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H
ydrogen is a promising candidate as
a future energy carrier. The conver-
sion of solar energy into hydrogen

represents an attractive but challenging
alternative for photoelectrochemical cells,
following the pioneer work on TiO2 photo-
anodes for hydrogen production by Fujishi-
ma and Honda.1 Unfortunately, owing to its
wide electronic band gap (3.0�3.2 eV), TiO2

absorbs only the ultraviolet fraction of the
solar spectrum, which accounts for just 4%
of solar irradiation.2�4 This unavoidably
leads to low utilization efficiency for solar
light.2 Consequently, a few oxide semicon-
ductors with narrower band gaps, for ex-
ample, tungsten trioxide (band gap, Eg =
2.6�2.8 eV), have attracted more and more
attention as photoanode materials because
of their visible light response and good
photochemical stability.5�11 Porous struc-
tures are used to improve the incident
photon-to-electron conversion efficiency
(IPCE) of WO3 photoanodes. For example,
Santato et al. have reported that the nano-
crystalline WO3 photoanodes with porous
structures exhibited a high IPCE from
acidic solution.5�7 Berger et al. have de-
monstrated that random porous layers of
WO3 produced significantly higher photo-
current efficiency than a compact layer.8

These results suggest the advantage of
constructing the porous network of WO3,
i.e., high specific surface area to increase the
density of active sites at which the redox
reactions can take place.12 For further re-
finement of the porous WO3 photoanode,
improving its solar light harvesting to en-
hance IPCE is a critical challenge because
the light absorption around the electronic
absorption edge of WO3 is still limited.6

Photonic-crystal-based optical coupling13

offers a unique way of light�matter interac-
tion to increase light harvesting, especially
around the absorption edge of a semiconduc-
tor. A photonic crystal is a periodic dielectric
structure that can forbid the propagation of
light in a certain crystal direction within a
certain spectrum regime, called a photonic
stop-band.14 The light in a photonic crystal
undergoes strong coherent multiple scatter-
ing and travels with very low group velocity
near the photonic stop-band edges, referred
to as slow light.15,16 Such a slow-light effect
can considerably increase the effective optical
path length, therefore leading to a delay
and storage of light in photonic materials.16
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ABSTRACT In this study, 3D-photonic crystal design was utilized to enhance incident photon-to-

electron conversion efficiency (IPCE) of WO3 photoanodes. Large-area and high-quality WO3 photonic

crystal photoanodes with inverse opal structure were prepared. The photonic stop-bands of these

WO3 photoanodes were tuned experimentally by variation of the pore size of inverse opal structures.

It was found that when the red-edge of the photonic stop-band of WO3 inverse opals overlapped

with the WO3 electronic absorption edge at Eg = 2.6�2.8 eV, a maximum of 100% increase in

photocurrent intensity was observed under visible light irradiation (λ > 400 nm) in comparison with

a disordered porous WO3 photoanode. When the red-edge of the stop-band was tuned well within

the electronic absorption range of WO3, noticeable but less amplitude of enhancement in the

photocurrent intensity was observed. It was further shown that the spectral region with a selective

IPCE enhancement of the WO3 inverse opals exhibited a blue-shift in wavelength under off-normal

incidence of light, in agreement with the calculated stop-band edge locations. The enhancement

could be attributed to a longer photon�matter interaction length as a result of the slow-light effect

at the photonic stop-band edge, thus leading to a remarkable improvement in the light-harvesting

efficiency. The present method can provide a potential and promising approach to effectively utilize

solar energy in visible-light-responsive photoanodes.

