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ABSTRACT: In this study, we explore for the first time the capabilities of nanoporous anodic
alumina gradient-index filters (NAA-GIFs) functionalized with titanium dioxide (TiO,)
photoactive layers to enhance photon-to-electron conversion rates and improve the efficiency
of photocatalytic reactions by ‘slow photon’ effect. A set of NAA-GIFs was fabricated by
sinusoidal pulse anodization, in which a systematic modification of various anodization
parameters (i.e. pore widening time, anodization period and anodization time) enables the
fine-tuning of the photonic stopband (PSB) of these nanoporous photonic crystals (PCs)
across the spectral regions. The surface of NAA-GIFs was chemically modified with
photoactive layers of TiO; to create a composite photoactive material with precisely
engineered optical properties. The photocatalytic performance of TiO,-functionalized NAA-
GIFs was assessed by studying the photodegradation of three model organic dyes (i.e. methyl
orange, rhodamine B and methylene blue) with well-defined absorption bands across
different spectral regions under simulated irradiation conditions. Our study demonstrates that
when the edges of characteristic PSB of TiO,-modified NAA-GIFs are completely or
partially aligned with the absorption band of the organic dyes, the photodegradation rate is
enhanced due to ‘slow photon’ effect. A rational design of the photocatalyst material with
respect to the organic dye is demonstrated to be optimal to speed up photocatalytic reactions
by an efficient management of photons from high irradiance spectral regions. This provides
new opportunities to develop high-performing photocatalytic materials for efficient
photocatalysis with broad applicability.
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INTRODUCTION

Heterogeneous photocatalysis (henceforth “photocatalysis™) is a light-driven process
in which photons (light — electromagnetic waves) interact with atoms (matter —
semiconductors) to generate electron—hole (e/h") pairs that can subsequently produce free
radicals able to undergo secondary reactions.' Among other applications, photocatalysis
enables the production of clean hydrogen energy?, sanitation of water’, air purification®,
ammonia (NHs3) generation’, and carbon dioxide (CO,) reduction’. However, most of
semiconductor materials have a relatively large energy band gap (~3—5 eV), which constrains
their photocatalytic activity to the UV region (only ~5% of the solar spectrum), preventing
the efficient utilization of sunlight for practical photocatalytic applications.

Photonic crystals (PCs) are periodic optical micro/nanostructures with forbidden
photonic bands that alter the motion of photons when light travels across the PC’s structure.
The photonic band structure of PCs predicts the propagation of photons with reduced group
velocity (vg) at those directions close to the blue and red edges of the PCs’ photonic stopband
(PSB), where the band becomes almost flat (‘slow photons’ with v~ 0).” In semiconductor
PCs, light absorption enhancement by slow photon effect is precisely engineered by the PCs’
structure to generate extra e/h’ pairs at those spectral regions where the semiconductor
absorbs light poorly (e.g. TiO, in the visible/infrared) to enhance photon-to-electron
conversion rates.'' Nanoporous semiconductor PCs are of particular importance since these
nanostructures offer: i) light-trapping capabilities to collect photons at high-irradiance
spectral regions (e.g. visible), ii) efficient percolation pathways for vectoral transfer of photo-
promoted electrons, iii) high specific surface area that increases the number of photo-active
centers for redox reactions, and iv) nanoporous structure that facilitates mass transport of

molecular species involved in redox reactions. Some proof-of-concept studies have identified
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‘slow photon’ effects in inverted opal PCs. However, these nanostructures have limited
versatility to tune the features of the PSB, are restricted to 3D nanostructures, feature defects
that act as light scattering centers, require long synthesis processes, and are constrained to
small areas.'?

Some studies to date have demonstrated the fabrication of nanotubular TiO,-based

PCs by electrochemical oxidation (i.e. anodization) of titanium substrates. "

However,
anodization of titanium does not allow sufficient control of the nanotubular structure of TiO,
to create PC structures with versatile PSB since the hydrofluoric acid (HF)-based electrolytes
used progressively etch the nanotubes’ walls during the anodization process.”’ Alternative
nanoporous materials, such as nanoporous anodic alumina (NAA), can address these
limitations. NAA produced by anodization of aluminum in fact provides an excellent
platform to develop PC structures due to its highly controllable and flexible nanoporous
geometry, which can be precisely modulated in depth to engineer its effective medium and
create multi-dimensional (1D, 2D and 3D) NAA-PCs with versatile PSB across the spectral
regions.'®* NAA-PCs such as gradient-index filters'®, optical microcavities* and distributed
Bragg reflectors™ present as ideal platforms to utilize the ‘slow photon’ effect for enhanced
photocatalytic reactions. However, the wide energy bandgap of NAA (i.e. 7.0-9.5 eV, deep
UV region)*** prevents the direct use of NAA-PCs for photocatalysis. Despite this intrinsic
limitation, the chemical modification of NAA-PCs with photoactive materials such as TiO,
does provide an opportunity to develop new platform materials as highly efficient
photocatalysts by a rational management of photons at the nanoscale.

