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ARTICLE INFO ABSTRACT

Article history:

The effect of photonic photocatalysis was explored employing TiO, inverse opal structures. The
degradation of methylene blue in aqueous phase was performed under visible light (A =450nm)
irradiation and showed an improved degradation rate over TiO, inverse opals with respect to non-
structured films. Moreover, tuning the stopband by means of varying the lattice parameter and the
irradiation incident angle results in a further improvement of the photocatalytic rate due to the slow
photon effect. The gas-phase photocatalytic degradation of acetaldehyde under UV irradiation and ISO-
standard conditions showed a similar (0.6%) photonic efficiency in all the studied TiO, inverse opals
regardless the photonic lattice parameter. Gas phase degradations were useful to investigate diffusional
properties, in particular for small pore size samples. The mechanical stability of the samples, impacting
directly on the structure-dependent photocatalytic performance, was also studied as a function of the
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1. Introduction

The growth in human population in the last decades has been
accompanied by an increase in energetic demands and environ-
mental problems. The field of photocatalysis, in particular by
developing water splitting [1,2] and advanced oxidation processes
[3-5], is one of the most promising approaches to overcome, at
least, part of these problems. Titanium dioxide, TiO,, is still one of
the most studied photocatalytic materials owing to its low cost,
low toxicity, and high activity in the UV range [6]. However, an
important challenge lies in achieving such reactions under visible
light illumination, thus conveniently making use of the major part
of the solar spectrum. In the last years different attempts have
addressed this problem, among them: plasmonic photocatalysis
[7-9], doping with foreign atoms [10,11], and compositing with
visible-light absorbing semiconductors [12,13]. Another interest-
ing strategy exploits the use of TiO, photonic crystals. A proper
photonic crystal can be constructed by fabricating TiO, inverse
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opal structures, thus allowing the manipulation of photon
propagation by means of the periodicity in the refractive index
of the system [14]. Specifically, group velocity of photons within
certain ranges of energy can be reduced to a theoretical limit of
zero [15]. The propagation within the material of slow photons of a
given wavelength, at which the TiO, systems absorb poorly can
therefore amplify the extent of the light absorption, and thus
increase the rate of the photocatalytic reactions [16]. This
hypothesis was verified by Ozin et al. in 2006 [17]. Since then,
different works can be found in the literature addressing photo-
catalytic reactions using inverse opals [18-20]. However, the
interplay of the slow photon effect with other issues related to
photocatalysis, such as mass transport, light scattering, and surface
area, are usually ignored [21]. In this work we present a
photocatalytic characterization of TiO, inverse opals showing that
the slow photon effect is a subtle, but non negligible phenomenon
highly dependent on whether the excitation perfectly matches
those wavelengths with reduced group velocity at the edges of the
stopband. Furthermore, the importance of diffusional processes in
TiO, inverse opals as well as the mechanical stability of the
samples is discussed in terms of the impact on the structure-
dependent photocatalytic performance.
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2. Experimental procedures

Polystyrene opals were fabricated and used as templates for
obtaining the TiO, inverse opals. The templates were prepared by a
process based on the Capillary Deposition Method [22] using 124,
196, or 264nm diameter polystyrene spheres. As the protocol
described in reference [22] was modified, details of the prepara-
tion are given as follows.

Microscope glass slides were cut in 2.5 by 1.0 cm pieces. Half of
them were drilled a 1 mm diameter hole. All pieces were softly
brushed and cleaned with a detergent aqueous solution, rinsed
with water, and left overnight in a 3:1 H,SO4 (conc.) and 100 vol.
H,0, solution. Afterwards they were rinsed, firstly with large
amounts of tap water, and finally with distilled water (resistivity >
10 MQ cm).

Once the glasses were dried under an air stream, the cells were
prepared by fixing with Parafilm® two glass pieces (one of them
with a hole) separated from each other by a spacer. Two stripes of
audio tape were used as spacers in order to obtain a 12 wm
separation. A 0.5 wt% aqueous suspension of polystyrene spheres
was prepared by dilution of a 5wt% suspension provided by
MicroParticles GmbH. The final suspension was sonicated for 5 min
and placed in a polymeric container. A capillary glass tube was used
to connect the glass cells to the spheres suspension. The
suspension was brought into the cell by capillarity. While the
water evaporated at the open edges of the cell, the spheres self-
assembled into a close-packed face-centred cubic system [23],
resembling that of natural opals. After two to three days, when the
cell was full with the polystyrene spheres, it was disconnected
from the container and left at ambient conditions for complete
drying for one day.