KEYWORDS: photon-to-electron conversion . WO3 photoanode . inverse opal .
stop-band . slow light
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Order-of-magnitude absorption enhancement was re-
ported in a tungsten woodpile structure at the photo-
nic band edge by Lin et al.17 This enhancement was
understood as a result of the slow-light effect, a longer
photon�matter interaction length, and a finite intrin-
sic absorption of tungsten material.17 Absorption and
thermal emission enhancement, which was also
caused by the slowoptical group velocity that occurred
near the edge of the metallicity gap, have been
observed in molybdenum and tungsten woodpile
structures by Nagpal et al.18 In addition to metallic
photonic crystals, the slow-light effect could be
exploited to enhance the interaction of light with
photoresponsive semiconductors and amplify photo-
chemical reactions. The slow-light effect on photo-
voltaic cells and the photochemical process was in-
vestigated by Nishimura et al.19 and Chen et al.20�22 as
a means of promoting the optical absorbance of TiO2-
based composite system. Since then, this effect has
been utilized for the enhancement in efficiencies of
dye-sensitized TiO2 solar cells and TiO2-based photo-
catalytic reactions.23�29 The slow-light effect in a
photonic crystal thus provides a strategy for modifying
the intrinsic optical interactions inside a material. Con-
sidering the superiorities of nanocrystalline WO3 as a
photoanode material, if slow-light propagation modes
in the inverse opal WO3 structure is designed to be
resonant with a specific light frequency around its
electronic absorption edge, the interaction of WO3

with that frequency of light should be greatly in-
creased, which may improve obviously its IPCE. To
our knowledge, there is yet no study available on the
WO3 inverse opal photoanode focusing on a correla-
tion between the slow-light effect and IPCE. It is noted
that fabrication of a well-ordered and crack-free
macroporous structure in a large area is critical to
observe an obvious effect induced by photonic stop-
bands of WO3 inverse opals.
In this article, WO3 inverse opals with high optical

quality were synthesized using the forced impregna-
tion approach presented in our previous work.30 In
order to study the slow-light effect on the photoelec-
trochemical properties of WO3, WO3 inverse opals with
different stop-bands were produced by the template
spheres with different sizes, which dictated the pore
sizes in the inverse opal structures. With this approach,
the stop-bands in WO3 inverse opals could be tuned
either into or out of the electronic absorption band gap
of WO3. For comparison, we also prepared disordered
porous and unpatterned nonporous WO3 photoa-
nodes, which did not exhibit any slow-light effect. We
demonstrated that the slow-light effect in WO3 inverse
opals could lead to a remarkable enhancement in the
photoelectric conversion, compared with the disor-
dered porous and unpatterned WO3 photoanodes.
We also found that the WO3 inverse opals showed
selective light harvesting and IPCE enhancement in the

spectral region corresponding to their respective slow-
light locations at both normal and off-normal inci-
dence of light.

RESULTS AND DISCUSSION

The stop-bands of WO3 inverse opals are tunable by
varying the pore sizes, according to the modified
Bragg's law as the following equation:31

λ ¼ 2

ffiffiffi
2
3

r
D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2WO3

f þ n2void(1 � f ) � sin2 θ
q

(1)

where λ is the wavelength derived from the stop-band,
D is the pore size of the inverse opal, nWO3 and nvoid are
the refractive index ofWO3 and the voids respectively, f
is the WO3 phase volume percentage, which is gen-
erally taken as 0.26, and θ is the incident angle of light.
For normal incidence, θ = 0�. According to eq 1 and
considering the shrinkage (∼ 30%) of the pore size of
the inverse opal during the removal of the polystyrene
(PS) template by sintering,30 three kinds of template
spheres (diameter: 200, 260, and 360 nm) were se-
lected to fabricate WO3 inverse opals with their stop-
bands estimated to be into, overlapped with, and out
of the electronic absorption edge of WO3, respectively.
The opal templates composed of the PS spheres

with the diameters of 200, 260, and 360 nm were
prepared following the convective self-assembly
method.32 Figure 1a�c shows that the PS spheres are
hexagonally close-packed in a large area. This high
degree of ordering is confirmed by the uniform and
brilliant colors reflected from the sample surface,
which are caused by Bragg diffraction of visible light,
as observed in Figure 1d. The measured transmission
spectra for the three opal templates are shown in
Figure 1e. In each case, a pronounced attenuation
dip (correspondingly 457, 583, and 819 nm) is clearly
observed, which also indicates the well long-range
ordering of these samples. These sharp transmission
dips are attributed to the stop-bands that open along
the Γ�L direction in the reciprocal space of these
highly ordered opal templates.33,34