Herein, we present the first rationally designed photocatalyst material based on a
TiO,-functionalized nanoporous anodic alumina gradient-index filter (NAA-GIF) as a
platform to achieve enhanced photocatalytic performances. NAA-GIFs are synthesized by

sinusoidal pulse anodization (SPA) approach and subsequently functionalized with
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photoactive layers of TiO, through sol-gel method (Figure 1a). We perform a systematic
study on the effect of the PSB’s features of photoactive NAA-GIFs, controlled by the
anodization parameters (i.e. anodization period, anodization time and pore widening time), on
the photocatalytic performance of these PC structures (Figures 1b and c). Photocatalytic
degradation of three model organic dyes (i.e. methyl orange-MO, methylene blue-MB and
rhodamine B—RhoB) in these photoactive NAA-PCs provides a reference to identify and
quantify slow photon effects for enhanced photocatalytic performances.
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Figure 1. Conceptual illustration of the development and applicability of photoactive NAA-GIFs for
photocatalysis. a) Schematic representing the fabrication process of photoactive NAA-GIFs by sinusoidal pulse
anodization (SPA) (left) and deposition of photoactive TiO, layers by sol-gel method (right). b) Schematic
showing the utilization of TiO,-functionalized NAA-GIFs in photocatalysis under controlled visible-NIR
irradiation conditions with details showing the chemical and electronic band structures of these composite
photocatalysts, where CB = conduction band, VB = valence band, E, = band gap energy level, and hv =
excitation energy. c) Transmission spectrum of a TiO,-functionalized NAA-GIF showing the blue and red edges
of the photonic stopband (PSB) where photons slow down their group velocity after interacting w1th the PC
structure (1nset dlgltal image of that NAA-GIF structure produced with Tp = 650 s, A, = 0.420 mA cm™ s Joger =
0.280 mA cm™, =20h and ¢,,, = 6 min).
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EXPERIMENTAL SECTION

2.1. Materials. High purity (99.9997 %) aluminum (Al) foils 0.32 mm thick were purchased
from Goodfellow Cambridge Ltd. (UK) and used to produce NAA-GIFs by SPA. Sulfuric
acid (H,SO4), phosphoric acid (H3PO,), hydrochloric acid (HCI), copper (II) chloride
(CuCly), ethanol (EtOH — C,HsOH), titanium (IV) butoxide (Ti(OBu)4), hydrogen peroxide
(H20,), methyl orange (MO), methylene blue (MB) and rhodamine B (RhoB) were supplied
by Sigma-Aldrich (Australia) and used as received, without additional purification steps.
Ultrapure Mili-Q® water (18.2 MQ cm) was used for the preparation of all the aqueous

solutions in this study.

2.2. Fabrication of NAA-GIFs. NAA-GIFs were produced by sinusoidal pulse anodization
(SPA) approach under current density control conditions.'® 1.5 x 1.5 cm? Al square chips
were cleaned in EtOH and water under sonication for 15 min each and dried under air stream
to remove any organic residues. These Al substrates were subsequently electropolished in a
mixture of EtOH and HCIO,4 4:1 (v:v) at 20 V and 5 °C for 3 min. After electropolishing, the
Al substrates were anodized at -1 °C in a 1.1 M H,SO4 aqueous solution with 25 v% of EtOH
to prevent it from freezing at temperatures below 0 °C.***” The anodization process started
with a constant current density of 1.120 mA cm™ for 1 h to achieve a homogeneous pore
growth prior to SPA. The anodization profile was subsequently switched to sinusoidal pulse
mode, where the anodization current density was pulsed between high (Jy,, = 1.120 mA cm’

%) and low (Juin = 0.280 mA cm™) current density values following Equation 1:

J(© = 4y [sin () + 1] + Jogpser (1)
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where J(?) is the current density at a given time ¢, 4, is the current density amplitude, 7p is the

anodization period and Jog., is the current density offset.

NAA-GIFs provide an excellent platform to study ‘slow photon’ effects due to their versatile
PSB, the features of which (i.e. position of central wavelength and bandwidth) can be
precisely engineered across the spectral regions by SPA. To investigate the effect of the
anodization period (7p) and the anodization time (Z4,) on the photocatalytic performance of
TiO,-modified NAA-GIFs, we fabricated a set of NAA-GIFs with fixed 4 and Joj., at 0.420
mA cm” and 0280 mA cm? respectively. In the first set of NAA-GIFs, Tp was
systematically modified from 550 to 850 s, with ATr = 100 s at fixed ¢4, = 20 h. The second
set of NAA-GIFs was fabricated with varying ¢4, from 5 to 20 h, with At4, = 5 h and fixed 7Tp
= 850 s. Note that NAA-GIFs were pore widened in an aqueous solution of 5 wt% H3;PO, at

35 °C. The pore widening time (,,) was modified from 0 to 6 min with Az, = 2 min.

2.3. Surface Functionalization of NAA-GIFs with TiO,. The surface of NAA-GIFs
produced with different 7p (i.e. 550, 650, 750 and 850 s) and #4, (i.e. 5, 10, 15 and 20 h) at #,,,
= 6 min was chemically functionalized with photoactive layers of TiO, through sol-gel
method.” TiO, sol was prepared in a beaker by magnetically mixing a mixture of titanium
(IV) butoxide (3 mol%) and EtOH (97 mol%) for 10 min. NAA-GIFs were then dip-coated in
the TiO; sol for 24 h. The surface-modified NAA-GIFs were subsequently washed with
EtOH to remove any excess TiO; sol and titanium (IV) butoxide from the inner surface of
these nanoporous PCs. After washing, the composite TiO,-NAA-GIFs were dried in an oven

at 50 °C for 10 min to evaporate any residual EtOH.

