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Abstract: Novel materials with a periodic structure have recently been intensively studied for various
photonic and photocatalytic applications due to an efficient light harvesting ability. Here, inverse
opal titania (IOT) has been investigated for possible enhancement of photocatalytic activity. The IOT
films were prepared on a glass support from silica and polystyrene (PS) opals by sandwich-vacuum-
assisted infiltration and co-assembly methods, respectively. The reference sample was prepared by
the same method (the latter) but with PS particles of different sizes, and thus without photonic feature.
The modification of preparation conditions was performed to prepare the films with a high quality
and different photonic properties, i.e., photonic bandgap (PBG) and slow photons’ wavelengths. The
morphology and optical properties were characterized by scanning electron microscopy (SEM) and
UV/vis spectroscopy, respectively. The photocatalytic activity was evaluated (also in dependence
on the irradiation angle) for oxidative decomposition of acetaldehyde gas under irradiation with
blue LED by measuring the rate of evolved carbon dioxide (CO2). It has been found that PBG
wavelength depends on the size of particles forming opal, the void diameter of IOT, and irradiation
angle, as expected from Bragg’s law. The highest activity (more than two-fold enhancement in the
comparison to the reference) has been achieved for the IOT sample of 226-nm void diameter and
PBG wavelengths at 403 nm, prepared from almost monodisperse PS particles of 252-nm diameter.
Interestingly, significant decrease in activity (five times lower than reference) has been obtained for
the IOT sample of also high quality but with 195-nm voids, and thus PBG at 375 nm (prohibited light).
Accordingly, it has been proposed that the perfect tunning of photonic properties (here the blue-edge
slow-photon effect) with bandgap energy of photocatalyst (e.g., absorption of anatase) results in the
improved photocatalytic performance.

Keywords: photocatalysis; photonic crystals; inverse opal; titania

1. Introduction

Photocatalysis is considered as possible solution for emerging threats facing humanity,
such as energy shortage, environmental pollution, and deficiency of drinking water [1].
Photocatalysts are materials, which are excited under photoirradiation, and thus formed
charge carriers (electrons and holes) might either start chemical reactions, including “green”
fuels’ formation [2], and decomposition of organic [3], inorganic [4], and microbiological [5]
pollutants or directly be used as photo-current (photogenerated electrons) [6]. However,
in the case of semiconductor photocatalysis, the recombination of charge carriers often
results in insufficient quantum yields for commercial application [7,8]. Moreover, the
most active photocatalysts are characterized by wide bandgap, and thus UV light must
be used for their excitation. Accordingly, only small portion of solar radiation (the most
recommended source of irradiation for “green” and cheap technology) could be efficiently
use for photocatalytic reactions. In this regard, various strategies have been proposed
to obtain highly efficient solar photocatalysts, including modification of wide-bandgap
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semiconductors (doping [9–11], surface modification [12–14], and heterojunction [15–17])
and development of novel photocatalytic systems in the form of both single [18–22] and
multi-element (e.g., Z-scheme [23–25]) materials.

There are two essential components of photocatalysis: (i) the photoabsorption initiated
by photoirradiation, and (ii) the chemical reactions begun by photogenerated charge
carriers. Although many studies have been performed to obtain vis-responsive materials,
most efforts on the improvement of photocatalytic performance have been focused on the
inhibition of charge carriers’ recombination since photoabsorption efficiency is usually
uncontrollable as fixed physical property of photoabsorbing materials. Accordingly, a
common strategy for enhancing the photocatalytic activity of semiconductor photocatalysts
is to enhance the quantum efficiency, by accelerating the surface reaction [26] and/or
hindering the charge carriers’ recombination [27], e.g., by spatial charge separation [28–32].
However, quantum efficiency might be enhanced maximally to 100% (despite special
cases, e.g., when formed products can further transfer charge carriers via photoinduced
bi-electronic transfer mechanism [33]) and further enhancement is not expected. Another,
but negligibly employed strategy is to enhance photoabsorption efficiency. One of the
possible ways for photoabsorption enhancement beyond fixed photoabsorption coefficient
is to use slow photon effect, which appears at photonic bandgap (PBG) edges in photonic
crystals (PCs), such as inverse opal (IO) structures [34–36].