The WO3 photoanodes with inverse opal structure
were fabricated using the colloidal crystal templates. In
order to penetrate the precursor of WO3 into the
interstices in the templates completely, the forced
impregnation approach30 was used for precursor in-
filtration. The fabrication details are given in the ex-
perimental section. The WO3 inverse opals fabricated
from 200, 260, and 360 nm of PS-sphere arrays are
denoted as WO3-200, WO3-260, and WO3-360, respec-
tively. Black holes connecting the neighboring pores
are observed in the SEM images of the as-prepared
WO3 inverse opals (Figure 2a�c), indicating that the
spherical pores in the WO3 photonic crystals are three-
dimensionally ordered in a hexagonal close-packed
array. The average pore sizes in Figure 2a�c are about
140 ( 10, 170 ( 10, and 230 ( 10 nm, respectively,
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which show 25�35% shrinkage in comparisonwith the
primary PS spheres. In Figure 2d, the WO3-200, WO3-
260, and WO3-360 inverse opals show yellow, blue, or
red-green in reflection mode under illumination of
white light, respectively, as a result of the stop-band
centered at different wavelengths. Figure 2d shows
that the color of each inverse opal sample is quite
uniform after precursor infiltration and annealing pro-
cesses, illustrating an excellent periodicity over a range
of centimeter length scale. As shown in Figure 2e�g,
the cross-section SEM images of all the inverse opals
also exhibit vertical ordering. The thickness of all the
prepared WO3 photoanodes with face-centered-cubic
(fcc) packing structure is measured as around 2.6 μm,
indicating that their effective light absorption thick-
ness is comparable. In addition, as one of the reference
samples, a disordered porous WO3 structure (see inset
SEM image in Figure 3b) was also fabricated with the
same thickness under the same conditions as the
inverse opals. But it was prepared from a randomly
packed template formed with a mixture of 200, 260,
and 360 nm PS spheres. The unpatterned WO3 photo-
anode with a thickness of approximately 2.5 μm (see
inset SEM image in Figure 3c) was fabricated by spin
coating using the sameprecursor. As shown in Figure 3,
the XRD patterns of all the samples match the Joint
Committee on Powder Diffraction Standards File
(JCPDS No. 01-075-2072), which confirms the mono-
clinic phase of these WO3 microstructures.
The existence of stop-bands of these WO3 inverse

opal photoanodes was confirmed in the measurement
of light reflection spectra. Figure 4 illustrates the
measured light reflection spectra of three WO3 inverse
opals with different stop-bands as well as the disor-
dered porous and the unpatterned samples. It is known
that the WO3 electronic band gap is around 2.6 eV,
corresponding to a wavelength of around 470 nm.2

This explains why the reflection spectra for all the WO3

photoanodes begin to attenuate sharply as the wave-
length becomes shorter than 470 nm, which is caused
by strong intrinsic absorption of light in the WO3

semiconductor. The formation of high-quality inverse
opal structure can result in a Bragg reflection peak
at wavelengths relative to the photonic stop-band
center.35,36 For the spectrum of the WO3-260 inverse
opal, a Bragg reflection peak centered at 415 nm is
observed. A reflection peak at 345 nm located in the
electronic absorption range of WO3 is observed for the
WO3-200 inverse opal. For the WO3-360 inverse opal, a
broad reflection peak at 580 nm is observed, which is
also due to the stop-band reflection effect. The notch
at the long-wavelength side of the reflection peak
(marked by the colored circle) in the reflection spec-
trum of each inverse opal structure indicates their
respective position of the slow light.
To confirm that slow light has an enhancement

effect on the light harvesting, the absorption spectra

Figure 2. SEM images of WO3 inverse opals: (a) WO3-200,
(b)WO3-260, and (c)WO3-360. (d) Photograph of the inverse
opal WO3 photoanodes under white light illumination,
WO3-200, WO3-260, and WO3-360, from left to right. (e�g)
SEM images of cross-section view of each inverse opal. The
thickness is estimated to be about 2.5 μm (17 layers) for
WO3-200 (e), 2.6 μm (14 layers) for WO3-260 (f), and 2.7 μm
(11 layers) for WO3-360 (g).