2.4. Optical Characterization. Prior to optical characterization, NAA-GIFs were chemically
etched in a saturated solution of HCI/CuCl, using a 5 mm diameter circular window etching

mask to dissolve the remaining Al substrate from the backside. Transmission spectra of
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chemically etched and pore widened NAA-GIFs, fabricated with different anodization
parameters, were obtained in air and water from 200 to 800 nm at normal incidence (i.e. 8 =
0°) using a UV-visible spectrophotometer (Cary 300, Agilent, USA). The absorption spectra
of 5 mg L' organic dyes solution in a polystyrene cuvette of 10 mm path length were
acquired from 200 to 800 nm to determine the absorption band of organic dyes (i.e. MO, MB
and RhoB). To characterize the interferometric color of NAA-GIFs, digital pictures with a
black background were acquired using a Canon EOS 700D digital camera, which was
equipped with a Tamron 90 mm F2.8 VC USD macro mount lens with autofocus function

under natural light illumination.

2.5. Photocatalytic Degradation of Organic Dyes. The photocatalytic performance of TiO,-
modified NAA-GIFs produced with different 7p and ¢4, was assessed by monitoring the
photocatalytic degradation of three different organic dyes with well-defined absorption bands
(i.e. MO — Ayps-mo = 464 nm, RhoB — Ayps.rpos = 554 nm and MB — A58 = 664 nm) under
simulated solar light irradiation conditions. 2 mL of a mixture of 5 mg L' of dye and 0.1 M
H,0, solution was pipetted into a transparent cuvette. The TiO,-functionalized NAA-GIFs,
which had an effective area of 1 cm? were then placed in the cuvette filled with the dye
mixture. The solutions was magnetically stirred in a dark vessel (solar simulator) for 30 min
to achieve the adsorption-desorption equilibrium prior to irradiation. This was then
illuminated with simulated solar light irradiation using a 150 W (~3000 lumen) halogen lamp
(HL250-A, Amscope, Australia) at room temperature. To determine the concentration of dye
at specific time intervals, the absorbance of the absorption band of the solution at each
illumination time interval (i.e. 30 min) was analyzed by a UV-visible spectrophotometer.
Calibration lines establishing the relationship between the solution absorbance and the
concentration of each dye were used to determine the photocatalytic conversion ratio (C/C,),

where C, is the concentration of solution after stirring in the dark for 30 min and C, is the
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concentration at illumination time ¢ (Figure S1 — Supporting Information). This parameter
was evaluated to determine the kinetic model for this photocatalytic system as a function of
the TiO,-NAA-GIFs and the model dye molecule. Note that these experiments were also
performed with non-functionalized NAA-GIFs (i.e. NAA-GIFs without TiO, functional

layer), which were used as control samples.

2.6. Chemical and Structural Characterization. The morphology and geometric features of
NAA-GIFs were characterized using a field emission gun scanning electron microscopy
(FEG-SEM FEI Quanta 450). FEG-SEM images acquired were analyzed by Image] (public
domain program developed at the RSB of the NIH).?’ The chemical composition of NAA-
GIFs before and after surface functionalization with TiO, were analyzed by energy dispersive
X-ray (EDX) spectroscopy during FEG-SEM characterization. The chemical structure of
NAA-GIFs was further characterized by Fourier transform infrared (FTIR Nicolet 6700)

spectroscopy and X-ray diffraction (XRD Rigaku MiniFlex 600).

RESULTS AND DISCUSSION

3.1. Structural Characterization of NAA-GIFs. Figure 2 presents a set of representative
FEM-SEM images of the NAA-GIFs produced in this study. A top view FEG-SEM image is
shown in Figure 2a to reveal evenly and randomly distributed nanopores of NAA-GIFs
across the surface, where the average pore diameter (dp) was measured to be 17 £ 3 nm after
a pore widening treatment of 6 min. The cross-sectional view FEG-SEM images (Figure 2b
and c) show the in-depth modulation of porosity of NAA-GIFs following the sinusoidal
current density profile applied during SPA. The distance between adjacent layers with
sinusoidally modulated porosity, defined as the period length (Lzp), correspond to each pulse
in the SPA profile and it is visually indicated by the white arrowheads shown in Figure 2c.
The image analysis revealed a linear correlation between the anodization period (7p) and Lyp,

where L7p increases at a rate of 0.34 nm s with increasing 7p (Figure 2d).
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Figure 2. Representative FEG-SEM images of NAA-GIFs produced by the sinusoidal pulse anodization (SPA).
a) Top view FEG-SEM image of a NAA-GIF produced with Tp = 850 s, 4;= 0.420 mA cm? » Jogser = 0.280 mA

, t4n = 20 h and ¢,,, = 6 min (scale bar = 500 nm). b) General cross-sectional view FEG-SEM image of a
NAA-GIF, where CA and SPA represent the constant (CA) and sinusoidal pulse (SPA) modes, respectively
(scale bar = 5 pm). ¢) Magnified view of (b) showing details of the nanoporous structure of NAA-GIFs (scale
bar = 1 um) (Note: the layer between each consecutive white arrowheads denote the period length — Lyp). d)
Linear relationship between the period length (Lrp) and anodization period (7p) in NAA-GIFs.