For the TiO, inverse opals preparation, the capillary glass tube
was replaced by a 1000 pL pipette tip which was fixed with an
epoxy resin (Poxipol®) to function as a funnel for the infiltration.
The polystyrene opals were thus infiltrated with 1 mL of 40%
titanium (IV) isopropoxide (Aldrich, 97%) in absolute ethanol
(Sintorgan, 99.5%) in order to obtain, by hydrolysis, a TiO, matrix in
between the packed spheres [24]. A closed humidity-free reservoir
was connected to the tip to avoid hydrolysis previous to the
infiltration. The open edges of the cell were always exposed to air
allowing a slow and controlled hydrolysis advancing from the
edges parallel to the centre of the cell. The entire infiltration (and
hydrolysis) process took ca. 1 week.

Finally, the infiltrated cells were calcined in air at 450°C for
180 min to remove the polystyrene opal and obtain an inverse opal
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structure of crystalline TiO,. The temperature was raised from
room temperature at a rate of 1.4 °C/min. After calcination the final
product was obtained: TiO, inverse opals, i.e., a closed-packed
system of air spheres in a TiO, matrix made of small nanoparticles,
attached to the glass slides.

The samples were labelled according to the size of the
polymeric spheres used for the opal (template) preparation: 10-
124, 10-196, and 10-264. In the case of I0-Mix, a homogeneous
suspension of equal amounts of spheres of 124, 196, and 264 nm
was employed.

Films of TiO, without a porous structure were also prepared in
an identical way as the TiO, inverse opals. In this case, the
infiltration step was performed directly in empty glass cells, i.e., in
the absence of a polystyrene opal.

The samples were characterized by optical microscopy using a
Carl Zeiss Axiostar Plus (transmission illumination, 10x objective
lens, 0.25 NA) microscope; by field-effect scanning electron
microscopy with a FEI-QUANTA FEG 250 instrument; by diffuse
reflectance spectroscopy using a Shimadzu UV-2450 spectropho-
tometer with an integrating sphere accessory; and by Raman
spectroscopy using a micro-Raman Horiba Jobin Yvon spectrome-
ter equipped with a 785 nm laser.

Photonic band structure calculations were performed with the
MIT-Photonic-Bands (MPB) software [25], by modelling a TiO,
(N7i0, (anatase) = 2.488) inverse opal filled either with air (n4;-=1.000)
or water (Nyarer=1.333) [26].

The aqueous phase photocatalytic degradation of methylene
blue (MB, 3,7-bis(dimethylamine)-phenothiazin-5-ium chloride;
Merck, for microscopy) was performed in a 2.1 cm optical path
acrylic cuvette, containing 4.0 mL of a 3.0 wM aqueous solution of
MB. Before photocatalytic degradations were performed, the TiO,
inverse opals were equilibrated in the dark in 30 mL of 3.0 uM
aqueous solution of MB for 2 h. The samples were then introduced
into the acrylic cells and irradiated with a royal blue LED (3W,
A =4504+10nm). During illumination, solutions were stirred and
purged by a slow bubbling of air. The MB concentrations were
measured in situ using UV-vis spectroscopy along the longest path
of the cell perpendicularly to the LED illumination (see Fig. 1).
Absorption spectra were measured in an Agilent 8453 spectrome-
ter, while the emission spectrum of the LED was measured using a
StellarNet SILVER-Nova spectrometer.

In order to measure the absorption spectrum of methylene blue
adsorbed on TiO, in a nonscattering system, a colloidal TiO,
suspension was prepared according to reference [27]. The TiO,
concentration of the as-obtained suspension is ca. 75 mM.
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Fig. 1. (a) Scheme of the experimental set-up for the photocatalytic degradation of methylene blue in aqueous phase. Monochromatic irradiation was employed as the
excitation source using a royal blue LED (Anax =450+ 10 nm). The reaction was followed by in situ UV-vis spectroscopy. (b) Scheme of the experimental set-up for the
photocatalytic degradation of acetaldehyde in a continuous flow reactor. A UV lamp (Amax =365 nm) was used for excitation, and the concentration of acetaldehyde was

assessed by inline gas chromatography.
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Photonic efficiencies for gas-phase photocatalytic degradations
of acetaldehyde (CH3CHO) were measured according to ISO
standard 22197-2:2011 [28]. Details of this setup can be found
elsewhere [29]. The setup consists of a PMMA continuous flow
reactor, a mass flow controller, and a gas chromatograph (SYNTECH
Spectras GC 955). The mass flow controller was fed with air, water-
saturated nitrogen, and acetaldehyde in nitrogen (200 ppm, Linde
Group, 99.9%), and it was set up in order to obtain a total flow of
1Lmin~! with an acetaldehyde concentration of 5.0+ 0.2 ppm.
Relative humidity was set at 50%. Photocatalytic degradations were
performed by means of a UV lamp (Philips CLEO 15 W, A\ pnax =365
nm). Light intensity was 1.0mW cm™2 as measured by a Lutron
UVA-365 radiometer. For visible light irradiation a LED field with
A=455nm was used. Prior to each photocatalytic reaction, the
samples were irradiated for one day with UV light in order to clean
the surface, and the reactor was purged with the gas mixture for
90 min. The photonic efficiency & was calculated as:

£ V(Cdark — Ciight)PNahc
B IMART

where V represents the laminar volume flow (1.675 x 10> m3s™1),
Cdark and cignthe measured concentrations of acetaldehyde
under dark and illumination conditions [ppb], p the pressure [Pa],
N, is the Avogadro constant (6.022 x 10*>mol~!), h the Planck
constant (6.626 x 1073*]s), c is the speed of light (2.998 x 108 m
s 1), I is the irradiation intensity [Wm™2], A the average
wavelength of irradiation [nm], Athe irradiated area of the films,
Ris the gas constant (8.314] K~ ' mol~!), and T the temperature [K].

3. Results and discussion
3.1. Structural and spectroscopic properties

Fig. 2 shows low and high magnifications of the polymeric opals
(templates) and TiO, inverse opals. Fig. 2a follows up the three
steps of the TiO, inverse opal preparation in a single sample at the
same magnification by optical microscopy. After infiltration with
the TiO, precursor (titanium isopropoxide) and calcination,
shrinkage is observed. It must be remarked that the infiltration
step does not alter the size of the domains (on average:
20 x 100 wm?), while after calcination a considerable shrinkage
of the domains is observed. A 30% shrinkage is estimated from
optical microscopy images. The TiO, formed initially by hydrolysis
inside the polymeric opal is mainly amorphous, and the calcination
step needed for its crystallization into the anatase structure is
accompanied by a volume contraction. Electron microscope
images of inverse opal samples prepared from 264 nm polymeric
spheres (I0-264) allows the estimation of the air voids diameter
being on average 180 nm, that is, 30% smaller than the polymeric
template. This value is in agreement with analogous results found
in the literature [20,30].

Optical microscopy of the polystyrene opals (templates) reveals
an ordered pattern of cracks which divide micrometric domains
(Fig. 2a, S1 and S2). This particular crack arrangement is referred as
“fishbone” structure [24]| and it is inherent to the employed
technique for the production of the samples, i.e., the Capillary
Deposition Method. Low magnification images of TiO, inverse
opals (Figs. S1 and S2) show that the characteristic parallel order of
the cracks is conserved; nonetheless, there is a significant increase
of the cracks width.

Using higher magnifications, by means of Field Emission
Scanning Electron Microscopy (FE-SEM), a face-centred cubic
structure of the spheres is depicted, showing the (111) face parallel
to the glass surface of the cell as previously reported for this
method [31]. The (100) face can be also observed (Fig. 2b). Such

Inverse“0pal
(T10,)
=
=
Infiltrated Opal
(PS/Ti0,)
Opal
(p
]
=
E
o
\

300 nm ——

Fig. 2. Microscopy characterization: from a millimetric to a nanometric scale. (a)
Optical microscopy (OM) of (from bottom left to top right): the polymeric opal, after
infiltration, and the TiO, inverse opal. (b) Field Emission Scanning Electron
Microscopy (FE-SEM) of a polymeric opal showing the typical close-packed cubic
system exposing the (111) and (100) faces. (c) FE-SEM of a TiO, inverse opal showing
the Fourier Transform that indicates a long range order. (d) FE-SEM of a (100) face of
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aTiO, inverse opal showing the connection between the air spheres in a TiO, matrix
formed by nanoparticles of ca. 10 nm.

structures display a long range order, as the Fourier Transform of
the TiO, inverse opal FE-SEM micrographs indicate (see Fig. 2c).

Within the TiO, inverse opals prepared by infiltration with a
liquid precursor, compact TiO, domains can be found, randomly
distributed in between the glass surface and the opal (see the top
right corner of Fig. 2¢). In such location, the liquid precursor may
find a lower resistance to flow than through the polymeric spheres
due to the hydrophilicity of the glass, accumulating to further
hydrolyse and crystalize. The unavoidable presence of these
compact TiO, domains is not desired, since they can block the light
that is aimed to reach the photonic structure, as well as prevent the
mass flow in or/and out of the system.

Micrographs at the highest magnifications allow the estimation
of the size of the TiO, particles forming the photonic structures
(the samples were not metalized for these investigations). Fig. 2d
shows a particle size of approximately 10 nm.

By means of Raman spectroscopy it is found that the samples
are 100% anatase, while no bands for rutile or brookite were
detected (Fig. S3).