The PCs are materials of a periodic arrangement that affects the motion of photons.
The uniqueness of PCs is photonic bandgap (PBG), wherein the light of particular frequency
cannot propagate through the material, whereas the light of wavelengths near PBG can prop-
agate, but with strongly reduced group velocity [37–39]. This phenomenon is so-called slow
photon effect. The existence of PBG and slow photon effect causes the beautiful coloration
of matters (e.g., butterflies and mineral opals) and makes possible to trap the light inside
materials for amplified light harvesting. The most common PC is IO structure [36,39–41],
i.e., an inverse replica of the opal template in the face-centered-cubic (FCC) arrangement.
Various materials have already been synthesized in the form of both opal and IO structures,
including also one of the most famous photocatalysts—titania [42–44]. By applying the
IO PCs structure to titania, the enhanced photoabsorption of light is expected due to the
extended light-path length owing to the slow photon effect, as already confirmed in some
studies [34–36].

Different forms of IO PCs could be prepared depending on the intended application,
including the most common two-dimensional (2D) films and three-dimensional (3D) parti-
cles. In the case of 2D structures, typically, the fabrication of inverse opal titania (IOT) on
the glass support is composed of five main steps: (1) the synthesis of colloidal nanoparticles
(NPs), (2) the preparation of an opal template built from spherical NPs on the glass support,
(3) the infiltration of titania precursor to form the framework, (4) the phase transfer from
amorphous into crystalline forms of titania (anatase or rutile), and (5) the removal of an opal
template. The infiltration process is critical because it results in the formation of the main
framework of titania. Generally, dip coating [45] and drop casting [46] are commonly used
for the infiltration. However, overlayers are easily formed on the bulk titania due to the
excess of titania precursor [47]. Hence, vacuum-assisted sandwich method [48,49] has been
used in this study to avoid the formation of overlayers. Additionally, co-assembly method
has been investigated to obtain continuous IOT films with a high quality and different
photonic properties. Accordingly, the property-governed activity might be studied and the
strategy on the preparation of highly efficient photocatalysts could be proposed. The main
purpose of this study is to check if and how the tunning of the photonic properties might
influence the photocatalytic properties.
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2. Materials and Methods
2.1. Materials

Titanium tetraisopropoxide (TTIP), tetraethyl orthosilicate (TEOS), 25% ammonia
solution, 15% tetramethylammonium hydroxide solution (TMAH), 30% hydrogen peroxide,
sulfuric acid, sodium hydroxide, potassium hydroxide, 2-propanol, and 99.5% ethanol were
purchased from FUJIFILM Wako Pure Chemical, potassium persulfate (KPS) and styrene
were purchased from SIGMA-ALDRICH and used without further treatment. Milli-Q
water with a resistivity of 18.2 MΩ was used during experiments.

Glass (support for IOT) used in this study was pretreated to make its surface hy-
drophilic by immersing glass slides in piranha solution (H2O2 and H2SO4 in the ratio of
2:3) and 1 M of KOH solution for 15 min each [50].

2.2. Fabrication of Inverse Opal Titania via Infiltration Method

The IOT samples were prepared via following steps: (1) Silica colloidal particles were
synthesized via Stober method [51]; (2) Then, silica opals were formed on the pretreated
glass slides via evaporation, where induced self-assembly was achieved by immersing
pretreated glass in 1 wt.% silica ethanol suspension nearly vertically. Vials containing glass
and silica suspension were heated at 40 ◦C in a drying oven. The deposition of silica opals
on glass took three days; (3) The formed opals were covered with additional glass, fixed
by clips to make a sandwich-like structure (to avoid the formation of overlayers [48,49]).
Then, titania precursor (10 vol% TTIP in ethanol) was infiltrated into the interstitial spaces
between silica particles, and exposed to air (to form amorphous titania); (4) Amorphous
titania was crystallized into anatase in the electric furnace at 500 ◦C for 2 h with ramping at
0.5 degrees/min; (5) Finally, the opal template was removed by dipping the silica/titania
composite film in hot NaOH solution (1 M). The obtained samples were named respectively
to the silica particles diameter, e.g., opal-200 means that the sample was composed of
200-nm silica particles.