3.2. Effect of the Anodization Parameters on the Optical Properties of NAA-GIFs.
Figure S2 (Supporting Information) shows the intrinsic relationship between the
fabrication parameters (i.e. anodization period (7p), pore widening time (¢,,), and anodization
time (¢4,) or number of anodization pulses (Np = t4,/Tp)) with the optical properties (i.e.
central wavelength (A¢) of the PSB and interferometric color) of NAA-GIFs. The combined
effect of Tp and #,,, on the position of the characteristic PSB of NAA-GIFs was systematically
studied by modifying Tp from 550 to 850 s with ATp = 100 s, and ¢,,, from 0 to 6 min with

At,,, = 2 min, at a fixed 74, of 20 h (Figure S2a). Linear fittings demonstrate the correlation
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between Tp and Ac, of which the slopes of the linear fittings were found to be 0.79 + 0.09,
0.81 £ 0.12, 0.65 + 0.16 and 0.78 = 0.16 nm s™ for tw =0, 2, 4 and 6 min, respectively. The
position of the PSB of these NAA-GIFs can be tuned from 415 + 1 nm (7» =550 s and #,, = 6
min) to 715 = 1 nm (7p = 850 s and #,,, = 0 min) within the range of fabrication parameters
studied. This analysis demonstrates that ¢ red-shifts with 7p, where the optical characteristic
of NAA-GIFs shows the strongest dependence on 7p at #,, = 2 min (i.e. sharpest slope — 0.81
+0.12 nm s™). As per previous studies,'® Z¢ blue-shifts its position with ty. Figure S2b
illustrates the combined effect of 74, (or Np) and ¢, on the ic of NAA-GIFs, where ¢4, was
systematically modified from 5 to 20 h (i.e. from 22 to 85 pulses) with an interval of 5 h (i.e.
21 pulses), and ¢,,, from 0 to 6 min with an interval of 2 min, while 7p was fixed at 850 s.
This graph denotes that A¢ fluctuates around an average value with ¢4, (Np) and blue-shifts its
position with tpw.16 Figures S2¢ and d compile digital pictures of NAA-GIFs produced with
different 7p and 4, as a function of #,,, respectively. The digital images shown in Figure S2¢
reveal that as produced NAA-GIFs (i.e. #,, = 0 min) display vivid colors such as blue and
red-orange for 7p = 550 and 650 s, respectively. However, these NAA-GIFs are transparent
(i.e. black background — NIR region) for 7p = 750 and 850 s at #,, = 0 min. Note that the
interferometric color correlates with the position of the characteristic PSB within the UV-
visible-NIR spectrum. As 1,, increases, the interferometric color of NAA-GIFs is blue-
shifted, becoming blue, cyan, chartreuse and yellow at #,,, = 6 min for NAA-GIFs produced at
Tp = 550, 650, 750 and 850 s, respectively. This effect is also observed for NAA-GIFs
produced at different anodization times. Figure S2d shows digital pictures of NAA-GIFs
produced at z4, = 5, 10, 15 and 20 h. At #,,, = 0 min, all the NAA-GIFs have located their PSB
in the NIR range of the spectrum (i.e. transparent). As ¢, increases, the PSB is blue-shifted to
the visible range and interferometric colors rise. NAA-GIFs produced at z4, = 5, 10, 15 and

20 h display vivid green, orange, chartreuse and yellow color at #,, = 6 min. To summarize,

10
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the anodization parameters T, t4, and £,,, can be used to engineer the optical properties (i.e.
Ac and interferometric color) of NAA-GIFs. All the anodization parameters allow the precise
tuning of the position of characteristic PSB of NAA-GIFs across the entire UV-visible-NIR

spectrum.

3.3. Chemical Analysis of TiO,-Functionalized NAA-GIFs. Photoactive NAA-GIFs were
produced by modifying the inner surface of NAA-GIFs with photoactive layers of TiO,
deposited by sol-gel method. Figure S3 (Supporting Information) shows energy dispersive
X-ray (EDX), Fourier Transform Infrared (FTIR) and X-ray diffraction (XRD) spectra of
NAA-GIFs before and after surface functionalization. These analyses demonstrate successful
Ti0,-modification of the inner surface of NAA-GIFs after 24 h. Figure S3a shows the EDX
spectrum of as-produced NAA-GIFs, which shows the characteristic peaks of O (12%), Al
(79%), P (4%) and S (5%). These elements correspond to the alumina structure (Al,O3)
contaminated by sulfur and phosphorus atoms incorporated into the Al,O3 structure during
the anodization and pore widening steps, respectively. EDX spectrum of TiO,-functionalized
NAA-GIFs shows characteristic peaks of Ti and an increment of the percentage of O atoms,
which denote the presence of TiO, in the composite structure. The relative percentage of
elements in TiO,-modified NAA-GIFs was found to be O (23%), Al (64%), P (4%), S (5%)
and Ti (4%). The confirmation of the successful deposition of TiO, onto the inner surfaces of
NAA-GIFs is also demonstrated in FTIR analysis (Figure S3b), which shows three main
transmission peaks related to TiO, after surface functionalization (i.e. 1530, 1622 and 3263
nm). These transmission peaks are in good agreement with those reported in previous studies
for TiO, nanoparticles.*®*' XRD spectra of as-produced and TiO2-functionalized NAA-GIFs
are shown in Figure S3c. As-produced NAA-GIF present three characteristic peaks in their
XRD spectra located at 45, 65 and 78°, which correspond to an amorphous alumina (Al,Os)