The long-range, three-dimensional periodicity of the refractive
index in TiO, inverse opals gives rise to a band structure for
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photons, as shown in Fig. 3a. In this diagram, the absence of
photonic states in the I'-L reciprocal direction (which is
perpendicular to the most commonly exposed face of the structure,
the (111) in real space), indicates a “photonic stopband”. This
means that the propagation of photons of these wavelengths in this
structure is forbidden and, therefore, they are completely reflected.
The LU reciprocal direction corresponds to a deviation of the angle
from the normal of the surface. The bending of the photonic bands
implies a shift of the stopband to shorter wavelengths.

The flat slopes at the edges of the stopband show that the
theoretical group velocity of those photons are very low, thus
defining the so-called slow photons (see Fig. 3a). Additionally, the
position and width of the photonic bands, and more importantly, of
the stopbands, depend on the refractive index: the stopband of the
TiO,/water system places at longer wavelengths than that of the
TiO,/air.

Fig. 3b-d show reflectance spectra of the investigated inverse
opals. A common feature is the sudden decrease in the signal at ca.
390 nm. This corresponds to the onset of TiO, absorption, that
consequently decreases its reflectance.

The results from the band structure calculations (Fig. 3a) can be
readily compared to diffuse reflectance spectra of 10-264 inverse
opals. Fig. 3b shows the stopbands in both media, i.e. air and water,
which fall nearby the region predicted by the theoretical

N
(=]

sol R )
—— 10-264 (dry)
—— 10-264 (wet) -
- Baseline fit =l
40 |- ---- LED 130 &
& =
[} 3
e b
[ 3
= &
& <
~
20
[
c
10
n 1 . 1 1 1 " 1 L
350 450 550 650 750 850
b) Wavelength / nm
50 T L) T L) T L T L) 0
Fo=124.
I0-196 m
10-Mix g
a0 - === LED 30 &
&
o
o® 3
@ -
(5] 3
&30 o
= S
Q wn
) B.
it <
[
o ~
o
c

10
350 450 550 650 750 850
d) Wavelength / nm

Fig. 3. (a) Calculated photonic band structure of a TiO, inverse opal of 180 nm diameter cavities, embedded in air (black lines) or in water (blue, dashed lines). The shaded
regions indicate the photonic stopbands. (b) Diffuse reflectance UV-vis spectra of an I0-264 sample in air (black solid line) and in water (blue solid line). In the case of the I0-
264 wet sample a baseline fit (black dotted line) was performed, yielding R(%)=10* A\~%93 — 8.91. The emission spectrum of the royal blue LED is shown as a blue dashed line
(right axis). (c) Diffuse reflectance UV-vis spectra of I0-Mix, I0-196, and 10-124 samples in air. (d) Diffuse reflectance UV-vis spectra of I0-Mix, I0-196, and 10-124 samples in
water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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calculation. A high reflectance band centred at around 455 nm in
the sample TiO,/water indicates the presence of the stopband.
However, in the dry sample, i.e. TiOy/air, a blue-shift of this
stopband is observed, so far that it is mostly supressed by the TiO,
absorption [32]. The predicted range for the stopbands (shaded
areas in Fig. 3b) fall circa 50 nm shifted to longer wavelengths than
that measured experimentally. The fact that the TiO, matrix is not
fully compact thus providing a lowered mean refractive index may
explain such a difference [33]. The stopband in TiO,/water samples
and its dependence on the incident angle of the light is responsible
for the observed iridescence of the TiO, inverse opals (Fig. S4).

The fitting of the baseline in the reflectance spectrum of wet 10-
264, a TiO,/water system, (Fig. 3b, dotted line) yields a A~%93
dependence. This result is in accordance with previous reports for
polystyrene opals, where the increasing scattering at shorter
wavelengths is suggested to arise from a Mie-type mechanism due
to a homogenous distribution of agglomerated defects in the
photonic structure [31]. The Mie theory predicts a A\~ dependence
of the scattering baseline, in contrast with the A4 dependence
predicted from Rayleigh scattering.

The band structures for TiO, inverse opals prepared from 124
and 196 nm spheres predict the presence of stopbands in the UV
region, both for dry (TiO,/air) and for wet (TiO,/water) samples. As
Fig. 3c and Fig. 3d show, those TiO, inverse opals do not show
stopbands maxima above 350 nm.

3.2. Photonic photocatalysis

Photocatalytic degradations of methylene blue aqueous sol-
utions were performed by exciting the systems with a royal blue
LED (450 + 10 nm) (Fig. 4). The setup for the in situ illumination and
monitoring of the MB concentration is shown in Fig. 1a.

