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Enhancing the Photocatalytic Activity by Tailoring an Anodic
Aluminum Oxide Photonic Crystal to the Semiconductor

Catalyst: At the Example of Iron Oxide

Carina Hedrich,* Anna R. Burson, Silvia Gonzdlez-Garcia, Victor Vega, Victor M. Prida,

Abel Santos, Robert H. Blick, and Robert Zierold*

Photonic crystals (PhCs) are interesting structures for photocatalytic
applications because of their capability of harnessing distinct forms of
light-matter interactions within the PhCs. Of all these, overlapping one of the
photonic stopband’s (PSB) edge with the absorption of the PhC material or
adsorbed molecules improves their excitation and generated charge carriers
can subsequently induce photocatalytic reactions. The PSB position of anodic
aluminum oxide PhCs (AAO-PhCs) can be easily adjusted by modifying the

anodization profile. Herein, AAO-PhCs are designed to match the band gap of

a model semiconductor enabling a general photocatalytic activity
enhancement independent of the chemical to be decomposed. Fe,0;, as an
example photocatalyst, is coated onto AAO-PhCs to demonstrate efficient
photocatalytic systems by utilizing the slow photon effect. Tailored
Fe,0;-AAO-PhCs with their PSB edge at 564 nm matching the Fe,O; band
gap exhibit generally enhanced degradation of three different organic dyes
while a significant activity decrease is observed when the PSB edge does not
overlap with the Fe,O; absorption. Furthermore, photocatalyst degradation
can be reduced down to only 4% activity loss over six consecutive
measurements by an ultra-thin alumina coating.

1. Introduction

Purification of water is particularly im-
portant nowadays to ensure the supply
of drinking water to society, especially in
light of major challenges such as climate
change and overpopulation.l'?] Access
to drinking water has been defined as
Sustainable Development Goal (SDG)
number 6 by the United Nations.]’!
Thus, cheap, reusable, sustainable,
and decentralized water purification
systems are urgently needed. Photo-
catalysts came into focus over the last
decades as they use sunlight to induce
chemical reactions, e.g., degradation
of various pollutants in water.[*?!

Since the discovery of photocataly-
sis, titanium dioxide (TiO,) has become
the benchmark photocatalytic material
due to its availability, inertness, stabil-
ity, and good photocatalytic properties
in different processes.’?l However, it
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suffers from insufficient use of the solar light spectrum since
UV light—which is only 5-10% of the sunlight spectrum at
the Earth’s surface—is required to initiate photocatalytic pro-
cesses in TiO,.['*] Besides strategies to tune the excitation of
TiO, toward the visible range such as doping or creation of oxy-
gen vacancy defects,['*] other photocatalytically active materials,
namely various oxides, sulfides, and nitrides, or combinations
among them are also intensively studied.[%”1>] Tron (III) ox-
ide (hematite, Fe,O;), for example, is a promising photocata-
lyst because it is abundant on Earth and its electronic band gap
is located in the visible region of the electromagnetic spectrum
(~1.7-3.1 eV).117:2021] Accordingly, irradiance-rich sunlight spec-
tral regions can be harvested to excite iron oxide and thereby in-
duce photocatalytic reactions such as oxidative water purification.
Moreover, Fe,O; is a non-toxic material, which could be applied
in the decontamination of drinking water. Nevertheless, the gen-
eration of charge carriers in Fe, O, is often inefficient or the fast
charge carrier recombination prevents the induction of reactions
by the charge carrier.[?>-2*] To overcome this limitation, combin-
ing Fe,0; with other semiconductors to form heterojunctions
has been demonstrated as an approach to improve charge carrier
separation.[?225:26] Alternatively, engineering light-matter inter-
actions between incoming light and Fe, O, by tailoring the struc-
ture of the semiconductor also provides an effective means of in-
creasing the generation yield of charge carriers. This approach
also applies to many other semiconductors featuring low charge
carrier generation rates. For example, the so-called slow photon
effectin photonic crystals (PhCs) can be rationally engineered for
this purpose.[27-%]

PhCs are structures composed of periodically arranged mate-
rials with different dielectric constants. These periodic variations
within the structures result in photonic stopbands (PSBs)—also
denoted as photonic band gaps—wherein photons with the re-
spective wavelength cannot propagate through the PhC and are
therefore reflected at the PhC’s surface.3%33] At the blue and
red edges of the PhC’s PSB, the group velocity of photons is
strongly reduced, which is referred to as the slow photon effect
(Figure 1a). These photons have more time to interact with the
PhC material and thus, the interaction probability between in-
cident photons and atoms of the material is increased.[?”2834]
Consequently, charge carrier generation in semiconductor-based
PhCs can be enhanced by utilizing the slow photon effect when
one edge of the PSB is aligned with the electronic band gap of
the semiconductor. PhCs can be realized in one, two, or three
dimensions.[*132] Especially two- and three-dimensional PhCs
are interesting for photocatalytic applications because they can
consist of porous structures that provide high surface areas and,
accordingly, many possible reaction sites. The most common
semiconductor-based three-dimensional PhC structures are in-
verse opals, which are characterized by a semiconductor matrix
around hollow spheres.[1227283436] However, PhCs can also be
fabricated by tailoring the anodization of aluminum.’”% An-
odic aluminum oxide (AAO) structures consist of cylindrical,
self-organized, highly ordered pores inside electrochemically pre-
pared aluminum oxide. The pores of AAO feature distinct geo-
metrical parameters, namely pore diameter, interpore distance,
and pore length, which can be adjusted by tuning the electro-
chemical anodization parameters.!34143] Specifically, the applica-
tion of pulse-like anodization approaches modifies the pore mor-
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phology from straight to periodically diameter-modulated struc-
tures (Figure 1b). Such modulated structures act as PhCs and
their PSB can be precisely tailored across the UV to IR spectral
range through judicious input anodization parameters.[>-4%]

On the one hand, tuning the PSB position of semiconductor-
functionalized AAO-PhCs to overlap the PSB edge with the
absorption wavelength of chemical pollutants boosts the pho-
todegradation efficiency of these platforms.[?>#+46] The photocat-
alytic activity of such tailor-made aligned AAO-PhCs is enhanced
by the slow photon effect for the specific chemical, but it de-
creases when the photocatalytic decomposition of compounds
with absorption bands off-side the PSB edge is tested. In the lat-
ter case, the slow photon effect no longer enhances the activity
because the PSB edge is misaligned with the compounds’ absorp-
tion maximum.