phase. The deposition of the TiO, functional layer does not generate any additional peak in
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the XRD spectra, indicating that the TiO, layer is crystallographically amorphous. However,
the position of these peaks undergoes a slight shift in position and decrease their intensity.
Thus, our chemical analysis confirms the successful deposition of photoactive layers of TiO,
onto the inner surface of NAA-GIFs to endow these PC structures with photocatalytic

activity.

3.4. Effect of TiO, Modification on the Optical Properties of NAA-GIFs. The
characteristics of the PSB of photoactive PC structures enable the design and engineering of
materials that can make an optimal utilization of the ‘slow photon’ effect for photocatalysis.
The effect of surface functionalization on the optical properties of TiO,-modified NAA-GIFs
was studied by varying the deposition time (zp) of TiO, layers from 0 to 24 h and
characterized the position of the PSB (A¢) and its full-width at half maximum (FWHM) in
different media (i.e. air and water) filling the nanoporous network of NAA-GIFs. Figure 3
shows the effect of TiO, surface functionalization of NAA-GIFs produced with different 7p
(i.e. 550, 650, 750 and 850 s) and #4, (5, 10, 15 and 20 h) at #,,, = 6 min and #/p = 0 and 24 h
on the features of the PSB of NAA-GIFs. Figures 3a and b summarize the dependency of A¢
on tp and the medium filling the nanopores for the NAA-GIFs assessed in our study. These
bar charts demonstrate that, after functionalization with TiO, for 24 h, the position of
characteristic PSB of NAA-GIFs in air is red-shifted at a rate of 8.9 + 3.5 nm s™ and 10.5 +
0.9 nm h™! for 7» and tan, respectively. Modification of the inner surface of NAA-GIFs, with a
thin layer of TiO,, red-shifts progressively the PSB due to the higher refractive index of TiO,
with respect to Al,O; (i.e. n4203 = 1.70 RIU and nz0, = 2.40 RIU) and the physical reduction
of the nanopore diameter of NAA-GIFs. Figure S4 (Supporting Information) shows the
effect of the deposition time of TiO, on the PSB of NAA-GIFs. This slight red shift denotes
that the deposited photoactive layer of TiO, is thin. In contrast, ¢ undergoes a more

significant red-shift when the nanoporous network of surface-modified NAA-GIFs is filled
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with water (i.e. media in which the photocatalytic reactions occur). Infiltration of these
nanoporous PCs with a medium of a higher refractive index than that of air (i.e. ny;, = 1.00
RIU and npue- = 1.33 RIU) leads to a red shift in the position of the characteristic PSB, 69.2
+14.7 nm s and 80.5 = 7.6 nm h™' for 7, p and t4,, respectively. Figures 3¢ and d show the
effect of the TiO, functionalization and the water infiltration on the FWHM of the PSB of
NAA-GIFs produced with various 7p and #,,. It is apparent from these figures that FWHM is
narrowed at a rate of 29.8 + 10.3 nm s and 12.1 + 15.8 nm h™! for Tp and t4,, respectively,
after modifying the inner surface of NAA-GIFs with photoactive TiO; layers. Infiltration of
the nanopores of TiO,-functionalized NAA-GIFs with water produces a more significant
narrowing of the FWHM. Thus FWHM narrows its width after infiltration at 65.1 + 28.2 nm
s and 44.4 + 23.9 nm h! for T, p and ¢4, respectively. The narrowing of the FWHM of the
PSB is associated with the light absorption'®*? by the deposited layer of TiO, and the
medium filling the nanopores of NAA-GIFs. A comparative analysis of the effect of both
factors reveals that the latter (i.e. water infiltration) produces a more significant effect in the
narrowing of the FWHM due to the absorption of incoming light by the water molecules.
Figures 3e and f show representative transmission spectra and schematic illustrations of a
NAA-GIF produced with Tp = 750 s and #,,, = 6 min at #p = 0 and 24 h in air and water. This
reveals that the position of the characteristic PSB red-shifts while the bandwidth of the PSB
is narrowed after surface functionalization with TiO, layers and water infiltration. With
reference to air, the 2" order PSB of the NAA-GIF is located at 288 + 1 nm before surface
modification with TiO, layers. However, the 2™ order PSB vanishes after the NAA-GIF is
modified with TiO, layers, which can be associated with the strong light absorption by the
TiO, layer in the UV region (< 380 nm).”® This further confirms successful modification of

the inner surface of NAA-GIFs with photoactive TiO, layers, which is in good agreement
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with the results obtained by EDX and FTIR analyses (Figure S3 — Supporting

Information).
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To summarize, the position and bandwidth of the PSB of NAA-GIFs is precisely tuned across
the spectral regions by the manipulation of Tp, t4, and #p. The relationship between
fabrication parameters and features of the PSB of photoactive NAA-GIFs provides an optimal
platform to study and engineer the ‘slow photon’ effect for photocatalytic applications. TiO,
functional layers cannot use photons from the visible and NIR spectral regions for
photocatalysis due to its electronic band gap. However, TiO,-functionalized NAA-GIFs with
PSB positioned at the visible and NIR regions can enable the utilization of these high-

irradiance sunlight regions to speed up photocatalytic reactions.