2.3. Fabrication of Inverse Opal Titania via Co-Assembly Method

The co-assembly method follows the main fabrication process described above
(Section 2.2.), i.e., opal formation, titania infiltration, and opal removing. However, co-
assembly method [52] is simpler than infiltration one, since the opal template and titania
are deposited on the glass simultaneously (one step), and crystallization of titania and
removal of opal are proceeds also in one step. Accordingly, co-assembly method consists
of only three steps as follows: (1) synthesis of polystyrene (PS) particles, (2) co-assembly
(opal formation from PS and titania deposition within the opal), and (3) removal of opal
and titania crystallization. The pre-synthesized titania was prepared according to the litera-
ture [52]. In brief, 1.1 mL of TTIP was added to 15 mL of 2-propanol and stirred for 10 min,
while 1.38 g TMAH (15%) was added to 180 mL of water in a flask immersed in an ice bath.
Then, TTIP in 2-propanol was introduced dropwise to the cooled TMAH solution under
continuous stirring. Then 10 min later, the flask was transferred to a mineral oil bath and
heated at 100 ◦C for 6 h. The co-assembly is based on the evaporation induced self-assembly
(the same idea as in the case of the infiltration method). The aqueous suspension of PS
(0.1 wt%) was mixed with titania suspension (titania to 2-propanol—1:10) in a small vial.
Then, the clean glass slide was immersed in the vial almost vertically, and then heated at
65 ◦C to form the PS(opal)/titania composite film. The IOT crystalline film on the glass
was obtained by heating the glass in an electric furnace at 500 ◦C for 2 h (crystallization of
titania to anatase and removal of PS opal template). The samples were named respectively
to the void diameter, e.g., IOT with voids of 156 nm was named as IOT-156.

In addition, the porous titania film on a glass substrate was prepared as a reference
sample. The reference was fabricated using the same procedure as that used for the
preparation of IOT samples from PS opal, but three kinds of PS particles (PS diameter of
195, 226, and 246 nm; volume ratio of 1:1:1) were used. Accordingly, the reference was
characterized by similar surface properties to IOT samples but without PBG feature.
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2.4. Characterization

The morphology of opal and IOT films was characterized by LV-SEM and FE-SEM. The
transmittance spectra of IOT films were measured with JASCO V-670 spectrophotometer
(JASCO V-670). The photocatalytic activity of IOT samples was evaluated with oxidative
decomposition of acetaldehyde gas under aerobic conditions by measuring the rate of
evolved carbon dioxide (CO2) using GC-FID. The IOT sample immersed in 66-mL quartz
cell containing 1.5 mL of acetaldehyde was irradiated with UV LED (λ = 365 nm; 0.28 W;
photoemission spectra shown in Figure 1). The influence of irradiation angle was also
investigated in the range from 0◦ to 40◦, while the distance between the light source and
the sample film was fixed at 4 cm.
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The photonic bandgap (PBG) has been estimated by using a modified Bragg’s equation,
shown below:

λmax = 1.632D
√

n2
avg − sin2θ (1)

where λmax is the wavelength of the band maximum, D is the diameter of spheres, and
θ is the angle between incident beams and plane. The average refractive index navg can be
calculated using following equation:

navg = f nsphere + (1 − f )nair (2)

where f is the filling factor of spheres and n is the refractive index of materials. According
to the theoretically calculated PBG, the size and/or the angle dependent PBG wavelength
is expected.