On the other hand, Liu et al. reported an enhanced photocat-
alytic degradation of organic dyes serving as model water pollu-
tants when the PSB edge matches the band gap of TiO, which
was coated onto the AAO-PhC structure by sol-gel chemistry.
However, TiO, excitation requires irradiation by UV light. To use
the visible range of the electromagnetic spectrum, a semiconduc-
tor with a fitting band gap must be employed to increase the pho-
tocatalytic activity of a functionalized AAO-PhC. Thus, Fe, O, is
utilized in this study as a photocatalytically active semiconductor
featuring a band gap in the visible region.[?*24]

Ideal photocatalysts for purification systems should be
durable, meaning they can be utilized multiple times without
significant loss of their photocatalytic activity.l*>?] Altering and
destruction of Fe,O; upon irradiation, and consequently, a cor-
responding reduction of their photocatalytic performance is of-
ten observed for this photocatalyst material.[''*35*] This phe-
nomenon is denoted as photocorrosion or photodissolution since
structural changes and decomposition processes of the Fe,O,
are induced by the illuminating (solar) light applied in photocat-
alytic processes to excite the semiconductor. Hence, the photo-
catalyst surface has to be protected to avoid such degradation,
which could, for example, be realized by coating ultra-thin layers
of metal oxides on top of the Fe,0, film.[}3:53-60]

Apart from the PSB edge alignment with the semiconduc-
tor band gap, the film thickness of the semiconductor might
be crucial for optimizing the photocatalytic performance of
semiconductor-coated AAO-PhCs because it determines the
charge carrier dynamics within the semiconductor as well
as the mass transfer of photocatalytic reactants within the
pores.[11202224] Specifically, the minority charge carrier diffusion
length in Fe,O; is only a few nanometers!?’! whereby a low film
thickness of Fe,O, is therefore beneficial to achieve high pho-
tocatalytic activities. On the contrary, thicker films of at least a
few tens of nanometers are required to ensure complete absorp-
tion of the incident sunlight by Fe,0,.2%#] Tailor-made func-
tionalized AAO-PhCs provide new opportunities to balance these
opposing effects by structural engineering of the nanostructure.
Fe, O, thin films deposited in the pores possess low thicknesses
in the radial direction of the pores (i.e., diameter) while they
cover a few tenths of micrometers in the pores’ axial direction
(i.e., length). Herein, atomic layer deposition (ALD) of Fe, O is
applied to enable precise control over the deposited film thick-
ness on the sub-nanometer scale.*>!) Accordingly, ALD is well-
suited as a functionalization technique to develop composite
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Figure 1. Schematic of photonic crystals, their optical properties, and the construction of Fe, O;-functionalized anodic aluminum oxide photonic crystals.
a) Due to the periodic modulation of the refractive index, a PhC exhibits a photonic stopband (PSB) which does not allow light propagation of specific
wavelengths within the structure. Incoming light of this spectral region is reflected at the samples’ surface. Due to the slow photon effect, light-matter
interactions within the PhC are increased at the blue and red edges of the PSB (marked in the scheme). The position of the PSB edges can be tuned
by controlling the preparation process to overlap with either the absorption of a dye (continuous grey line) or with the band gap of a semiconductor
(dashed grey line), corresponding to the red and the blue edge, respectively. Depending on this alignment, the slow photon effect enhances the light
absorption within the PhC structure by accelerating the excitation of the dye (upper right scheme) or of the semiconductor (lower right scheme). b) An
AAO-PhC is exemplarily shown, featuring periodic diameter modulations of the pores. c) The AAO-PhC template is fabricated by pulse-like anodization
of aluminum. Herein, the structures’ surface is subsequently coated via atomic layer deposition of Fe, O3

semiconductor-AAO PhCs to study the photocatalytic perfor-
mance of the structure with respect to the Fe,O; film thickness.

In this work, we demonstrate how the photocatalytic activity of
Fe, O, coatings in structurally engineered AAO-PhCs can be en-
hanced by making use of the slow photon effect when the struc-
tures’ PSB edge is aligned with the band gap of the semicon-
ductor. Fe,0;-AAO-PhCs are prepared by pulse-like anodization
of aluminum and subsequent ALD coating of Fe,O, with differ-
ent thicknesses (Figure 1c). Moreover, ultra-thin aluminum ox-
ide (Al,0,) layers are also deposited onto optimized Fe,0;-AAO-
PhCs by ALD to avoid photocorrosion and extend the lifetime
of the semiconductor over repeated photocatalytic cycles. Fe,O,-
AAO-PhCs’ optical properties are characterized by UV-vis re-
flection measurements, and the photocatalytic performances are
assessed with respect to the Fe,O, film thickness. Specifically,
Fe,0;-AAO-PhCs are immersed into aqueous solutions of model
organic dyes—methylene blue (MB), rhodamine B (RhB), and
methyl orange (MO)—and irradiated by visible light to analyze
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their photocatalytic degradation of the dyes. The structures’ PSB
characteristics and Fe,0; film thicknesses are related to photo-
catalytic performances.

2. Results and Discussion

2.1. Fabrication and Optical Characterization of AAO-PhCs

AAO-PhCs with PSB edges located at wavelengths that match
the Fe,O, band gap are produced by applying rectangular cur-
rent density pulses during the electrochemical oxidation of alu-
minum in oxalic acid (H,C,0,, 0.3 M) electrolyte, as shown in
Figure 2. The voltage signal response (output) of the aluminum
chip anodized under these conditions follows the rectangular cur-
rent density pulses with distortion of the pulse shape. The output
pulses resemble a capacitor response with increase and decrease
that follows the input current density with a certain temporal de-
lay due to the recovery process of the barrier layer oxide at the
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Figure 2. Fabrication and characterization of AAO-PhCs by pulse-like anodization in oxalic acid. a) Rectangular current pulses are applied to the alu-
minum chip after an initial constant current period. The voltage at the sample follows the pulse behavior with distortion of the pulse shape due to the
recovery effects of the barrier oxide layer. b) UV-vis reflection measurements reveal the PSB position of AAO-PhCs. The PSB position redshifts when the
pores are infiltrated with H,O compared to air due to the increased refractive index of the medium. The dashed lines indicate the positions of the PSB

maximum (green line), the PSB blue edge (blue line), and the PSB red edge

(red line). The PSB maximum is obtained by a Gaussian fit of the data, while

the PSB edges are defined as the inflection points of the reflection peak. c,d) Photographs of the AAO-PhC samples. The AAO sample is indicated by the
brown dotted circle. The aluminum backside of the sample is wet-chemically removed in (d), whereby the green color in reflection becomes visible.