Figure 1. SEM images of colloidal crystal templates self-
assembled from PS spheres with different diameters: (a)
200 nm, (b) 260 nm, and (c) 360nm. (d) Photographof the PS
opals underwhite light illumination; sphere diameter is 200,
260, and 360 nm, respectively, from left to right. (e) Trans-
mission spectra of the PS opals measured at a normal
incidence of light.
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of WO3 inverse opal photoanodes as well as the
disordered porous and the unpatterned samples are
shown in Figure 5a. It is apparent that there is absorp-
tion enhancement in the specific region corresponding
to the location of the slow light at the red-edge of the
stop-band in each inverse opal sample, as indicated by
the colored circles. For example, the enhanced absorp-
tion of the WO3-360 photoanode is in the vicinity of
630 nm, which is out of the electronic absorption range
of WO3. To reveal that there is a specific spectral region
in which the absorption is enhanced for each WO3

inverse opal, the absorption spectra of the inverse opal
samples are normalized to that of the unpatterned
sample. The resultant absorbance enhancement spec-
tra are shown in Figure 5b. It is obvious that the WO3-
200 and WO3-260 inverse opals show an enhanced
absorption in a certain specific region that depends on
the location of their respective stop-band edge. These
regions show a good match with the wavelengths of
the slow light for each inverse opal sample. For the
WO3-200 photoanode, the absorption enhancement
relative to the unpatterned sample is located in
the electronic absorption of WO3 in the region of
350�420 nm. This spectral region corresponds to the

red-edge of its stop-band of theWO3-200 photoanode.
For the WO3-260 photoanode the enhanced absorp-
tion is in the region of 420�460 nm, which is at the
electronic absorption edge of WO3 and also at its stop-
band red-edge.
To investigate the characteristics of these WO3

inverse opals as photoanodes, photoelectrochemical
analysis was performed on them as well as the dis-
ordered porous WO3 and the unpatternedWO3 photo-
anodes. Figure 6a shows photocurrent�potential
curves measured under UV�visible light irradiation
(λ > 300 nm). Porous samples including the inverse
opals and disordered porous WO3 photoanodes ex-
hibit higher photocurrent intensities than the unpat-
terned nonporous WO3 photoanode, because multiple
scattering in the porous structure can improve light
harvesting and the electrolyte can easily be infiltrated
through the pores, inducing more effective redox
reactions at the WO3�electrolyte interface.8,35 All the
WO3 inverse opals have higher photocurrent intensi-
ties than the disordered porous WO3 sample, which
may be attributed to the following reasons. First,
compared with the disordered porous WO3, which
has numerous collapsed structures and discontinuous
pore walls (see inset in Figure 3b), the spherical
macropores are periodically arranged with excellent
connectivity in the inverse opals. This interconnected
framework can facilitate efficient charge transport to a
conducting substrate.35 Another benefit is the en-
hanced light�matter interaction due to the slow-light
effect, which will be discussed later. It is noted that
under the irradiation of UV�visible light (λ > 300 nm),
the photocurrent intensity of the WO3-260 sample is
200% that of the disordered porous WO3 photoanode
and 250% that of the unpatterned one, respectively,
and also higher than those of WO3-200 and WO3-360
inverse opals. As WO3 is visible-light sensitive, we
further evaluated the photoelectrochemical properties
of all the photoanodes under visible light irradiation
(λ > 400 nm), which is presented in Figure 6b. The
observed results are similar to those under UV�visible
light irradiation (λ > 300 nm). In this case, the WO3-260
photoanode produces 2-fold photocurrent intensity as

Figure 3. XRD patterns of three inverse opals WO3 photoanodes (a), a disordered porous WO3 (b), and an unpatterned WO3

(c) calcined at 475 �C for 2 h indicate themonoclinic phase ofWO3 in each sample.Monoclinic phase ofWO3 (b); FTO substrate
(1). The insets in (b) and (c) show the SEM images of the disordered porousWO3 and the unpatternedWO3 samples (top view
and cross-section view).

Figure 4. Light reflectance spectra of theWO3 inverse opals,
a disordered porous WO3, and an unpatterned WO3

photoanode, measured at a normal incidence of light.
Centers of the stop-bands are marked by black arrows. The
locations of slow light at the red-edge of stop-band for each
inverse opal are shown as colored hollow circles.
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compared with the disordered porous sample. The
WO3-200 and WO3-360 inverse opals show about
30% and 43% decrease in photocurrent intensity
in comparison with the WO3-260 photoanode,
respectively.
Among all the WO3 inverse opal photoanodes, the