3. Results and Discussion
3.1. Characterization of Opals

The successful preparation of opals and respective inverse opals could be easily
observed by intensive coloration of samples, as well as the change of colors in dependence
on the observation angle. Indeed, all prepared samples have been colored, and the viewing
angle influences the observable color, as exemplary shown in Figure 2a. The respective IOT
film prepared by infiltration route is presented in Figure 2b. Of course, the microscopic
observations have confirmed the formation of ordered structures for both opal and inverse
opal materials, as shown in Figure 2c,d (silica diameter of 393 nm and the corresponding
void diameter of 292 nm, respectively). Accordingly, it has been shown that well-ordered
structure of both opal and IOT could be formed by the infiltration method. However, as
shown in Figure 2b, IOT has not been formed on the whole surface of glass (part of the film
in red), indicating the incomplete infiltration of opal with titania.
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It should be pointed out that the formation of closely packed opal with minor defects
is a necessary condition to fabricate IOT PCs of a good quality. A series of silica opal
samples with different diameter of silica particles (471, 490, 526, 544, and 622 nm) has been
successfully synthesized with minimum size/shape variation of 5%. Figure 2c confirms
the closely packed silica spheres’ array in face-centered cubic arrangement with almost no
cracks (probably caused by drying [36]).

To investigate optic properties of opals and inverse opals, PBG should be estimated
(as shown in Figure 3a), and thus transmittance spectra have been taken for all samples.
Moreover, the expected wavelengths of slow photons at both edges (blue and red) of PBG
(Figure 3a), and the quality of opal/inverse opal (besides microscopic observations) could
also be obtained from transmission spectra. The full width at half maximum (FWHM) of PBG
peak (Table 1) indicates the quality, i.e., the smaller the value is, the higher is the quality.
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Table 1. Properties of silica opals with different silica sizes.

opal-210 opal-220 opal-240 opal-250 opal-300

D (SiO2)/nm 210 220 240 250 300
experimental λopal/nm 471 490 526 544 622

calculated λopal/nm 487 510 557 580 696
FWHM/nm 43 38 40 55 55

PBG is strongly influenced by the spheres’ diameter (opal) and the angle of the light
penetrating the structure. Accordingly, it could be observed that PBG wavelength varies in
dependence on the silica diameter, as shown in Figure 3b. The bathochromic shift has been
found with an increase in silica diameter, as expected from the Brag’s law.

Moreover, the smaller values of FWHM for opals built from smaller silica particles
confirm the high quality of these opals due to high monodispersity. In contrast, opals with
larger silica particles (250 and 300 nm), characterized by much wider PBG peak, are more
polydisperse (with some variation in the silica sizes). Unfortunately, it is almost impossible
to obtain opals with monodisperse large silica particles since large particles lead to the high
dispersity due to the growth of additional silica seeds.

Additionally, smaller peaks (Figure 3b), known as Fabry–Perot fringes, have been
observed for opal-210, opal-220, and opal-240, which could arise from the multiple reflec-
tions of light at the interfaces in PCs [53]. It should be highlighted that the calculated PBG
wavelengths (Brag’s law) correspond well to the experimental values, indicating a good
quality of the formed opal structures.

As already mentioned (Figure 3a), the angle of irradiation strongly affects the PBG
characteristics of PCs. Indeed, extinction spectra taken for one opal structure at different
angle of irradiation confirm significant differences in the position of PBG peaks. Here,
hypsochromic shift has been observed with an increase in the irradiation angle (Figure 4),
as expected from Brag’s law. This could be explained by the diffraction of light passing the
multiple layers of the opal structure, which results in color changing with the change in the
angle of irradiation.
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3.2. Characterization of Inverse Opal Titania

Infiltration of titania (or its precursor) inside opal structure is the most challenging and
critical step during the formation of IOT of a good quality. Unsuccessful infiltration or low
filing ratio result in a lack or incomplete PBG peak, and thus disrupting the photonic effect.
Accordingly, two methods have been applied to obtain the IOT film samples of a high
quality. Firstly, the direct infiltration assisted with sandwich-vacuum method was applied
to allow the titania precursor to fill in the interstices voids of the opal structure. Figure 5
presents IOT samples with different void sizes after the removal of the silica template.
Unfortunately, the quality of almost all IOT samples (except that shown in Figure 2d) is
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not good, as some cracks and irregular size of the voids are clearly observed. This could
be explained by the excessive titania precursor penetration into the voids and the fast
hydrolysis and condensation, which leads to excessive formation of titania. The presence
of oxygen on the opal film prior the infiltration could be another factor that leads to the
formation of irregular IOT structure. However, the sample of IOT-292 of a good quality
has been successfully synthesized from the opal template of 393-nm size (Figure 2c), as
presented in Figure 2d. Probably, the largest sizes of silica (here 393 nm) could be the
optimum for the perfect infiltration of titania precursor.