bottom side of the nanopores (i.e., growth front of the anodic
film).[61-%4] Moreover, the pulses are also asymmetric in shape.
These pulses result in the formation of gradient-index filter-like
structures, which are characterized by a smooth variation of pore
diameter in depth (scanning electron microscope (SEM) images
are shown in Figure S1, Supporting Information).[2>¢56¢] Such
AAO structures exhibit PSBs in the visible light range, as exem-
plarily shown in Figure 2b. The PSB position is determined by the
pulse period (£,,) and undergoes a red shift when the pores are
infiltrated with water (H,0) compared to air. The increment of
the refractive index of the pore-filling medium (i.e., change from
air to H,0)!’! leads to an increment of the effective refractive
index of the filled AAO structure and simultaneous reflection in-
tensity decrease. Analysis of the PSB properties is shown for the
measurement in H,O by the dashed lines. The blue line indicates
the PSB blue edge, the red line resembles the PSB red edge, and
the green line is the position of the PSB maximum (i.e., its maxi-
mum in intensity). Note, the inflection points of smoothed reflec-
tion data are calculated as the PSB edges (Apgg yiues Apsp rea) While
the peak maximum wavelength of a Gaussian fit defines the PSB
maximum position Apg5. When the aluminum backside of the
AAO-PhCs sample is present (Figure 2c), samples produced with

touise = 275 s appear yellow in an optical photograph. When the
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aluminum backside of the underlying chip is removed, the refrac-
tive index contrast between the AAO-PhC and the background is
higher and the green color reflected by the structures’ PSB be-
comes visible, as demonstrated in Figure 2d.

Tuning £, in the anodization or coating the samples with dif-
ferent thicknesses of Fe,O, by ALD after their production mod-
ifies the PSB positions. Since the photocatalytic performance
of semiconductor-modified AAO-PhCs is assessed in an aque-
ous medium, the structures’ optical properties are characterized
when the pores are infiltrated with deionized water (DI-H,O).
Figure 3a depicts the reflection spectra of as-produced, DI-H,O-
infiltrated AAO-PhCs fabricated with £, of 175, 270, 275, 300,
335, and 450 s, respectively. Note, the PSB characteristics are de-
noted as Apgy (Apgp plucs Apssred) Where the PSB maximum wave-
length A,¢p is calculated by a Gaussian fitting while the inflec-
tion points of the PSB define the blue (4pgg,,.) and red edges
(Apsg rea)- Here, the Apg; and the PSB edges change from 455 nm
(Apsp plue = 428 NM; Apgp oq = 477 nm) up to 858 nm (844 nm;
883 nm) with increasing pulse duration (Figure 3b) at a measured
average rate of 1.5 + 0.1 nm s~!. Since the reflection intensity
of the samples applied in the photocatalysis measurements in
this study (fabricated with t,,;,. = 270 s and t,,;,. = 275 s) are in
the same absolute range, an effect of the PSB reflection intensity

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Optical properties of AAO-PhCs anodized by applying different pulse durations and coated with Fe,O; by ALD after production. a) Normalized
reflection spectra of samples anodized with varying pulse durations show a red shifting of the PSB position upon increasing the pulse duration. b) The
PSB maximum wavelength depends linearly on the applied pulse duration .. with a slope of 1.5 + 0.1 nm s~'. The error of the fit is 0.97. c) The
PSB position is almost independent of the applied ALD cycle number for AAO-PhCs anodized with tpulse = 275 s and subsequently coated with Fe, O3
by ALD Here, the error bars denote the blue and red edge of the PSB while the data point represents the PSB maximum position Apgg. d) Depositing
ultra-thin Al,O; layer on AAO-PhCs prepared with 275 s pulse duration and previously coated by 385 cycles Fe, O3 does not significantly influence the
PSB positions. (Reflection spectra for the samples characterized in (c,d) are shown in Figure S3 (Supporting Information).

on the photocatalytic performance for comparing the samples is
herein not expected.

The PSB maximum wavelength and the blue and red edge of
AAO-PhCs produced by 275 s pulse duration and coated with dif-
ferent cycle numbers of Fe,O; by ALD are shown in Figure 3c.
Within one Fe,O; ALD cycle, 0.016 + 0.003 nm Fe,O; are de-
posited and, accordingly, the applied ALD cycle numbers of 0,
77,154, 231, 308, 385, and 462 cycles correspond to nominal film
thicknesses of 0, 1, 2, 3, 4, 5, and 6 nm Fe, O, respectively. Thick-
nesses of ALD-deposited films were analyzed by spectral ellip-
sometry on planar silicon reference substrates (Figure S2, Sup-
porting Information). The AAO-PhCs exhibit similar PSB proper-
ties after ALD coating with a few nm of Fe, O, and an overcoating
by an ultra-thin aluminum oxide layer (Figure 3d), all in the range
of the error obtained during AAO-PhC fabrication. Analysis of
the AAO-PhCs’ optical properties reveals that the PSB edges of
samples coated with 77, 231, 385, and 462 Fe,O; cycles by ALD
overlap with the electronic band gap of Fe,0; of ~2.2 Ev,!2324]
which corresponds to a wavelength of ~564 nm. Here, a specific
wavelength value is given for each PSB edge, whereby the “edge”
region, which is essential for the slow photon effect, extends over
afew nanometers. In Figure S3 (Supporting Information), the in-
fluence of Fe,0; and Al, O, coating on the PSB characteristics of
AAO-PhCs fabricated with pulse durations of 270 and 335 s are
shown compared to uncoated samples.