Irradiation of the methylene blue solution with the LED leads to
its photochemical degradation (empty circles in Fig. 4), as has been
reported in the literature for similar conditions [34]. Fig. 4 also
shows that the addition of TiO, enhances the degradation rate. The
extinction of methylene blue in solution at 450 nm is negligible
(Fig. 5, black solid line), however its adsorption and the
aggregation in the TiO, surface [35] leads to a blue-shift on its
absorption spectrum (Fig. 5, green dotted line). A dye sensitization
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Fig. 4. Kinetic profiles for the photolytic degradation of methylene blue in absence
of TiO, (empty circles), the photocatalytic degradation in presence of a non-
structured TiO, film as a reference sample (black squares), and in presence of an 10-
264 TiO, inverse opal (empty triangles). Solid lines show monoexponential fits to
the data.
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Fig. 5. Absorption spectra of a 16 wuM methylene blue aqueous solution (blue
dashed line), of a nonscattering TiO, colloidal suspension (black solid line), and of
methylene blue adsorbed on the TiO, colloid (green dash-dotted line). The LED
emission spectrum is also shown, as a red dotted line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

mechanism, via the excitation of the adsorbed species, appears to
be responsible for its degradation in presence of TiO, [36].

The photocatalytic degradation rate of methylene blue over 10-
264 TiO, inverse opal samples is higher than that of a reference
sample made of the same TiO, material, i.e., non-structured TiO,
film. The higher reaction rate observed for the TiO, inverse opal
samples as compared to that of the TiO, films can be explained by
the slow photon effect, when actually there are other factors, i.e.,
the rugosity, surface area, and porosity, the latter being an
interconnected net of voids, that can also be responsible for the
enhanced performance. A proper reference is therefore crucial to
analyse the results.

A reference consisting of the same TiO, material and similar
surface area as the inverse opal, ie. I0-Mix, was used for
comparison and elucidation of the slow photon effect in the
enhancement of the photocatalytic degradation rate. Since they are
prepared from a homogeneous suspension of spheres of three
different sizes, I0-Mix samples do not possess any structural
periodicity, thus, these samples do not exhibit photonic properties:
neither stopband nor slow photons. A SEM micrograph corre-
sponding to an I0-Mix sample is shown in Fig. S5.

As discussed in Ref. [21], a precise tuning must be done to
guarantee simultaneously the suppression of the reflection losses
given by the stopband and the propagation of the slow photons
readily to be absorbed. Practically, obtaining such an optimal
system (photonic-photocatalytic) is not a trivial challenge because
the slow photon region is narrow, and the unavoidable presence of
defects in the samples smears out the photonic property by
distorting the periodicity that determines the stopband position.
The stopband tuning strategy was carried out in two different
manners. As the electronic structure of the system, i.e., methylene
blue adsorbed on TiO,, was constant for all experiments, the
characteristic stopband position was shifted: (i) by changing the
lattice parameters of the photonic crystal, i.e., the voids of the TiO,
inverse opal, and irradiating at the same incident angle; and (ii) by
changing the incident angle of the light on the same photonic
crystal. Using strategy (i) 10-124, 10-196 and 10-264 were
compared by irradiating at 0°. It was found that the stopband
maximum shifts to longer wavelengths with the increase of the
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voids diameter. Fig. 3b shows the stopband for 10-264. Stopband
maxima of 10-196 and O-124 are blue-shifted beyond the
absorption of TiO, (Fig. 3c and d). By means of strategy (ii) a
blue-shift is obtained as the incident angle of the light increases,
i.e, the light propagation follows a different crystallographic
direction, as shown in Fig. 3a.

Fig. 6 shows the results of the photocatalytic rate constants
using both strategies: changing the lattice parameters of the
photonic crystals (Fig. 6a), and changing the incident angle of light
(Fig. 6b). By comparison of the different type of references, i.e., 10-
Mix, Film, and NoTiO,, (Fig. 6a and Table 1) itis evinced that the IO-
Mix are larger surface area systems than the Films, since the
amount of TiO, is practically the same in both type of samples. At
an incident angle of 0°, the [0-264 shows a similar rate than the
reference I0-Mix. A compensation of two opposite effects may play
a key role: the slow photon activation by the edges of the LED
spectrum is counteracted by the loss of light by reflection due to
the fact that the irradiation spectrum almost matches the stopband
maximum (see Fig. 3b, wet sample).

Comparing 10-264 and 10-196, a small enhancement of the
photocatalytic performance for smaller voids, i.e. 10-196, is
observed. Possibly, the red edge tail of the 10-196 stopband may
be providing the slow photons that amplify the light absorption
step leading to the photocatalytic reaction.

In the case of 10-124 the rate is lower than that of the [0-Mix
and close to that of the Film, suggesting that the interconnected
voids network in this sample could be different from those of 10-
196 and 10-264. It may be suggested that the voids network in 10-
124 is narrow enough to hinder the MB diffusion; hence the
sample’s photocatalytic performance approaches that of the Film, a
system with very low porosity. A comparison with the gas phase
results supports this hypothesis (see ahead in the text).