photocurrent intensity of theWO3-260 sample for both
UV�visible light and visible light irradiation is mostly
enhanced. Due to our elaborate choice of the template
sphere size according to eq 1, the resultant slow-light
wavelength for the WO3-260 inverse opal is thus over-
lapped with the electronic absorption edge of WO3. As
presented in its reflection and absorption spectra
(Figure 4 and Figure 5a), its slow light is in the vicinity
of 440 nm. In this case, the slow light of WO3-260 is
trapped in the WO3 matrix by multiple scattering and
diffraction, which inducesmuch stronger interaction of
light with the dielectric matrix,19,20 thus generating
much more photoinduced carriers in WO3. It is indi-
cated that this overlapping of slow light with the
electronic absorption edge of WO3 will result in an
increased light absorption (as shown in Figure 5a) as
well as the enhanced light utilization for photoelectric
conversion.

In contrast, the photocurrent intensity for the WO3-
200 is lower than that of the WO3-260 sample, but still
higher than that of WO3-360. The slow light for WO3-
200 is in the vicinity of 370 nm and well within the
strong electronic absorption region of WO3 (Figure 5a).
As a consequence, a contribution to light harvesting
due to the slow-light effect is expected. The increase of
light absorption induced by the slow-light effect in the
WO3-200 inverse opal is extended to the onset of the
visible region, as shown by Figure 5a. Therefore, its
photocurrent intensity is still higher than those of the
WO3-360 as well as the disordered porous and the
unpatterned WO3 photoanodes under visible light
irradiation (λ > 400 nm). However, since the intrinsic
absorption around the electronic absorption edge of
WO3 (420�470 nm) is much more limited than that
around 300�400 nm (see the intrinsic absorption
spectrum of monoclinic WO3, i.e., the absorption spec-
trum of the unpatterned sample in Figure 5a), the
photocurrent enhancement of the WO3-260 inverse
opal owing to the slow-light effect is more intense than
that of the WO3-200 sample. For the WO3-360 inverse
opal, the stop-band moves out of the electronic ab-
sorption of WO3 due to its larger spherical pores.

Figure 5. (a) Light absorption spectra ofWO3 inverse opals, a disordered porousWO3, and an unpatternedWO3 photoanode,
measured at a normal incidence of light. The colored hollow circles show the slow-light absorption at the red-edge of the
stop-band for each inverse opal structure. (b) Absorbance enhancement spectra (ratio of the absorbance ofWO3 inverse opals
and disordered porous sample to that of the unpatterned WO3 photoanode) as a function of the wavelength.

Figure 6. (a) Photocurrent�potential curves of all the prepared WO3 photoanodes measured under UV�visible light
irradiation (λ > 300 nm). (b) Photocurrent�potential curves measured under visible light irradiation (λ > 400 nm).
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Although in this case the slow light near the red-edge
of the stop-band will not lead to a remarkable photo-
current enhancement, other mechanisms of light pro-
pagation in photonic crystals can affect the photon-
conversion efficiency of the WO3-360 photoanode,
including Bragg diffraction by the periodic lattice37

andmultidirectional internal scattering from defects in
the photonic crystal,23,24,29,38 as demonstrated in pre-
vious studies. Thesemechanisms can cause an increase
in the path length of light, thereby increasing the
probability for the photons to be absorbed in the
inverse opal photonic crystal.
Figure 7a shows the IPCE curves of the three WO3

inverse opals, as well as the disordered porous and the
unpatterned photoanodes measured at a normal in-
cidence of light. The obtained IPCE of the WO3-260
inverse opal reaches a value of 18% at 420 nm, which is
1.5�2 times higher than those of the disordered
porous and unpatterned WO3 photoanodes. By nor-
malizing all the IPCE curves to their maximum value at
a wavelength of 300 nm, as shown in Figure 7b, we can
see that, among all the samples, the IPCE of the WO3-
200 is the most enhanced between 350 and 400 nm,
while the IPCE of the WO3-260 is mostly enhanced
between 410 and 460 nm. The normalized IPCE curve
of the WO3-360 matches those of the disordered
porous and unpatterned photoanodes.
The IPCE enhancement factor defined as the ratio of

the IPCE of the WO3 inverse opals and disordered
porous sample to that of the unpatterned sample

was used to reveal the IPCE enhancement features.
The IPCE enhancement factor curves are shown in
Figure 7c, which clearly indicate that the WO3 inverse
opals especially the WO3-200 and WO3-260 samples
exhibit selective photoelectric conversion efficiency
enhancement in specific spectral regions. Very inter-
estingly, by comparing Figure 7c with Figure 5b, the
IPCE enhancement factor curves of the three WO3