Adv. Mater. Interfaces 2023, 10, 2300615 2300615 (5 of 12)

AAO-PhCs produced with similar pulselike an-
odization approaches have previously been reported in
literature.[29:40:44-46.6L64-86]  Thege structures show different
PSB characteristics, namely position, width, intensity, and
shape, depending on the anodization conditions. The herein
presented profile utilizing rectangular current pulses in H,C,0,
leads to similar AAO-PhCs as the existing approaches regarding
the PSB reflection intensity and width. For example, reflec-
tion intensities reported in literature vary between 10% and
95%, depending on the applied conditions, while full width at
half-maximum (FWHM) values from 16 nm up to 202 nm are
observed.[6567.73,81,82]

To functionalize AAO-PhCs produced in H,C, 0, with a photo-
catalytic active material, in literature the structures were coated
with TiO, by sol-gel chemistry.[22#44>885] [t was reported that
the coating red-shifted the PSB position of the samples due to
the higher refractive index of TiO, compared to that of anodic
Al 0,.[28%] Furthermore, the coating reduced the AAO-PhC pore
diameter, which induced a red shift of the PSB position. In 2021,
Lim et al. deposited thin layers of TiO, onto AAO-PhCs by ALD,
with film thicknesses below 2 nm. Since the thicknesses are
much lower and better controlled than for sol-gel deposition pro-
cesses, none of these samples significantly shifted the PSB po-
sition. Similarly, herein only slight shifts of the PSB positions
were observed for AAO-PhCs anodized with pulse durations of

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Photocatalytic performances of Fe,O3;-AAO-PhCs functionalized
by different ALD cycle numbers. The photocatalytic activity depends on the
pulse duration applied in anodization and the number of Fe,O; cycles of
the ALD process. For both AAO-PhC types anodized with different pulse
durations s, the deposited Fe,O5 film thickness in combination with
the PSB characteristics determines the photocatalytic performance. Anal-
ysis of the PSB edge positions with respect to the Fe,O; band gap reveals
that the highest activity is achieved when the PSB blue edge overlaps with
the semiconductor band gap due to the slow photon effect. Note that the
AAO-PhC coated by 385 ALD cycles for both sample types is most effective
in photocatalytically degrading MB.

270, 275, and 335 s after coating with iron oxide and/or Al,O, by
ALD.

2.2. Photocatalytic Activity of Fe,0,-AAO-PhCs

The photocatalytic performance of Fe,O,-functionalized AAO-
PhCs with PSB edges located in the region of the Fe,O, band
gap depends on the Fe,O; ALD cycle numbers. The Fe, O, thick-
ness, which corresponds to the different ALD cycles, is known
to affect the charge carrier generation and recombination.['!] For
Fe,0,;-AAO-PhCs produced by 270 s pulse duration within an-
odization, the photocatalytic activity of MB degradation is the low-
est (1.38 + 0.03 h™1) for 154 ALD cycles, while the highest activity
0f 1.93 + 0.02 h! is observed for a sample coated with 385 cycles
(Figure 4). As depicted in Figure 4, the alignment of the PSB edge
with the Fe,O, band gap is the best for the 385 ALD cycle sample,
which shows the highest photocatalytic activity. However, the dif-
ferent photocatalytic performances depending on the ALD cycle
numbers cannot be explained by only considering the PSB edge
alignment to the Fe, O, band gap. Instead, additional factors such
as film thickness and surface roughness must be considered. It
is reported in literature that the film thickness of semiconduc-
tors determines their charge carrier dynamics, i.e., charge carrier
generation and recombination.l'! For Fe, O, fast charge carrier
recombination and low carrier mobility are common drawbacks
to its application in photocatalytic processes.!?224]

Apart from determining the charge carrier dynamics, the
deposited film thickness also influences the mass transfer of
molecules into and out of the pores of AAO-PhCs. The ALD-
coated material narrows the pore diameter increasing the pores’
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Table 1. Characterization of surface roughness of Fe,O; layers deposited
by ALD with different cycle numbers. The silicon/ silicon dioxide wafers
were coated in the same ALD processes as the AAO-PhCs.

ALD cycle number Film thickness /nm Surface roughness

/nm
0 0 1.71
77 1 3.83
154 2 2.02
231 3 1.83
308 4 1.55
385 5 1.53
462 6 1.52

aspect ratio. Thus, the diffusion of molecules taking part in the
photocatalytic reaction within the pores gets increasingly con-
strained by the increasing ALD cycle number.¥-*] Hence, it is
expected that this diffusion limitation leads to a decrease in the
photocatalytic activity when a certain film thickness is reached.
The surface roughness of our ALD-deposited Fe,O; films de-
creases with increasing cycle number, as summarized in Table 1.
The atomic force microscopy (AFM) images of the different films
are shown in Figure S3 (Supporting Information). Nucleation
of individual Fe,O; islands occurs via the Volmer-Weber growth
mechanism, which will grow together with increasing ALD cycle
number, resulting in a continuous Fe, O, layer.[*¥9°91] Dye to the
higher roughness of 3.83 nm after 77 ALD cycles, the materials’
surface area is higher for lower ALD cycle numbers meaning that
more active surface sites are available for the photocatalytic reac-
tions. Therefore, the photocatalytic activity is strongly increased
for 77 Fe,0; cycles compared to that of Fe,O;-functionalized
AAO-PhCs with lower surface roughness. Interestingly, 154 ALD
cycles still feature a higher surface roughness of 2.02 nm com-
pared to that quantified in Fe,O, films produced at higher cycle
numbers (<1.55 nm), but this does not affect the photocatalytic
reaction strongly.

Taking all these effects (i.e., PSB edge alignment, charge car-
rier dynamics, diffusion limitation, and surface roughness) into
account, the photocatalytic activities of all Fe,O;-functionalized
AAO-PhCs produced with a pulse duration of 270 s can be mech-
anistically explained by the following: Application of 77 ALD cy-
cles results in a photocatalytic activity of 1.82 + 0.07 h™! due to
the high surface area of the Fe,O, film caused by the large sur-
face roughness of 3.83 nm. The influence of the surface area on
the photocatalytic activity decreases with increasing ALD cycle
number because the surface roughness—and thereby the avail-
able surface area—is reduced down to < 1.55 nm. For 154 cy-
cles, the lowest activity of 1.38 + 0.03 h™! is observed. Note that
the PSB edge is also not perfectly matched with the semiconduc-
tor band gap, contributing to the reduced effect. Further increas-
ing the Fe, O, cycles of the ALD process (231 and 308 cycles, re-
spectively) results in an increased photocatalytic activity since the
film thicknesses allow for more charge carrier generation with-
out recombination, even though the optical properties are not
optimized to make use of the slow photon effect. The highest
activity of 1.93 + 0.02 h™! is observed for the sample coated by
385 cycles Fe, 0, because the film thickness seems to be optimal.
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Specifically, enough charge carriers can be generated without re-
combination while mass transfer into and out of the pores is pos-
sible to a sufficient extent. A thicker Fe,O; film (462 cycles) leads
to reduced photocatalytic activity 1.71 + 0.02 h~!, which might be
attributed to a combination of different effects. First, the thicker
film might not be optimal regarding the charge carrier separa-
tion due to the fast recombination and low diffusion length of
the generated charge carriers.[?”) Second, the mass transfer of MB
molecules and degradation products might be limited due to the
smaller pore diameter.