3.5. Understanding the ‘Slow Photon’ Effect in TiO,-functionalized NAA-GIFs. The
photocatalytic performances of TiO,-modified NAA-GIFs fabricated at #,, = 6 min and
different 7p (i.e. 550, 650, 750 and 850 s) and ¢4, (i.e. 5, 10, 15 and 20 h) were assessed by
studying the photocatalytic degradation of three model organic dyes (i.e. MO, RhoB and MB)
under simulated solar light irradiation. Figure S5 (Supporting Information) presents
absorption spectra of MO, RhoB and MB with the corresponding absorption bands at 464 nm,
554 nm and 664 nm, respectively. Figure S6 (Supporting Information) displays the spectral
properties of the artificial illumination used in our study to simulate sunlight irradiation. This
graph reveals the spectral distribution to be 0.12% for UV (350-400 nm), 82.60% for visible
(400-800 nm) and 17.28% for NIR (800-1025 nm), which is essentially within the visible
region. Therefore, liquid-phase photocatalytic degradation of the model organic dyes in our
study is mostly driven by visible light irradiation. Note that these reactions were performed
with the addition of 0.1 M H,O, solution to aid in the photogeneration of charge carriers in
the TiO, photoactive layers. The photocatalytic performance of TiO,-modified NAA-GIFs

were measured and fitted to the pseudo-first order kinetics model shown in Equation 2:
—In (&) = kt )
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where C, is the adsorption-desorption equilibrium concentration of model dye, C; is the

reaction concentration of model dye at time ¢ and £ is the kinetic constant.

The residual concentration of each dye after 2 h of photocatalytic reaction (Cr) where
estimated using the calibration lines shown in Figure S1 and the obtained results are

summarized in Tables S1 and S2 (Supporting Information).

3.5.1. Effect of Anodization Period on the Photocatalytic Performance of TiO,-NAA-GIF's

The origin of the ‘slow photon’ effect in photoactive NAA-GIFs is associated with the
features of the PC’s PSB, where photons from the incoming light reduce group velocity at the
wavelengths of the blue and red edges of the PSB. As demonstrated, NAA-GIFs are a perfect
platform to study this light-matter interaction since the PSB can be engineer with precision
and versatility across the spectral regions by SPA. This provides a unique opportunity to
control the interaction between photons and the nanoporous PC structure to generate extra e
/h" at those spectral regions where the photocatalyst material is intrinsically limited (i.e.
visible and NIR for TiO,). Figure 4 and Table 1 summarize the photocatalytic degradation
performances of MO, RhoB and MB in TiO,-functionalized NAA-GIFs with varying Tp,
from 550 to 850 s under controlled illumination conditions. Figures 4a-c show the linearized
pseudo-first order kinetics for these photocatalytic processes and Figures 4d-f show the
relationship between the blue and red edges of the characteristic PSB of TiO,-modified

NAA-GIFs and the absorption band of MO, RhoB and MB.

The kinetic constant (k) for the photocatalytic degradation of MO by TiO,-functionalized
NAA-GIFs with Tp= 550, 650, 750 and 850 s were 0.24 £ 0.01, 0.25 £ 0.01, 0.17 = 0.01 and
0.19 + 0.01 h', respectively (Figure 4a and Table 1). k values were higher for TiO,-
modified NAA-GIFs produced with shorter 7p (i.e. 550 and 650 s) than for those fabricated

with longer 7p (i.e. 750 and 850 s), indicating that NAA-GIFs produced with shorter
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anodization period can photodegrade MO at faster rates than their counterparts produced with
longer Tp. For instance, the photodegradation of MO in TiO,-modified NAA-GIFs fabricated
with Tp = 550 s is 29% and 21% faster than that in TiO,-functionalized NAA-GIFs produced
with Tp = 750 and 850 s, respectively. In the case of TiO,-modified NAA-GIFs fabricated
with Tp = 650 s, the photodegradation efficiency difference increases to 32% and 24% as

compared to their counterparts fabricated with 7p = 750 and 850 s, respectively.

Table 1. Values of the kinetic constant (k) for the photodegradation of MO, RhoB and MB molecules in TiO,-
functionalized NAA-GIFs produced with 7 = 550, 650, 750 and 850 s.