Figure 5. SEM images of: (a) IOT-156; (b) IOT-247; (c) IOT-320; (d) IOT-493.

The shrinkage of voids (Table 2), in the comparison to the original diameter of silica
particles forming opal, has been observed in all samples due to the calcination process,
which agrees with the previous reports [34,54–56]. As expected, no PBG peaks could be
observed in transmittance spectra due to the poor and irregular formation of titania, except
for IOT-292 sample, showing PBG at 647 nm (Table 2). Overall, it has been concluded that it
is hardly possible to obtain large-scale, well-ordered IOT films of different properties (PBG
and slow photons) by the infiltration method. Hence, another approach has been tried, i.e.,
the co-assembly method.

Table 2. Properties of opals and IOT samples prepared by infiltration method.

IOT-156 IOT-247 IOT-320 IOT-493 IOT-292

D(voids of IOT)/nm 156 247 320 493 292
D(SiO2)/nm 258 365 612 630 393
shrinkage/% 40 32 48 22 26

calculated λIOT/nm 349 553 716 1103 656
experimental λIOT/nm ND ND ND ND 647

ND—not detected.

In contrast to the infiltration method, the co-assembly has caused the formation of high
quality of IOT samples, as shown in Figure 6. The IOT structures with pore sizes of 195 nm,
226 nm, and 246 nm can be successfully prepared from PS opals with diameters of 232 nm,
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252 nm, and 278 nm, respectively (Table 3). However, IOT-280 sample, formed from the
opal with largest PS particles (365 nm), has disordered array, presumably due to the high
polydispersity (%PD) of the template (larger than recommended value of 5% [57,58]), as
shown in Table 3. Other opals are characterized by relatively low %PD of PS particles, i.e.,
they are monodispersed. Hence, it has been confirmed that the homogeneity of particles
forming opal is the key factor for the preparation of IOT films with a good quality. Moreover,
it might be concluded that IOT-195, IOT-226, and IOT-246 are well-ordered FCC structure,
as additionally confirmed by small values of FWHM (Table 3).
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Table 3. Summary of IOT-195, IOT-226, IOT-246, and IOT-280.

IOT-195 IOT-226 IOT-246 IOT-280

D (PS)/nm 232 252 278 365
%PD of PS spheres 1.2 1.5 2.3 7.4

D (voids)/nm 195 226 246 280
shrinkage/% 16 10 12 23
λopal/nm 570 620 674 -
λIOT/nm 375 403 434 -

FWHM/nm 31 42 49 -
Thickness */µm 1.7 1.8 2 1.4

D—diameter of PS particles (first row) and voids (third row) in opal and inverse opal structures, respectively;
* thickness measured by cross-section from SEM image.
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3.3. Photocatalytic Activity

Photocatalytic activity of successfully prepared IOT samples, i.e., IOT-195, IOT-226,
and IOT-246, was evaluated for oxidative decomposition of acetaldehyde gas under aerobic
conditions. Figure 7a shows the transmission spectra for all samples together with an
emission spectra of LED irradiation source. It should be reminded that titania is wide-
bandgap semiconductor, and thus must be excited with UV light to form charge carriers.
Accordingly, even though efficient light harvesting by tunning the PBG wavelength could
be obtained, the activity at longer wavelengths than ca. 450 nm (385–400 nm in the case of
pure defective-free titania, depending on its polymorphic form) is not expected.
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Figure 7. (a) Transmittance spectra of IOT samples and UV-LED emission peak; (b) the photocatalytic
activity of IOT and reference (no PC) samples under irradiation at 0◦ angle; (c) the photocatalytic
activity of IOT-246 sample under irradiation at different angles: 0◦, 20◦, and 40◦; (d) extinction spectra
of IOT-246 under different irradiation angle (0◦, 20◦ and 40◦) and UV-LED emission peak. The orange
and blue squares represent the estimated slow photon effects for IOT-246 sample irradiated at 0◦ and 20◦.

