematic illustration of photoexcited electron transport in (a) a
nanocrystalline film and (b) a vertically arrayed crystalline film.

pattern attributable to orthorhombic WO5-H,O (JCPDS card no. 43-
0679) with a layered crystal structure.'® The morphology of particles
was found to be micrometer-sized aggregates composed of many
crystalline flakes. Some precipitates deposited on the wall of the
Teflon-lined autoclave showed assemblies of crystalline flakes (Fig.
3b). This self-arrayed crystal growth would occur after heteroge-
neous nucleation on the wall.

Based on the findings of production of flake arrays, we tried to
control the self-arrayed anisotropic crystal growth of WO53-H,O on a
transparent conductive substrate. Covering with a nanocrystalline
WO; film was found to be essential for fabricating a vertically ori-
ented flake film. No appreciable deposition was observed on a sub-
strate in the absence of a nanocrystalline WOj5 film, which was
assumed to be a base layer for heterogeneous nucleation and adhe-
sion of crystalline WO5-H,O on the substrate. It should be noted
that the base layer plays a role of protection of the substrate from
damage by strong acidity of the solution. The thus-obtained film was
calcined in air at 773 K for 2 h. Figure 4 shows side-view and
top-view SEM images of the prepared film. Crystalline flakes with
heights of several micrometers were seen to be self-arrayed and
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Figure 2. XRD patterns of (a) particles generated by solvothermal reaction
and (b) WO3-H,0 (JCPDS card no. 43-0679).

Figure 3. SEM images of (a) particles of flake assembly collected from the
bottom and (b) a part of flake assembly detached from the wall of the Teflon-
lined autoclave after solvothermal reaction.

Figure 4. (a) Side-view and (b) top-view images of a flake-wall film.

normal to the substrate covered by a nanocrystalline WOj5 film with
a height of ca. 1 pm. This film was called as a WO; flake-wall film
because the crystalline flakes were vertically standing on the sub-
strate like a wall. XRD measurement suggests that most of the (110)
planes of monoclinic WO3 were parallel to the substrate."

Flake-laminate film.— Figure 5 shows top-view SEM images of
another film prepared by the paste-squeegee method using
WO;5-H,O precipitates and subsequent calcination. The crystalline
flakes were found to be piled up on the substrate. Figure 6 shows
XRD patterns of the film and the calcined powder of WO3-H,O
precipitates. Both patterns could be assigned to monoclinic WOs.
The peak intensity of 002 diffraction for the film was found to be
much higher than that for the particles. This indicates that the (001)
planes of monoclinic WO5 have a tendency to be parallel to the
substrate. Considering the preferential orientation of the (110)
planes parallel to the substrate in the case of a flake-wall film," we

Figure 5. Top-view SEM images of a flake-laminate film.
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Figure 6. XRD patterns of (a) a flake-laminate film on SnO, glass and (b)
WO; particles prepared by calcination of WO5-H,O particles.
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Table I. Amount of WOj; on the films.

Weight of nanocrystalline Weight of Total weight of

WO; as a base layer ~ WO; flakes WO,

Sample (mg) (mg) (mg)
flake-wall film 2.1 6.5 8.6
laminate film 2.2 6.0 8.2

concluded that the largely exposed facet of crystalline flakes was
WOs; (001). This film, composed of horizontally laminated flakes,
was denoted as a flake-laminate film.

Photoelectrochemical properties.— Photoelectrochemical water
oxidation was performed in an aqueous solution of 0.1 mol 17!
Na,SO, under visible-light irradiation. In order to compare the pho-
toelectrochemical properties of flake-wall and flake-laminate films,
we prepared films with similar weights of WOj5 (see Table I). Be-
cause a base layer of nanocrystalline film is necessary for the fabri-
cation of a flake-wall film, the flake-laminate film was prepared on
the nanocrystalline film deposited on the SnO, glass. The amounts
of nanocrystalline WO5 (and total amounts of WO3) in those films
were adjusted to similar weights.

Figure 7 shows ultraviolet—visible (UV-vis) diffuse transmit-
tance spectra of those films. The photoabsorption edges were located
at around 470 nm. Transmittance at a longer wavelength of the
flake-wall film was higher than that of the laminate film, suggesting
higher transparency of the flake-wall film. The transmittance of
SnO, glass at this region was ca. 80% (data not shown). The trans-
mittances of both films were dependent on the direction of incident
light. Transmittance under the condition of back-side incidence
through the transparent conductive glass was higher than that under
the condition of front-side incidence through crystalline flakes. In
the case of back-side incidence, the nanocrystalline film as a base
layer might play the role of an antireflecting layer to diffuse light,
which comes through the transparent conductive glass.