Fig. 6b shows incident angle dependent experiments at
constant photonic crystal structural parameters. The rate constants
are compared to the behaviour of the I0-Mix reference under the
same conditions. The exact irradiation angles were calculated
using Snell’s law, taking into account the refraction phenomenon
at both sides of the acrylic cuvette wall (see Fig. S6), which are in
contact with air and the aqueous methylene blue solution,
respectively.

Table 1
Pseudo-first order reaction rate constants for the visible light methylene blue
degradation reaction over TiO, inverse opal samples at 0°.

Sample k/h!

10-124 0.104 +0.005
10-196 0.173 +£0.002
10-264 0.158 +0.009
10-Mix 0.149 +0.002
TiO, Film 0.073+0.003

The reaction rates for incident angles of 0°, 17°, and 32° show
clear differences between 10-264 and the non-photonic reference,
[0-Mix. A tendency to maintain the photocatalytic degradation
rate when the incident angle of the light is increased from 17° to
32° is observed only in the case of the TiO, inverse opal and not for
[0-Mix. On the contrary, I0-Mix shows a remarkable loss of
photocatalytic performance at 32°.

Fig. 6b also shows that predicted and experimental rates for 10-
Mix at different incident irradiation angles (0, see Fig. S6) are very
similar. The decrease in the rate of 10-Mix follows a typical
behaviour driven by the increase of 0. In general, optical and
performance losses by changing the incident angle are well
described in the literature and respond to the cosine of the angle 6
[37,38].

Most importantly, the comparison of the rate changes between
10-264 and I0-Mix evinces a phenomenon responsible of counter-
acting the performance losses that should be observed on 10-264
by increasing 6. Now, in the absence of any parameter on 10-264
which is not to be present in I0-Mix and influences the
photocatalytic rate, such as the rugosity, surface area, and the
interconnected net of voids, the higher photocatalytic rate of 10-
264 at 32° can be therefore regarded to the slow photons which
extend the light absorption capacity of the system. As noted in
Section 3.1, the TiO, matrix composing the inverse opal structure is
not entirely compact. Cherdhirankorn et al. suggested, as a
plausible explanation for the slow diffusion of a fluorescent dye
in silica inverse opals [39], that molecules could diffuse within the
partially porous silica matrix. Assuming that methylene blue
molecules could diffuse and adsorb at the surface of all nano-
particles conforming the TiO, matrix, the localization of the
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electric field in this high-dielectric media (water is the low-
dielectric media), i.e. the slow photons, could amplify the adsorbed
methylene blue light absorption [40]. This is evinced in a higher
degradation rate. In this manner light, via the absorption of slow
photons, excites the adsorbate without electron-hole formation in
the TiO, matrix.

In analogous way as in previous results for normal (6=0°)
irradiation with polychromatic visible light [41], an improved
photocatalytic degradation rate of the dye arises from the adequate
tuning of the stopband region to the absorption maximum.

Fig. 7 shows the dependence of the stopband position on the
refractive index of the solvents in which 10-264 samples are
soaked. From the linear fit of these points and the modified Bragg’s
law for the first order diffraction:

A= sz[(fﬁn%ioz +(1- ¢)”§1edmm) - sinze] v

where D is the diameter of the voids, ¢ the filling fraction of TiO; in
the structure, nedium the refractive index of the medium, i.e., air
or a solvent, and 6 the incident angle of light with respect to the
normal, the TiO, filling fraction (7.71%) and the void size (196 nm)
were estimated. The calculated void size is similar to that
measured by FE-SEM (180 nm, as mentioned above), while the
filling fraction is in accordance with previous reports [42]. By
means of these parameters it is possible to use Bragg's law to
predict the shift of the stopband maximum with respect to the
incidence irradiation angle. For TiO,/water 10-264 samples, this
equation predicts a shift from 455 nm at 0°, to 445 nm at 17°, and to
422 nm at 32°. For 0° and 17° irradiation, the stopband overlaps
with the excitation source wavelength, and the loss by reflection
compensates the slow photon effect, thus no photocatalytic
amplification is obtained with respect to the reference, i.e., the
photocatalytic rate is similar for [0-264 and I0-Mix at both angles.
When irradiating at 32°, firstly, the stopband maximum is blue-
shifted to 422 nm, far from the excitation source maximum, which
is not reflected and can thus be properly absorbed to produce
electron-hole pairs for photocatalysis. Secondly, the slow photons
region at its red edge also overlaps with the irradiation source,
enhancing the overall photocatalytic rate of I0-264 with respect to
that of I0-Mix. Thus, under these conditions, an improved
performance for the 10-264 samples can be achieved. A structural
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Fig. 7. Position (wavelength) of the stopband maximum for 10-264 TiO, samples
soaked in solvents of different refractive indices. The solid line shows the least-
squares fit. Fitting parameters: slope: 295.71 nm, intercept: 61.76 nm.

modification, ie., photonic crystal, of a semiconductor photo-
catalysts as TiO,, under preferential experimental conditions
allows an increased degradation rate for MB using visible light
irradiation as compared to the pristine material.