Anodization Period

Organic Dye 550s 650 s 750 s 850 s
MO 024+0.01h" 025+0.01h" 0.17£0.0lh" 0.19£0.01h"
RhoB 0.39+0.02h"  027+0.01h"  030+0.01h" 031=0.01h"
MB 1.07+0.04h"  1.84£0.09h" 036+0.01h" 2.10+0.07h"

This enhancement in photodegradation performance is associated with the ‘slow photon’
effect in these PC structures. Figure 4d reveals that the PSB of TiO,-modified NAA-GIFs
produced with 7p = 550 and 650 s overlaps completely and partially with the absorption band
of MO, respectively. The blue (i.e. blue vertical line) and red (i.e. red vertical line) edges of
the PSB of TiO,-functionalized NAA-GIFs with Tp = 550 and 650 s are located within the
absorption band of MO (i.e. Agje-550s = 466 nm, Ageq.ss0s = 527 nm, Agpe-gsos = 543 nm, Ageq
650s = 613 nm and Agpsp0 = 464 nm). Under illumination, groups of incoming photons
propagate with strongly reduced group velocity at the vicinity of the PC’s PSB and localize in
high (i.e. photocatalysts) and low (i.e. dye and pores) dielectric parts of the red and blue edge

of the PC’s PSB, respectively.3 4 Photocatalytic degradation of MO would thus be expected to
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be significantly enhanced in those spectral regions where the edges of the PSB are located in
the proximity of the absorption band of MO due to enhancement in the photon-to-electron
conversion rate.***® Our results and analysis confirm this hypothesis since the PSB of TiO,-
modified NAA-GIFs produced with 7p = 550 and 650 s are within the absorption band of
MO. The slightly higher performance shown by TiO,-NAA-GIFs produced with 7p = 650 s
could be associated with the wider PSB of these PC structures (Figure 3¢ — FWHMS5s5p; = 52 £
18 nm and FWHMG s, = 77 £ 25 nm) and its relative position with respect to the absorption
band of MO (i.e. Ac.ssos = 450 £ 4 nm, Acgsos = 571 £ 2 nm and Agpsp0 = 464 nm). In
contrast, the characteristic PSB of TiO,-modified NAA-GIFs produced with 7p = 750 and
850 s is located completely outside the absorption band of MO, as shown in Figure 4d,
where the latter is located the furthest away. In this region, the photocatalytic performance of
these photoactive PC structures is independent of the ‘slow photon’ effect, relying
exclusively on the geometric features of the nanoporous PC structure and the irradiation
conditions. The better photocatalytic performance shown by NAA-GIFs produced with 7p =
850 s is likely attributable to the enhanced mass transfer and light utilization efficiency by the
photoactive TiO, layers at those spectral regions of higher irradiance due to the increment in

Tp that results in longer Lyp.

Figure 4b shows the fitting lines for the photocatalytic degradation of RhoB by TiO,-
modified NAA-GIFs produced with 7Tp= 550, 650, 750 and 850 s, the k values of which were
found to be 0.39 + 0.02, 0.27 + 0.01, 0.30 £ 0.01 and 0.31 + 0.01 h'], respectively (Table 1).
The best photocatalytic performance was achieved by TiO,;-modified NAA-GIFs produced
with 7p= 550 s, which is ~21 to 31% higher than that shown by NAA-GIFs produced with
longer anodization periods (i.e. 650, 750 and 850 s). As Figure 4e shows, the red edge of the
PSB of TiO,-functionalized NAA-GIFs fabricated with 7p = 550 s is positioned within the

absorption band of RhoB, while the blue edge falls outside of the absorption region (i.e. Agy..
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5505 = 466 nM, Ageq.ss0s = 527 nm and Ayps.rios = 554 nm). Similarly, the blue edge of the PSB
of NAA-GIFs fabricated with 7p = 750 s is partially within the absorption range of RhoB
(i.e. ABie-650s = 543 nm). The red edge of the PSB of NAA-GIFs are produced with 7p = 550 s
is within the absorption band of RhoB, leading to an enhanced absorption of light that results
in the highest degradation rate for RhoB (kgpos.550s = 0.39 £ 0.02 h'l) due to the generation of
extra e/h’ pairs at these spectral regions. This phenomenon is confirmed in the case of the
blue edge of the PSB of NAA-GIFs fabricated with Tp = 750 s, although the photocatalytic
performance of this configuration is less photocatalytically efficient (kgy,p.750s = 0.30 = 0.01
h™). The PSB of TiO,-modified NAA-GIFs produced with Tp = 650 s is approximately at the
center of the absorption band of RhoB. However, these PCs achieved the worst photocatalytic
degradation performance for RhoB molecules (kgnos.s50 = 0.27 + 0.01 h™"). As Figure S5
reveals, the intensity of the absorption band of RhoB (i.e. ~3.6 a.u.) is significantly higher
than that of MO (i.e. ~1.5 a.u.) at its central position (Aps-rros = 554 nm). At these spectral
regions, RhoB molecules absorb most of the incoming light that propagates through the
aqueous organic dye before it reaches the surface of the TiO,-NAA-GIFs, reducing the
photocatalytic performance of the material due to light screening effect. The PSB of TiO»-
modified NAA-GIFs produced with 7p = 850 s is completely outside the absorption band of
RhoB (Figure 4e), although the photocatalytic performance shown by these photoactive PCs
to degrade RhoB was found to be comparable to that achieved by NAA-GIFs fabricated with
Tp = 750 s (krnos-ssos = 0.31 £ 0.01 h'l). In this scenario, photocatalytic performance is
exclusively dependent on the geometric features of the PC and on the irradiation conditions
than on the ‘slow photon’ effect. These NAA-GIFs have the longest period length (Lzp),
which facilitates the mass transfer of reactive species along the nanoporous structure and
increases the number of photoactive sites, leading to enhanced photodegradation rates. Our

analysis clearly demonstrates that the most effective approach to utilize ‘slow photon’ effect

20

ACS Paragon Plus Environment

Page 20 of 38



Page 21 of 38

oONOULTDh WN =

\e]

ACS Applied Materials & Interfaces

in TiO,-modified NAA-GIFs to degrade RhoB molecules is to match the red edge of the PSB

of these PCs with the blue and red edges of the absorption band of RhoB.