First, photocatalytic activity was investigated at 0◦ for three different IOTs and the
reference (prepared from the mixture of PS particles of different sizes, and thus with
no photonic properties—no PBG), and obtained data are shown in Figure 7b. It is clear
that IOT-226 and IOT-246 have exhibited high photocatalytic activity in comparison to
IOT-195. However, the photocatalytic activity of IOT-246 is only slightly higher than the
reference sample (porous titania film without PBG). Hence, it is proposed that the slow
photon effect is only hardly activated. In contrast, the activity of IOT-226 is more than
twice higher than the reference. This could be explained by the matching of the LED
emission, photoabsorption of titania (λ < 400 nm), and the slow photons arising at the blue
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edges of their respective PBG peaks (Figure 7a). In contrast, the emission of LED matches
with PBG wavelength for IOT-192 samples, and thus almost forbidden light penetration
in the sample results in its worst activity. Interesting, the reference sample (no PBG)
has exhibited much higher activity than IOT-195 (forbidden light penetration), but lower
activity than other IOT materials. Accordingly, it has been confirmed that PCs structure
could enhance photocatalytic performance by slow photon effect when the edges of PBG
(not the wavelength of PBG) overlap with titania photoabsorption (and light emission).

To further study the impact of the slow photons on the photocatalytic activity, the
angle dependence has been investigated, and thus IOT-246 sample has been irradiated at
three different angles, i.e., 0◦, 20◦, and 40◦. The experimental PBG wavelengths for each
irradiation position were 434, 426, and 405 nm (obtained from UV/vis spectra using a
spectrophotometer with an angle tuning accessory), respectively. Interestingly, the sample
has exhibited the highest photocatalytic activity when irradiated at 20◦, as shown in
Figure 7c. In contrast, irradiation at 40◦ results in strong hypsochromic shift of PBG,
and thus even a decrease in activity has been observed due to almost forbidden light
penetration (Figure 7a,d). Although there is no undoubted evidence to explain these results,
it is proposed that the precise overlapping of the slow photons arising at the blue edge of
PBG wavelength of IOT, especially at 20◦ with LED irradiation at 365 nm might lead to the
enhancement in light harvesting efficiency (Figure 7d), and thus enhanced photocatalytic
activity. Interestingly, though the experimental PBG wavelength of IOT-226 (403 nm) is
similar to IOT-246–40◦ (405 nm), the activity of IOT-246–40◦ is not as high as IOT-226, which
could be caused by that loss of photon flux on the IOT film. The further experiments on the
explanation of this aspect are under study.

4. Summary and Conclusions

The fabrication of opal and inverse opal structures with different photonic properties
have been succeeded via sandwich-vacuum-assisted infiltration and co-assembly methods.
The opals of high quality (built of silica or PS) could be obtained by both methods. However,
the co-assembly is more recommended for IOT formation since the infiltration method
results mostly in the formation of IOT with large content of defects, cracks, and titania
overlayers. It has been found that PBG wavelength for both opals and inverse opals
depends on the size of particles and voids, respectively, as well as the irradiation angle,
which could be useful for the design of novel materials with controlled photonic properties.

The photocatalytic activity study has indicated that the perfect matching of photoab-
sorption property of material (here titania), the irradiation wavelength and the slow photon
wavelength might result in significant enhancement of photocatalytic activity. Interestingly,
the further tuning in the aspect of irradiation angle could vary the position of PBG (also
the slow photon effect). Hence, the optimal angle of irradiation to overlap with photoab-
sorption of material and irradiation source could enhance the photochemical reactions.
Accordingly, it has been found that IOT-246 irradiated at 20◦ exhibits the best performance,
presumably due to the wavelength overlapping between LED emission and slow photon
effects, tuned by incident angle. Based on the results of size dependent activity and angle
dependent activity, the optimized PBG wavelength of IOT is between 403 and 434 nm.
However, it must also be pointed out that the use of other irradiation sources with emission
at longer wavelengths to match the red edge of PBG (slow photons) is not recommended as
bare titania cannot be excited by photons with energy lower than ca. 3.0 eV (only “trapped”
photons inside the structure but without any photocatalytic effect). The further research to
clarify this aspect is now under study.
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