inverse opals are found to show nearly the same
variation trends as the absorbance enhancement spec-
tra do (Figure 5b), when the unpatterned WO3 photo-
anode is used as a normalized sample.
It is clearly seen that the IPCE enhancement factor

curves of two WO3 inverse opals show an enhance-
ment in the spectral region corresponding to their
respective slow-light positions. For example, for the
WO3-200 inverse opal, a higher increase of IPCE resides
in the region from 350 to 400 nm, compared with the
other photoanodes. This spectral range of IPCE en-
hancement matches well with the absorption en-
hancement region from 350 to 420 nm for WO3-200
(Figure 5b). The WO3-260 inverse opal has more IPCE
enhancement in the spectral regime from 410 to
460 nm. This enhancement regime of WO3-260 is
consistent with its stronger slow-light absorption
range of 420�460 nm, which is near the electronic
absorption edge of WO3 (Figure 5b). As for the WO3-
360 inverse opal, its slow-light propagation modes are
located far from the electronic absorption of WO3, and
consequently the slow-light effect disappears across

Figure 7. (a) IPCE plots of all the microstructured WO3 photoanodes. All the reactions were carried out with 0.8 V of applied
bias. (b) Relative spectral IPCE of all the microstructured WO3 photoanodes normalized at a wavelength of 300 nm. (c) IPCE
enhancement factor (the ratio of the IPCE ofWO3 inverse opals and disorderedporous sample to that of the unpatternedWO3

photoanode) as a function of the wavelength.

Figure 8. IPCE enhancement factor spectra of theWO3 inverse opals with light irradiation at θ=0� and 60� (ratio of the IPCE of
WO3 inverse opals at two different incident angles to that of unpatterned sample at 0� incidence). The inset in each figure
shows the normalized IPCE curves at 0� and 60� incidence.
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the measured spectrum, leading to a weak depen-
dence of the IPCE curve on the irradiation wavelength.
The disordered porous sample is also observed to have
a slight increase in IPCE compared with the unpat-
terned one, as a result of backward scattering in the
disordered sample23,29 and the much larger electro-
lyte-exposed area in the porous structure, which can
induce more effective redox reactions at the
WO3�electrolyte interface.8,35

To further investigate the effect of photonic crystal
structure on the improvement in the photoelectric
conversion efficiency, angle-dependent IPCE measure-
ment was carried out. Figure 8a�c shows the IPCE
enhancement factor spectra at two different incident
angles of θ = 0� and 60� as a function of the irradiation
wavelength for the three WO3 inverse opals with
different pore sizes. The enhancement factor is calcu-
lated by dividing the IPCE of WO3 inverse opals at 0�
and 60� incidence with that of the unpatterned WO3

photoanode at 0� incidence. The inset is the normal-
ized IPCE curve for each inverse opal sample. Note that
the IPCE curves are normalized to theirmaximumvalue
at a wavelength of 300 nm.
For the WO3-200 sample (Figure 8a), the normalized

IPCE at θ = 60� shows a further increase in the spectral
range 320�390 nm compared with that at θ = 0�.
According to the calculation by Bragg's law eq 1, a
blue-shift of the stop-band center from 352 to 291 nm
is expected for the WO3-200 inverse opal sample upon
increasing the incident angle from 0� to 60�. Thus, this
increase of the IPCE is confirmed to be located at the
long-wavelength side of the calculated stop-band
center at θ = 60�. Moreover, the peak of the IPCE
enhancement factor spectrum for WO3-200 also has a
corresponding blue-shift from 0� to 60� incidence,
which moves from 400 to 390 nm.
As shown in Figure 8b, a similar effect can be

observed for the WO3-260 photoanode. Increasing
the incident angle of light from 0� to 60� leads to a
blue-shift in the stop-band center from 427 to 353 nm
for WO3-260 calculated according to eq 1. In this case,
the increase of the incident anglesmakes the slow light
at the red-edge of the stop-band, which originally
overlapped with the absorption edge of WO3 under
normal incidence of light, move into the electronic
absorption range of WO3. As a result, the peak of the
IPCE enhancement factor spectrum for the WO3-260
changes from 460 to 420 nm as the incident angle
increases from 0� to 60�.
However, for the WO3-360 sample (Figure 8c), the