Figure 8x shows potential-current curves for water oxidation un-
der back-side irradiation through the transparent conductive sub-
strate. The photocurrent of the flake-laminate film was relatively
small and quickly became saturated at a low anodic potential (ca.
0.6 V vs Ag/AgCl) compared to that of the flake-wall film. The
saturated photocurrent density of the flake-wall films was much
higher than that of the flake-laminate film. For the condition of
front-side irradiation through the WOj layer, the photocurrent of the
flake-laminate film was much smaller than that of the flake-wall
film. The ratios of photocurrent density by front-side irradiation to
that by back-side irradiation, analysis of which has been employed
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Figure 7. UV-vis diffuse transmittance spectra of (a) a flake-wall film and
(b) a flake-laminate film. The films were illuminated from (solid curve) the
back side and (dotted curve) the front side.
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Figure 8. (x) Current—potential plots for (a) a flake-wall film and (b) a
flake-laminate film in an aqueous solution of 0.1 mol I"! Na,SO, under
visible-light irradiation from the back side and (plots of symbols with prime)
from the front side. (y) Ratio of the photocurrent density by front-side irra-
diation to that by back-side irradiation.

in determining electron diffusion length in dye-sensitized solar cells
and semiconductor electrodes,*'*?* were plotted against the applied
potential in Fig. 8y. The ratio was found to be 0.7 for the flake-wall
film and 0.2 for the flake-laminate film at sufficiently high anodic
polarization. This dependence of photocurrents on illumination di-
rection indicates the presence of photoexcited carrier recombination
during electron transport to the back-contacted conductive substrate.
Most of the photoexcited electrons generated near the front side are
not transported to the back-contacted substrate in the flake-laminate
film with a high density of grain boundaries (Fig. 9b). Conversely,
efficient transportation of photoexcited electrons would be achieved
in the flake-wall films (Fig. 9a). The crystallinities of flakes seem to
be similar in the two films because the conditions for growth of
WO;-H,O flakes and the calcination conditions were the same.
Therefore, the difference in transport of photoexcited electrons
would be only due to the orientation of the flakelike crystalline
nanostructure to the substrate. The electron diffusion length ana-
lyzed from the ratio of 0.7 using the method developed by Wang
et al.* was found to be longer than 5 wm, which is the average
thickness of the flake-wall film. It is concluded that the high effi-
ciency of a flake-wall film for photoelectrochemical oxidation of
water is probably due to the long electron diffusion length and the
low density of grain boundaries in the electron transport direction.
Figure 10 shows potential-current curves for the oxidation of
methanol under back-side irradiation and front-side irradiation. By
adding methanol as a strong electron donor, the photocurrent onset
potentials of both films were shifted to cathodic direction by ca.
0.2 V and the potentials to reach saturated photocurrent were shifted
to anodic direction. For the flake-wall film, the photocurrent density
was almost proportionally increased with an increase in the applied
potential in the region of 0.0-1.4 V vs Ag/AgCl. This indicates that
the photocurrent saturation observed for water oxidation by flake-
wall film is due to the low rate of surface reaction of photogenerated
holes with water compared to that with methanol. It has been re-
ported that the reaction rate of photogenerated hole with methanol,

Figure 9. Schematic illustration of photoexcited electron transport in (a) a
flake-wall film and in (b) a flake-laminate film under front-side irradiation.
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Figure 10. (x) Current—potential plots for (a) a flake-wall film and (b) a
flake-laminate film in an aqueous solution of 10 vol % methanol with
0.1 mol 17! Na,SO, under visible-light irradiation from the back side and
(plots of symbols with prime) from the front side. (y) Ratio of the photocur-
rent density by front-side irradiation to that by back-side irradiation.

<1 ns, is much faster than that with water, <2 s, for titanium(I'V)
oxide photocatalysts.n’23 Although the lifetime of positive holes is
elongated with an increase in the anodic polarization, the time con-
stant is not sufficient to induce water oxidation at the upper limit of
photocurrent density. As shown in Fig. 10y, the ratios of photocur-
rent density by front-side irradiation to that by back-side irradiation
were similar to the results in the absence of methanol at sufficiently
high anodic polarization.