In summary, the results of Fig. 6b thus demonstrate two
important facts. Firstly, the reference 10-Mix is a non-photonic
structure which provides a large photocatalytic surface due to the
high porosity and exposed surface area, and on which the
methylene blue can degrade. Such performance decreases when
augmenting the incident angle of irradiation. Secondly, inverse
opals can amplify the TiO, light absorption by means of the slow
photons, a unique property of photonic crystals.

3.3. Mechanical stability

A systematic performance loss was observed for all the samples
after consecutive reaction cycles. Such a loss was ascribed to partial
structural losses, and the consequent loss of the photonic
properties dependent on the structure. This motivated a study
of the mechanical stability of the inverse opal structures as a
function of the consecutive photocatalytic degradation cycles.
Fig. 8a shows that the photocatalytic performance decreases
monotonously after each cycle. After five cycles the degradation
rate approaches that of the experiment in the absence of TiO,,
implying that the photocatalytic activity of the samples is almost
null. Upon optical microscopy inspection (Fig. S7) a detachment of
TiO, from the glass support is confirmed.

A plausible explanation for the mechanical instability of the
samples may be provided by the effect of the light induced
deaggregation mechanism. The TiO, matrix is composed by a
network of particles (see Fig. 2d), in which the thermal energy
released by charge carrier recombination can be used to break the
bonds that maintain part of the particles together. Although this
mechanism was originally proposed to explain experiments
performed under laser irradiation [43,44], it was also shown to
act under continuous and low intensity UV illumination [45].

Photocatalytic reactions with TiO, inverse opals prove the
interplay of different phenomena. Moreover, when studying these
photocatalytic systems, it is also important to consider the antenna
mechanism [46,47], another collective phenomenon related to the
principle of photocatalysis. The antenna mechanism is based on
the charge carrier migration through different particles topotacti-
cally attached. In this manner, while the light absorption may occur
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Fig. 8. The photocatalytic degradation rate constants of inverse opals as a function
of consecutive cycles.
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at one particle, the electron hole pairs would react at the surface of
another particle to where they have migrated. Although a small
degree of light induced deaggregation can have a positive effect
towards photocatalytic reactions [44], in the case of inverse opals it
could hinder their long-term efficiency by a slow but steady loss of
particles from the film. This loss of particles ends up in the (partial)
destruction of the photonic structure that is essential in providing
the unique optical properties of photonic crystals; among them,
slow photons capable to enhance the photocatalytic degradation.
Likewise the antenna mechanism is also expected to impact
enhancing the photocatalytic performance of the samples, it may
promote deaggregation. In balance, such mechanism could work in
detriment of the photocatalytic performance of the samples, and
may demand special attention to a careful control or suppression.

3.4. Diffusional properties

As mentioned above, the interconnected voids network can play
an important role in the overall photocatalytic reaction. For
instance, it is a key factor for the diffusional control of matter. The
10-124 samples show a lower photocatalytic activity than those of
larger voids, i.e., I0-196 and 10-264. Such a result can be ascribed to
a hindered mass diffusion caused by the narrow holes connecting
the cavities of the inverse opals.

Fig. 9 shows a high resolution image of a TiO, inverse opal (I0-
264) and a schematic representation of the three-dimensional face
centred cubic system cut at the (100) face. Here two different
parameters characterize the interior of the system: the void
diameter of ca. 180 nm, and the diameter of a hole, of ca. 60 nm,
which corresponds to the connection between adjacent voids.

After the infiltration and calcination process, 10-124 samples
show a void size of around 100nm, as measured by FE-SEM
(Fig. S8). The holes diameter connecting the cavities is smaller than
the void size. Estimations made from the FE-SEM micrographs
yielded a value of approximately 20 nm. If small spheres are used
for the opal preparation, the connections between adjacent voids
can be small enough to restrict the diffusion of relatively large
molecules within the structure, with a reaction rate limited by the
diffusion through the voids. It has been reported that two-
dimensional arrays of cavities (920 nm in diameter) connected by
smaller circular windows (100nm) can highly constrict the
diffusion of DNA molecules [48]. Diffusion of much smaller

molecules within inverse opals with voids of 360 nm has also been
studied by Fluorescence Correlation Spectroscopy [39]; in this
system different diffusional processes were shown to occur, but in
all cases diffusion of organic dyes was slower than in bulk liquid.
The diffusion of phenol red through a TiO, nanotubular array with
120 nm pores was also shown to be constrained, and single-file
diffusion phenomena or Stokes drag effects were suggested as the
cause [49]. In these grounds, we propose that given a sufficiently
small void size, the photocatalytic rate could be limited by a
hindered diffusion. Furthermore, the cavities provide the methy-
lene blue molecules a confined system in which the interaction
with the solvent and the TiO, surface may be enhanced, thus
retarding the flow to the interior of the sample.