normalized IPCE curves at θ = 0� and 60� are nearly
identical. The magnitude and spectral dependence of
the IPCE enhancement factor spectra are similar at θ =
0� and 60�. This is because the slow-light regime at the
red-edge of its stop-band at two incident angles
(calculated stop-band center: 578 nm at θ = 0� and
477 nm at θ = 60�) is far away from the electronic

absorption range of WO3. It is thus demonstrated that
the stop-band shift under off-normal incidence could
result in the spectral location change of the IPCE
enhancement. Our experimental results are consistent
with results of a study on dye-sensitized TiO2 inverse
opals by Yip et al.25 They showed through numerical
simulations that the electric-field strength enhance-
ment near the red-edge of the stop-band shifted with
the incident angle, which was in accordance with the
variation of the stop-band.
It has been shown that the top surface layer could

play an important role in controlling the interaction of
light with photonic crystals.39�41 For example, García-
Santamaría et al.39 have reported that the surface
resonance modes generated at the interface of the
photonic crystal layer and a dielectric overlayer could
be tuned by altering the geometry of the top layer.
They found that as the dielectric overlayer was etched
away, the surface resonance could be controlled or
even eliminated. Lee et al.24 have fabricated a dye-
sensitized solar cell (DSSC) that coupled a nanocrystal-
line TiO2 underlayer with a TiO2 inverse opal overlayer.
Due to the lack of a close physical contact between the
double layers, however, this bilayer configuration re-
sulted in a slight increase of light-harvesting efficiency
that was assigned to a rough interface at the bilayer
interface. The synthesis route was further improved by
Guldin et al., and a smooth interface and intimate
physical contact in the bilayer TiO2 DSSC were
obtained.33 This improved bilayer configuration
showed a significant increase of light harvesting in
specific parts of the spectrum by photonic-crystal top-
layer-induced resonances.
However, the influence of resonant modes induced

by different top-layer geometry of photonic crystals on
the light-harvesting efficiency is still poorly understood
in the field of photoelectrochemistry. For a further
study, the top layer of the WO3 inverse opal as well
as the disordered porous structure could be etched
away. As the top layer is progressively removed, reso-
nant modes confined within the different patterned
top surface could be excited. In this way, the role of the
surface resonance as well as of the directional stop-
bands in light-harvesting efficiency can be studied and
compared. Since this study is beyond the scope of the
present work, it will be interesting to exploit these
open questions in the future.

CONCLUSIONS

In conclusion, we have demonstrated that photonic
crystals can be used to improve the performance of
photoelectrochemical devices under visible light irra-
diation. Inverse opal WO3 photoanodes with different
stop-bands have been prepared. Considerable en-
hancement of photocurrent intensity has been
achieved on the WO3-260 inverse opal photoanode
by adjusting the wavelengths of its slow light close to
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the electronic absorption edge of WO3. The light-
harvesting and photon-to-electron conversion effi-
ciency at specific wavelengths is remarkably enhanced
by utilization of the slow-light effect in the inverse
opals. The spectral range at which photon-to-electron
conversion efficiency is enhanced moves to shorter
wavelengths as the incident angle increases, which
results from a blue-shift in the stop-band center. These

results suggest that implementation of the semicon-
ductor photovoltaic device in the form of photonic
crystals tomanipulate the behavior of the photons and
the electrons is a feasible and effective method for
enhancing the photon-to-electron conversion effi-
ciency. It will provide useful information for developing
other visible-light-sensitive photoanodes with photo-
nic crystal structure.