The ALD cycle number of deposited Fe,O, also determines
the photocatalytic activities of AAO-PhCs anodized by using a
pulse period of 275 s (Figure 4). Similar to the samples anodized
with 270 s pulse duration, surface roughness dominates the ac-
tivity when comparing the AAO-PhC coated by 77 cycles Fe,O,
(1.65 + 0.01 h7') to the sample functionalized with 154 cycles
(1.61 £ 0.01 h™'). Increasing the ALD cycle number to 231 raises
the photocatalytic activity to 1.97 + 0.02 h™!, which is probably
caused by a combination of the film thickness increment and
the alignment of the PSB to the semiconductor band gap. Since
the PSB edge of the sample coated with 308 cycles does not over-
lap with the Fe,O, absorption, the photocatalytic activity is lower
(1.72 + 0.04 h™!) than in the previous sample. The deviation of
the PSB blue edge from the Fe,O, band gap can be explained
by variations of the anodization parameters such as tempera-
ture or electrolyte volume. Nevertheless, this deviation demon-
strates the importance of precisely aligning the PSB edge with
the semiconductor band gap to use the slow photon effect. The
AAO-PhC functionalized by 385 ALD cycles features the highest
activity (2.05 =+ 0.04 h™'), as already observed in the AAO-PhCs
produced by 270 s pulse duration. The PSB edge alignment en-
hances the photodegradation reaction by the slow photon effect.
Apart from that, these AAO-PhCs’ film thickness seems to be op-
timal regarding charge carrier generation, separation, and avail-
able pore diameter for mass transfer. Specifically, the generated
charge carriers can induce MB photodegradation reactions be-
fore they vanish by recombination, which is a competitive pro-
cess. Moreover, even though the AAO pore diameter is reduced
by applying 385 Fe, O, cycles in ALD, mass transfer of molecules
taking part in the photoreaction within the pores is still possible
to a sufficient amount. In contrast, further increase of the Fe, O,
thickness by using 462 ALD cycles reduces the AAO-PhCs’ pho-
tocatalytic activity (1.60 + 0.02 h~!) due to increasingly hindered
diffusion of reactants.

To sum up, the photocatalytic performance of Fe,O;-
functionalized AAO-PhCs depends on the alignment of the PSB
edge with the semiconductor band gap as well as on the deposited
Fe, O, film thickness. Precise control of the PSB edge position
is crucial to enhance the photocatalytic activity by the slow pho-
ton effect. The Fe,0, coating thickness needs to be optimized
regarding the charge carrier dynamics and the mass transfer of
molecules inside the AAO pores.

2.3. Photocatalytic Performance of Al,O,-Protected
Fe,0,-AAO-PhCs

Ideal photocatalysts should not only have high initial activity, but
this should also be maintained over multiple repetitions of the
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photocatalytic reactions. For Fe,0,, maintaining the photocat-
alytic properties is often challenging, since photocorrosion—also
referred to as photodissolution—is a common issue.['15354] This
phenomenon describes the (partial) destruction of the material
induced by irradiation utilized in photocatalytic processes to in-
duce the charge carrier generation and, thereby, the reaction. To
avoid this destruction of the structure and the corresponding de-
crease of its photocatalytic activity, the device has to be protected,
for example, by coating another material on top.[11535494]

The photocatalytic activity of Fe,0,-coated AAO-PhCs de-
creases with an increasing number of photocatalysis measure-
ments due to photocorrosion of the material. Still, it can be
avoided when the structures are protected by ultra-thin layers of
Al,O;, as shown in Figure 5. Repetition of photocatalysis mea-
surements with AAO-PhCs anodized by employing 275 s pulse
time and coated with 231 and 308 Fe, O, cycles by ALD decreases
the photocatalytic activity by 27% for both samples in their third
measurements compared to the first ones (Figure 5a). This is
probably caused by photocorrosion of the photocatalyst mate-
rial, namely here Fe,O,, which has also been reported in pre-
vious publications.[?*?395%] A structural change at the surface
of Fe,0,-AAO-PhCs is visible by SEM images taken after three
photocatalysis measurements compared to the same sample be-
fore the first photocatalysis reaction (Figure 5b). As depicted in
Figure 5c, the photocatalytic performance of AAO-PhCs func-
tionalized with 385 cycles Fe,O; can be stabilized when ultra-
thin Al,O, layers are coated on top by ALD. Within one ALD cy-
cle, 1.4 + 0.03 A of Al, 0, is deposited. Although ultra-thin Al,O,
films of 2, 4, 6, and 8 cycles are used as protection layers, they can
prevent the structural decomposition (Figure 5d), which was al-
ready shown in literature for similar applications.[>**’] The ini-
tial photocatalytic activity of Al,O;-protected Fe,0;-AAO-PhCs is
lower than the unprotected one, but it remains constant for mea-
surement repetitions and can outperform the unprotected struc-
tures after four measurements. For better comparison, the pho-
tocatalytic activity in Figure 5c is given as a percentage relative
to the activity in the first measurement of the sample without the
Al, O, protection layer. With an increasing number of Al,O; ALD
cycles, the initial photocatalytic performance of the AAO-PhCs
decreases and saturates at 54% (6 and 8 cycles). However, these
activities are stable over three measurements in contrast to the
sample without protective layer. Since the Fe,0;-AAO-PhC pro-
tected by 2 ALD cycles of Al, O, features the highest initial activ-
ity of 67% when comparing the different numbers of Al,O; ALD
cycles, it was further used to test its performance over measure-
ment repetitions compared to the unprotected sample. While the
activity of the latter one is significantly decreasing with increas-
ing measurement number by 44%, there is only a slight decrease
of 4% in the activity of the structure protected by 2 ALD cycles.
Furthermore, the absolute activity of the Fe,0;-AAO-PhC coated
with 2 ALD cycles of Al O, is higher than that of the unpro-
tected one from the fourth measurement onwards. Accordingly,
an ultra-thin Al, O, protection layer can stabilize the photocat-
alytic performance of Fe,0,;-AAO-PhCs over multiple measure-
ments by preventing photocorrosion of the photocatalytically ac-
tive material. Since this stabilization is shown to be effective in
terms of avoiding an activity decrease within six measurements,
it is expected that the samples will be stable over multiple tests.
Here it should be mentioned that, in contrast to the unprotected
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Figure 5. Photocorrosion and stabilized photocatalytic activity after depositing ultra-thin protection layers by ALD. a) The photocatalytic performance
of AAO-PhCs functionalized with different ALD cycle numbers decreases with increasing measurement numbers due to photocorrosion of the Fe, 05
films. b) SEM images of the structures’ top surface before and after photocatalysis measurements demonstrate structural changes of the sample.
c) Protection of Fe,O3-AAO-PhCs by ultra-thin layers of Al,O; by ALD stabilizes their photocatalytic performance over increasing measurement numbers.
Although the initial activity is decreased compared to the unprotected structure, coating only 2 cycles of Al,O53 onto the structure outperforms the bare
Fe,03-AAO-PhC after four measurements. d) The SEM image of the sample protected by 2 cycles of Al,O; was taken after photocatalysis measurements

and showed no sample destruction at the surface.