Figure 11 shows the ratio of photocurrent density for methanol
oxidation to that for water oxidation. The ratio of the flake-wall film
was ca. 2 at applied potentials more positive than 0.5V vs
Ag/AgCl. Tt is well known that hydroxymethyl radical (CH,OH"),
which is formed by direct hole transfer to methanol, exhibits large
negative redox potential to induce one electron transfer to the con-
duction band of semiconductor electrodes without back-electron
transfer.®** Therefore, the photocurrent is increased by two times by
the addition of methanol, if the efficiencies of holes to react with
water and methanol are the same and the efficiency of one electron
transfer from CH,OH: to the conduction band of WO; is 100%. In
these experiments, the photoelectrochemical reaction was performed
under air, so that some radicals could react with molecular oxygen.
Therefore, we cannot simply classify the origin of ca. two-times
enhancement for the flake-wall film by methanol addition to so-
called “current doubling” effect. However, it is concluded that the
difference in the reaction rate of holes with water and methanol is
relatively small in the case of flake-wall films. Conversely, photo-
current for the flake-laminate film was enhanced by three to four
times in the presence of methanol. Because this enhancement ratio
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Figure 11. Ratio of the photocurrent density in the presence of methanol to
that in the absence of methanol for (a) a flake-wall film and (b) a flake-
laminate film under visible-light irradiation from the back side and (plots of
symbols with prime) from the front side.

-
o

o
3
T

normalized current density

0.0%d— — : :
0 100 200 300

time/s

Figure 12. Current-time plots for (a) a flake-wall film and (b) a flake-
laminate film in an aqueous solution of 10 vol % methanol with 0.1 mol 17!
Na,SO, under visible-light irradiation from the back side. The applied po-
tential was kept at +1.2 V vs Ag/AgCl.

cannot be explained only by current doubling, the reaction rate of
holes with water is found to be much lower than that with methanol
for the flake-laminate film. Although the ratio of photocurrent en-
hancement for the flake-wall film was not dependent on the direction
of photoirradiation, the ratio for the flake-laminate film depends on
the incident direction. The ratio was ca. 3 for back-side irradiation
and 4 for front-side irradiation at around 0.5 V vs Ag/AgCl. Be-
cause the electrons excited near the substrate can transport to the
back-contacted substrate at moderate applied potential, e.g., ca.
0.5V vs Ag/AgCl, the lifetime of holes generated by back-side
irradiation would be longer than that by front-side irradiation, in
which most of the photoexcited electrons generated far from the
conductive substrate. Based on the above consideration, the life-
times of holes in flake-wall films are considered to be long enough
to induce water oxidation under sufficiently anodic polarization and
to be constant throughout the film due to the high electron transport
ability.

Figure 12 shows current-time plots of the flake-wall film and the
flake-laminate film for methanol oxidation under visible-light irra-
diation with stirring. The normalized photocurrent for the flake-
laminate film gradually decreased with time of photoirradiation,
contrary to the case for the flake-wall film. This decrease was not
due to damage of the film, because the photocurrent was recovered
by washing the used film by pure water. Considering the difference
in the hierarchical structure of films, this decrease might be related
to the diffusion rate of methanol in the films because the flake-wall
film exhibits large void space between the crystalline flakes to dif-
fuse reactant molecules.

Conclusions

WOj; flake-wall films exhibited photoelectrochemical efficiency
higher than that of flake-laminate films for water oxidation. Short
lifetime of photogenerated carriers in flake-laminate films even at
anodic polarization was suggested by the results that the photocur-
rent was enhanced by adding methanol by more than four times. The
less electron transport property of flake-laminate films was also sug-
gested by the significant dependence on the photoirradiation side.
Because the crystallinity of flakes seems to be similar between
flake-wall films and flake-laminate films, the difference in the pho-
toelectrochemical property would be due to the orientation of plate-
like crystallites to the substrate; the flake-wall film exhibits a lower
density of grain boundaries into the electron transport direction, e.g.,
low density of recombination centers and high efficiency of electron
transport. This would be the reason for the higher efficiency for
photoelectrochemical oxidation of water compared to films with a
high density of grain boundaries. Flake-wall films also show stable
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photocurrent during the photoelectrochemical oxidation of methanol
probably due to the high porosity to diffuse reactant molecules. It is
concluded that the control of vertically arrayed crystalline structures
is a promising way to fabricate highly efficient semiconductor elec-
trodes for chemical conversions under solar light.
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