Herewith, the gas phase photocatalytic degradation of acetal-
dehyde was chosen to test this hypothesis as a system with non or
reduced hindered diffusion, not only because the viscosity of air
(0.02 mPas at room temperature) is much lower than that of water
(1.0mPas), but also because of the smaller size of the molecule
with respect to that of methylene blue.

The acetaldehyde photocatalytic degradation was performed
according to the ISO 22197-2:2011 standard [28] (see Fig. 1b for a
scheme of the experimental setup). The use of standardized
conditions for photocatalytic studies should not be overlooked,
since it greatly facilitates the comparison of experimental results
between different laboratories [50].

Fig. 10a shows the concentration profile for a gas phase
continuous flow photocatalytic degradation. The flow concentra-
tion of acetaldehyde is lowered by ca. 200 ppb when inverse opal
samples are irradiated with 1.0mW cm~2 UV light.

When visible light was used as the excitation source no
acetaldehyde degradation could be detected (Fig. 10b). The lack of
visible-light photocatalytic activity, through which acetaldehyde
must be degraded via the electron-hole pairs formed upon TiO,
absorption, supports the photosensitization mechanism suggested
for the methylene blue degradation depicted in Fig. 4 and Fig. 6.

The values of the photonic efficiencies obtained from the UV
irradiation experiments are detailed in Fig. 10c and Table 2. For all
the investigated samples, i.e., [0-124,10-196, 10-264, and I0-Mix, a
photonic efficiency of circa 0.6% was found. To the best of our
knowledge, these are the first published results of a photocatalytic
reaction over inverse opals under ISO standard conditions.

Fig.9. (a) FESEM of a TiO, inverse opal prepared from 264 nm polystyrene spheres (10-264), showing the necks that interconnect the cavities. The size of these necks is much
smaller than the cavities themselves. (b) Scheme of an inverse opal, showing the connections between the voids.
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Table 2
Photonic efficiencies for the gas phase photocatalytic degradation of acetaldehyde
over different inverse opals.

Sample E1%

10-124 0.67 +0.08
10-196 0.65+0.03
10-264 0.64+0.07
10-Mix 0.68 +0.09

The uniformity in the values of the photonic efficiencies
contrasts with the solution-phase experiments, where 10-124
samples showed a lower degradation rate. Such results strongly
indicate that the performance of the samples could be considerably
affected by diffusion limitations in the aqueous phase, while the
less viscous gaseous phase does not show this problem.

It is important to note that the UV irradiation source employed
is polychromatic: its emission spectrum covers approximately the
310-400 nm wavelength region. The slow photon regions are,
however, around 20 nm wide [40], and thus their effect would be
impossible to isolate from the action of “regular” photons.
Furthermore, these “regular photons” fall in the region where
TiO, absorbs strongly. These facts, together with the absence of
photonic features in these samples within the irradiation window
(see Fig. 3), explains the absence of a slow photon enhancement
when using this standard test.

4. Conclusions

TiO, inverse opals were prepared by the Capillary Deposition
method and characterized photocatalytically in aqueous and gas
phases. The samples showed an improved degradation rate of
aqueous methylene blue with respect to non-structured TiO; films.
To genuinely evince the slow photon effect, out of other factors that
can influence the photocatalytic performance, i.e., such as the
rugosity, surface area, and the interconnected net of voids, a proper
reference sample was prepared and used to set against the TiO,
inverse opals. Comparisons of the photocatalytic rates were
performed by varying the lattice parameter of the TiO, inverse
opals, and by varying the incident angle of light. It was shown that
the slow photon effect is a phenomenon which requires a fine
tuning of the experimental parameters, and can amplify the
photocatalytic performance by extension of the light absorption
capability of the semiconductor-dye system, in a wavelength range
where absorption is small under standard conditions.

The study of consecutive degradation cycles showed a
diminishing photocatalytic performance related to the low

mechanical stability of the samples. From the gas phase acetalde-
hyde degradation test a photonic efficiency of 0.6% was measured
under ISO standard conditions for all the inverse opal samples.
Small void photonic samples showed a similar photocatalytic
efficiency as larger void samples, supporting the hypothesis of a
hindered diffusion within the small voids in the aqueous phase.
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