Fe,0,;-AAO-PhC, Photo-Fenton reactions can be suppressed on
the Al,O;-protected sample since less iron ions are present at the
samples’ surface.l*] This might contribute to the observed reduc-
tion of the initial photocatalytic activity since the Photo-Fenton
reaction would be beneficial for the overall apparent photocat-
alytic activity.

2.4. Photocatalytic Activity Enhancement for Degradation of
Different Dyes

Fe,0;-AAO-PhCs with the PSB edge aligned with the Fe, O, band
gap possess a generally enhanced photocatalytic activity for pho-
todegradation of different organic dyes, which is found to be in-
dependent of the model organic absorption characteristics. In
contrast, existing literature reports mostly of titanium dioxide
functionalized AAO-PhCs for photocatalytic decomposition of or-
ganic molecules (dyes and colorless compounds) using struc-
tures with the PSB edge aligned with one specific dye.[2%44458]
As presented in Figure 6, the photocatalytic performance of
AAO-PhCs with the PSB edge aligned to the Fe,0, band gap and
coated with the optimized semiconductor layer, i.e., 385 cycles of
Fe, 0, and 2 cycles of Al,O,, features an increased activity com-
pared to their uncoated counterparts for all three dyes. Depend-
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ing on the dye, different activity enhancements by the factors 1.11
(MB), 1.49 (RhB), and 1.35 (MO) are observed. The slow photon
effect can be effectively used for the photodegradation of all com-
pounds because it is solely related to the Fe,0;-AAO-PhCs struc-
ture and materials. The activity enhancement also becomes clear
when comparing the percentage removal of the dyes by the coated
sample with the uncoated one. The uncoated sample decomposes
61 + 2% of MB, 21 + 2% RhB, and 16 + 2% MO within one
hour of reaction under the conditions used herein. The optimized
Al,O;-protected Fe,0;-AAO-PhC shows dye removal of 68 + 2%
for MB, 29 + 2% for RhB, and 22 + 2% for MO. When the ac-
tivity increase is based on the adjustment of the AAO-PhCs’ PSB
edge with the absorption of an organic molecule, the slow pho-
ton effect will only work for degrading these specific molecules.
In Figure 6, such properties are observed for the Fe,O;-AAO-
PhC with its PSB edge overlapping the absorption maximum of
MB. For degrading MB, the photocatalytic performance of the
Fe,0,/Al, O, functionalized sample is enhanced compared to the
pristine sample by a factor of 1.07 due to the slow photon effect.
The performance is only slightly increased because the PSB red
edge overlaps with the MB absorption maximum, thus causing
screening of incoming light by the MB molecules. As expected,
no activity increase can be observed for decomposing RhB be-
cause the optical properties of the dye and the PhC structure

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U80]7 SUOLULLOD @A 12810 3|cedldde 8Ly Aq peusenob ke sajoluie YO ‘85N JO S9N 10} ARiqiT8UIIUO A1 UO (SUOTHPUOO-PU.-SWLBH 00" A8 | 1M Ale.d]|Bul 1 [UO//:SANY) SUORIPUOD pUe Swie | 81 88S " [7202/T0/8T] Uo AriqiTauliuo A(Im ‘(-ouleAnde) aqnopeay Aq STO00EZ0Z IWPR/Z00T OT/10p/Loo A3 |1m Aiq Ul |uo//Sdny Wo1j pepeojumoq ‘9g ‘S20Z ‘0SEL96TZ



ADVANCED
MATERIALS
INTERFACES

www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) (b)
[1PSB @ Fe,0;, coated

[ PSB @ Fe,0,, uncoated|
PSB @ MB, coated L

Fe,0, band gap Dyes:
——RhB

[ PSB @ MB, uncoated S MO
L E I AAO-PhCs:
Q Fe,0,, c.
2 80 Qe = Fe,0, unc.
e 5 - b [~
o~ = i 3 o = MB,c.
x 608 S 3 ~E \\[/ = MB, unc.
o o o
~o+ -u A 8 F
40r|8 2 g 3
" " n <
E3 x x

20| ‘ /\_
0_ C ! ! I L . . L
MB RhB MO 300 400 500 600 700 800 900
dye Wavelength Inm

Figure 6. The degradation of different organic dyes as model pollutants of water demonstrates the general activity enhancement by the slow photon effect
when the PSB of AAO-PhCs is aligned with the band gap of the semiconductor photocatalyst. The Fe,O;-functionalized samples are coated by 385 cycles
of Fe,O3 and 2 cycles of Al,05. a) Fe,Os-functionalized AAO-PhCs with the PSB edge matching the Fe,O; band gap show significantly enhanced
photocatalytic performance for degrading different organic dyes compared to the uncoated AAO-PhC structure. Only minor differences are observed for
AAO-PhCs featuring a PSB edge at the absorption maximum of methylene blue. Note that the percent activity normalized to the photocatalytic activity
of the coated sample with the PSB edge located at the Fe,O3 band gap is compared. The quantitative values of the activity for this sample are displayed
for the different dyes. b) Absorbance spectra of the other organic dyes show the spectral alignment of the AAO-PhCs’ PSB characteristics with respect
to the different dyes and the band gap of Fe,O;. The labeling of the AAO-PhCs denotes the PSB edge position (at the Fe,O; band gap or at the MB

absorption) and whether the structure is coated with Fe,O5 (c.) or not (unc.).

do not match at all. The difference in the photocatalytic perfor-
mance for the MO degradation of the coated AAO-PhC compared
to its uncoated counterpart is within the measurement accuracy
as the overall absolute activity is much lower than for the other
dyes. Such small concentration changes are within the statistical
error associated with the detector used in the UV-vis measure-
ment. Moreover, calculations of the dye removal rates demon-
strate that there is no significant difference between the Fe,O;-
functionalized AAO-PhC and the uncoated sample when the PSB
edge overlaps with the absorption of MB. Specifically, the func-
tionalized sample is capable of degrading 46 + 2% MB, 22 + 2%
RhB, and 14 + 2% MO while the uncoated AAO-PhC decomposes
43 + 2% MB, 21 + 2% RhB, and 15 + 2% MO within one hour.