METHODS

Synthesis of Colloidal Crystal Templates. The colloidal crystal
templates were fabricated using a solvent-evaporation-induced
convective self-assembly method.32 A commercially available
aqueous PS-sphere solution (Duke Scientific Corp., USA) was
mixed with distilled water and polyvinylpyrrolidone (Mw =
55 000; Aldrich, USA);42 the mixing weight ratios of PS spheres
to water and polyvinylpyrrolidone to water were 2 � 10�3 and
1.5 � 10�5, respectively. The FTO substrate (sheet resistance
30Ω/cm2; Asahi Glass Co. Ltd., Japan) was soaked in the mixed
H2SO4/H2O2 aqueous solution with the volume ratio of 3:1 for
1 h and washed with distilled water to make its surface
hydrophilic. Subsequently, the hydrophilic FTO substrate was
submerged into the prepared PS colloidal suspension. The
entire setup was kept at 50 �C in an oven until the water was
evaporated. Then 10�15 layers of PS spheres were self-as-
sembled into a close-packing structure on the FTO substrate
under capillary forces. To elucidate the photonic crystal effect, a
disordered template was also prepared to mold a randomWO3

porous structure as a reference. A clean FTO substrate was
placed into a mixed suspension of the PS spheres with dia-
meters of 200, 260, and 360 nm and kept at 50 �C. The weight
ratio of PS spheres to water was also 2 � 10�3. After the water
was evaporated, the template with randomly packed spheres
was produced.

Synthesis of WO3 Inverse Opals. WO3 inverse opals were pre-
pared using (NH4)6H2W12O40 solution (Nippon Inorganic Color &
Chemical Co. Ltd., Japan)12 as the precursor. In order to fabricate
WO3 inverse opals with high quality, the forced impregnation
approach was used in the infiltration process.30 The prepared
colloidal crystal templates were soaked in a methanol bath for
1 h, and then the templates were taken out of the methanol
bath and immersed in a (NH4)6H2W12O40 solution bath. During
the vacuum impregnation of about 5 h, the precursor permeated
into the interstices in the templates easilywithout destroying the
periodicity. After sufficient vacuum impregnation, the coated
templateswere removed from theprecursorbath andweredried
in air overnight. Then, the sampleswere heated to475 �Cat a rate
of 1 �C/min and kept at this temperature for 2 h. The disordered
porous WO3 sample was fabricated by the same procedure but
using the as-prepared disordered template, and its thicknesswas
controlled around 2.5 μm. The unpatternedWO3 photoanode of
approximately 2.5 μm thick was prepared by the spin-coating
method using the same precursor and was sintered under the
same experimental conditions as the other photoanodes.

Structural and Optical Characterization. The phase composition
of the prepared samples was identified by XRD using Cu KR
radiation (RINT 2000; Rigaku Corp., Japan) in the 2θ range of
15�75�. UV�visible diffuse reflectance spectra were recorded
at room temperature on a UV�visible spectrophotometer (UV-
2500PC; Shimadzu Corp., Japan) equipped with an integrating
sphere. Barium sulfate was used as the normalized source. The
reflectance data were transformed into absorbance using the
Kubelka�Munk function. The sample morphology was charac-
terized using a scanning electronmicroscope (JSM-6700F; JEOL,
Japan).

Photoelectrochemical Measurement. Photocurrent measure-
ments were performed with an electrochemical station (ALS/
CHmodel 650A, Japan) using a three-electrodemodewith 0.1M
Na2SO4 solution as the electrolyte. The WO3 photoanodes were

used as working electrodes; a Pt wire served as a counter-
electrode. A saturated calomel electrode was used as the
reference electrode. The illumination source was a 500 W Xe
lamp (Optical ModuleX; Ushio Inc., Japan). The intensity of light
at 300�800 nm was measured to be 250 mW/cm2 using a
spectroradiometer (USR-40; Ushio Inc., Japan). Visible light
irradiation was performed using a Xe lamp equipped with a
UV cutoff filter (L42; Hoya Corp., Japan). In the photocur-
rent�potential measurement, the WO3 photoelectrodes were
illuminated at normal incidence of light through a quartz
window. The voltage-scan speed was 0.01 V/s, and light was
chopped manually at regular intervals. For angle-dependent
photoelectrochemical measurement, the WO3 inverse opal
photoanodes were irradiated at the specified off-normal angle
(60�). The incident photon-to-electron conversion efficiency
was obtained with the formula as follows:43

IPCE ¼ hcI

λP

where P and λ are the intensity (μW cm�2) and the wavelength
(nm) of the incident monochromatic light, respectively. I is the
photocurrent density (μA cm�2). h and c represent Planck's
constant and the speed of light in a vacuum, respectively. The
intensity of the incident monochromatic light was measured
using the spectroradiometer. Monochromatic irradiation was
carried out using the Xe lamp in combination with a mono-
chromator (M10; Jasco Corp., Japan).
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