The photocatalytic activity enhancement for degrading differ-
ent organic compounds with the same Fe,0,;-AAO-PhC proves
that aligning the PSB edge with the semiconductor band gap re-
sults in a generally applicable slow photon effect, which is inde-
pendent of the molecules to be degraded. The herein presented
results of Fe,0;-AAO-PhCs are phenomenological in agreement
with similar previously reported types of PhC structures, namely
Fe,O, inverse opalsl®>l and TiO,-functionalized AAO-PhCs.[8]
Furthermore, our study demonstrates the combination of Fe,0,
as a low-cost, visible light active photocatalyst with AAO-PhCs as
widely tailorable template structures.

3. Conclusion

Fe,0,-AAO-PhCs were fabricated by combining pulsed alu-
minum anodization with ALD. The structures’ optical and pho-
tocatalytic properties were systematically investigated by varying
the period duration of the pulse-like anodization and the number
of ALD cycles for Fe, O, deposition by ALD. Optimized structures
with the PSB edge overlapping with the semiconductor band gap
were tested with further photocatalysis measurements and ad-
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ditional ultra-thin coatings of Al,O; were applied as protective
layers.

Previous literature reports mostly matched a PSB edge of
AAO-PhCs with the absorption maximum of one chemical to be
degraded. This approach facilitates the excitation of molecules
of the respective chemical adsorbed at the AAO-PhCs surface
by the slow photon effect. However, there is no activity increase
for photocatalytic decomposition of different compounds when
the PSB edge positions do not match their absorption profile.
In contrast, we have demonstrated a general photocatalytic ac-
tivity enhancement of semiconductor functionalized AAO-PhCs
for degrading various organic compounds when the PhCs’ PSB
edge is aligned with the band gap of a semiconductor in the
visible range of the electromagnetic spectrum. This activity en-
hancement is caused by the slow photon effect in the PhC struc-
ture, i.e., stimulated excitation of the semiconductor. Thus, it
is independent of the chemical being degraded and its sensi-
tivity to the PSB edge positions was shown. Moreover, Fe,O,
was first applied as a semiconductor coating for tailored AAO-
PhCs and we proved an increased photocatalytic performance
by employing the slow photon effect. The ALD-deposited Fe,O,
film thickness was optimized with respect to the structures’ op-
tical properties, charge carrier dynamics, and mass transfer of
molecules within the porous structure to allow for high pho-
tocatalytic reaction rates. Furthermore, coating ultra-thin layers
of AL,O, onto the Fe,0;-AAO-PhC structures maintained the
photocatalytic properties over multiple measurements and could
avoid photocorrosion of the Fe,O, film. Preparing Fe,0;-AAO-
PhCs which feature higher absolute reflection intensities at their
PSB might further increase the photocatalytic activity of these
structures in the future as the interaction probability between in-
coming photons and the semiconductor will be further increased.
Such higher reflection intensities can, for example, be realized
by wet-chemical pore widening subsequent to the anodization of
AAO-PhCs.l7677]
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Due to their pore structure, AAO-PhC samples could be fab-
ricated as through-hole membranes by removing the remaining
aluminum and opening the pore bottoms after anodization.!*>*"]
Such tailor-made through-hole AAO-PhC membranes function-
alized with a semiconductor by ALD and aligned regarding their
PSB edge position and band gap, respectively, might be utilized
for water purification by filtration in combination with in situ
photocleaning. Besides Fe,O,, ALD offers a large variety of cheap
and earth-abundant photocatalysts to be deposited, such as ti-
tanium dioxide, zinc oxide, or tungsten oxide.l*8] Coating AAO-
PhCs with these materials or combinations of them might allow
for even more efficient use of solar light for photocatalytic reac-
tions. Moreover, the application of semiconductor-functionalized
AAO-PhCs in photoelectrochemical processes could expand the
utilization of such structures and provide low-cost and easy-
to-manufacture material platforms for reactions such as water
splitting.

4. Experimental Section

Materials: ~ Aluminum (Al) chips (99.9997%, thickness 0.5 cm, 2 cm di-
ameter) were purchased from Goodfellow GmbH (Germany). Oxalic acid
(H,C,04), perchloric acid (HCIO,), ethanol (C,H;OH, EtOH), isopropyl
alcohol (IPA), hydrochloric acid (HCI), copper (ll) chloride dihydrate
(CuCly - 2 H,0), nitric acid (HNO3), methylene blue (C;4H;3CIN;S, MB),
rhodamine B (C,3H3;CIN,O3, RhB), methyl orange (Cy4H14N3;NaOsS,
MO), and hydrogen peroxide (H,0,) were supplied by Merck Chemicals
(Germany) and used as received. Ferrocene (CyoHqqFe, Cp,Fe) was pur-
chased from Alfa Aesar (Germany). Trimethylaluminum (C3HgAl, TMA)
was received from Strem Chemicals (France). Milli-Q water (>16 MQ cm,
DI-H,O) was used to prepare the aqueous solutions and as a precursor in
the aluminum oxide ALD process.

Fabrication of AAO-PhCs: AAO-PhCs were produced by rectangular
pulse anodization of Al under current density control conditions. Before
anodization, the Al chips were cleaned for 30 min, respectively, in IPA and
DI-H,O and dried with a nitrogen stream. Afterward, electropolishing of
the Al chips in 1:4 (v:v) solution of HCIO, and EtOH was conducted for
3minat20Vand5 °C. Anodization was carried outin 0.3 M H,C,0, aque-
ous solution at 6°C. The applied anodization profile began with a constant
current period t.y,; for 60 min at a current density j.one of 4.2 mA cm™!
to initiate the formation of pores. Subsequently, 150 rectangular current
pulses were applied. These consisted of alternating low and high current
density levels ji,,, = 0.6 mA cm™' and jii;, = 4.2 mA cm™! applied
over the periods i, and tygp, respectively. The low current density pe-
riod was four times as long as the one of high current density, and the
duration of one rectangular pulse ¢, was calculated by the sum of ¢,
and tyigp. The number of rectangular current pulses N, multiplied with
the individual pulse duration t,,;. defined the total time over which the
rectangular pulses were applied (t,,). AAO-PhCs with different pulse du-
rations, namely, 175, 270, 275, 300, 335, and 450 s, were anodized. After
anodization, the AAO-PhC samples were washed with DI-H,O and dried
under nitrogen (N,) flow. They were immersed into 30 wt.% H, O, for 24 h,
rinsed with DI-H, O, and dried with N, stream.

ALD Coating of AAO-PhCs:  ALD functionalization of AAO-PhCs was
performed in a home-built ALD system operated under stop-flow condi-
tions. Nitrogen (6.0, SOL) was used as carrier gas with a constant flow
of 2.5 | h~'. For depositing Fe,0;, the system temperature was 200 °C.
Cp, Fe heated to 130 °C and ozone (O3) at room temperature (generated
by an OzonelLab OL80W ozone generator; Ozone Services, Canada, from
O, (5.0) by Westfalen) were used as precursors with pulse times of 1.5 s
and 0.08 s, respectively. Exposure and pump times were 60 and 90 s during
the Cp, Fe half-reaction. In the O; half-reaction, exposure and pump dura-
tions of 30 and 90 s, respectively, were applied. Note, the O half-reaction
was repeated twice within one ALD cycle of Fe,O3 deposition to ensure
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sufficient O; diffusion within the reaction chamber without venting
the system. The growth per cycle (GPC) for Fe,O; deposition was
0.016 + 0.003 nm. To functionalize the AAO-PhCs, 77, 154, 231, 308, 385,
and 462 cycles were applied to achieve different film thicknesses.

ALD of Al,O; was conducted at 150 °C system temperature utilizing
TMA and DI-H, O at room temperature as precursors. Both half-reactions
consisted of 0.05 s precursor pulse, 60 s exposure, and 90 s pumping. The
GPCwas 0.14 +0.003 nm, and 2, 4, 6, or & cycles of Al,O; deposition were
conducted to generate an ultra-thin protection layer at the Fe,O; coated
samples with optimized film thickness.

The film thicknesses obtained within the respective ALD process were
characterized by spectroscopic ellipsometry (SENpro ellipsometer, Sen-
tech Instruments, Germany) on planar silicon reference substrates that
were coated within the same ALD process as the AAO-PhCs. Atomic force
microscopy (AFM) characterization of model Fe,O; films was conducted
using a Dimension 3100 Atomic Force Microscope (Bruker, USA) to de-
termine the surface roughness of the films. The measurements were con-
ducted on Fe,O; films deposited onto silicon wafers applying ALD cycle
numbers under the same conditions used in the study.

Optical Characterization: Optical characterization of AAO-PhCs was
conducted by UV-vis spectroscopy in transmission and reflection using
a Flame Extended Range Spectrometer (OceanOptics, Germany). Previ-
ously, the Al backsides of the AAO-PhC samples were removed by etching
in a saturated CuCl,/HCl solution. Only the Al area below the AAO was
removed by defining it with a Kapton mask featuring a circular hole at the
AAO position. Transmission spectra were measured in a home-built setup
consisting of a deuterium-halogen light source DH-2000-BAL (OceanOp-
tics, Germany), whose light was guided by a glass-fiber cable through a
collimator to the sample, which was placed in normal incidence. The trans-
mitted light was collected by a collimator and guided by a glass-fiber cable
until it reached a Flame Extended Range Spectrometer (OceanOptics, Ger-
many). Reflection measurements were conducted using the deuterium-
halogen light source DH-2000, a glass-fiber cable, and the Flame Extended
Range Spectrometer (OceanOptics, Germany) for data acquisition at nor-
mal incidence. The reflection measurements were conducted for AAO-
PhCs filled with air and DI-H,O. The spectral range for all measurements
was 220 to 1020 nm with a resolution of 1 nm.

OriginPro 2021 software was used to analyze the PSB properties. The
peak central wavelength was determined as PSB position by applying a
Gaussian peak fit of the reflection data. To identify the PSB edges, the re-
flection data were smoothened using 200 data points, the second deriva-
tive was calculated, and the intersection points with the x-axis defined the
PSB edge positions.

Photocatalytic Characterization: The photocatalytic activity of AAO-
PhCs was studied by the degradation of organic dyes as model pollu-
tants of water under simulated solar light irradiation. AAO-PhCs were
mounted into a custom-built reaction chamber made of polyether ether
ketone (PEEK) featuring a glass window for light irradiation. The sam-
ple was placed at normal incidence to a LE.5217 light source (Euromex
Microscopen by, Netherlands) generating visible-near infrared light (SI).
The AAO-PhC was exposed to the solution inside the reaction chamber
which was a mixture of 8 mL 2.5 mg L™ dye solution and 200 mm H,0,.
The solution was filled into the reaction chamber one hour before start-
ing the photocatalysis measurement. The chamber was kept in darkness
to enable adsorption-desorption equilibrium of the dye molecules at the
AAO-PhC surface. Methylene blue, rhodamine B, and methyl orange were
used as dyes featuring different absorption maxima, namely 664 nm (MB),
551 nm (RhB), and 446 nm (MO). After starting the illumination of the
sample inside the dye solution, the absorbance of the reaction solution
was measured by UV-vis spectroscopy every 5 min during 1 h total degra-
dation time. A halogen light source HL-2000 (OceanOptics, Germany) and
a Flame Extended Range Spectrometer (OceanOptics, Germany) were uti-
lized for the UV-vis transmission measurement, whereby 1 mL of the reac-
tion solution was pipetted into a cuvette, analyzed, and pipetted back into
the reaction chamber. According to Lambert-Beer’s law, the dye concen-
tration is linearly proportional to its absorbance and can therefore be cal-
culated after calibration with known concentrations. The dye degradation
efficiency of AAO-PhCs was analyzed assuming Langmuir-Hinshelwood
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kinetics, which typically describes photocatalytic reactions in heteroge-
neous phases. For diluted solutions (concentration smaller than 1073 m),
the Langmuir—Hinshelwood model could be simplified to pseudo-first-
order kinetics and the apparent rate constant k was obtained from ana-
lyzing the concentration decrease over time (Equation 1):

[
|n(%>= —kxt (1)

Here, the concentration of the dye after certain time steps is character-
ized by ¢, ¢y denotes the dye concentration at the beginning of the mea-
surement (t = 0 h), and t is the reaction time.
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