Figure 4c presents the photocatalytic degradation of MB by TiO,-functionalized NAA-GIFs
produced with 7p = 550, 650, 750 and 850 s. The degradation rates achieved by these
photoactive PCs were found to be k= 1.07 = 0.04, 1.84 £ 0.09, 0.36 + 0.01 and 2.10 £ 0.07 h°
!, respectively (Table 1). The highest photodegradation rate of MB was performed by TiO,-
modified NAA-GIF fabricated with 7p = 850 s, which was from ~11 to 83% better than
NAA-GIF counterparts produced with shorter anodization periods. As Figure 4f shows, the
red edge of the PSB of these PCs matches the red edge of the absorption band of MB
(i.e. ABle-gs0s = 685 nm, Agea.ssos = 750 nm and Ayps.s = 664 nm). On the other hand, TiO,-
modified NAA-GIFs produced with 7» = 750 s displayed the worst performing photocatalytic
performance to degrade MB (i.e. kus.750, = 0.36 + 0.01 h™), which was approximately six
times slower rate than that of NAA-GIFs produced with 7p = 850 s). According to Figure 4f,
the PSB of TiO,-modified NAA-GIFs fabricated with 7p = 750 s is entirely within the
absorption band of MB (i.e. Agje.750s = 621 nm, Ageq750s = 702 nm and Agps s = 664 nm).
Likewise in the photocatalytic degradation of RhoB, the poor photocatalytic performance
shown by these PCs can be ascribed to the high absorbance intensity of MB (i.e. ~2.9 a.u.)
(Figure S5 — Supporting Information), which hinder the incoming photons from reaching
the surface of TiO,-modified NAA-GIFs to generate e/h’ pairs to photodegrade MB
molecules absorbed onto the inner surfaces. As Figure 4¢ shows, TiO,-functionalized NAA-
GIFs produced with 7p = 650 s achieved the second-best performance to degrade MB
molecules, with kyp.50s = 1.84 = 0.09 hl. An analysis of the relative position of the blue and
red edges of the PSB of these photoactive PC structures with respect to the absorption band
of MB (Figure 4f) reveals that the PSB’s blue edge is well-matched with the blue edge of the

absorption band of MB (i.e. Aue-s50s = 531 nm, Ageqs50s = 602 nm and Aypsps = 664 nm).

21

ACS Paragon Plus Environment



oONOULLD WN =

\e]

ACS Applied Materials & Interfaces

This configuration results in enhancement of the photodegradation of these molecules due to
‘slow photon’ effect. However, these TiO,-modified NAA-GIFs undergo photodegradation at
a rate ~11% slower than those produced at 7p = 850 s. Finally, Figure 4c¢ shows that the PSB
of TiO,-functionalized NAA-GIFs produced with 7p = 550 s is located completely away from
the absorption band of MB. Therefore, the photocatalytic performance to degrade the MB
molecules by these PCs is associated with the geometric features of the NAA-GIF structure
and the irradiation conditions, without contribution from ‘slow photon’ effects. These PC
structures showed the second-worst degradation rate of this set of NAA-GIFs, with a kp_ss0s

=1.07+0.04 h".

To summarize, a systematic analysis on the effect of 7p on the photocatalytic degradation of
three model organic dye molecules (MO, RhoB and MB) by TiO,-functionalized NAA-GIFs
is presented. Our study establishes that the maximum degradation rates for MO, RhoB and
MB were kyo-550s = 0.25 £ 0.01 h™', krpop.ss0 = 0.39 + 0.02 b and kasp.ss0s = 2.10 = 0.07 h™,
which is achieved by TiO,-functionalized NAA-GIFs produced with 7p = 650, 550 and 850 s,
respectively. Our results demonstrate that a rational design of the PSB these PCs with respect
to the absorption band of these dyes can lead to a significant enhancement of the
photodegradation rate. Optimal design of these composite photocatalysts requires careful
consideration of the position of the blue and red edges of the PSB with respect to the
absorption band of the dye molecule to be degraded. However, the pairing between maximum
of the absorption band of the dye molecules and the PSB worsens significantly the overall
photocatalytic performance due to light screening effect. When the characteristic PSB falls
completely outside of the absorption band of the organic dyes, the photocatalytic
performance of TiO,-modified NAA-GIFs is solely associated with the geometric features of
the nanoporous matrix and it enhances with increasing 7p due to enhanced mass transfer,

increasing number of photoactive sites and light irradiation utilization. The nature of the dye
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molecules and their interaction with the photocatalyst surface is also a critical contributing

factor for the correct interpretation of the obtained photodegradation rates.
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Figure 4. Tuning the blue and red edges of the PSB of TiO,-functionalized NAA-GIFs produced with different
Tp to utilize the ‘slow photon’ effect for the photocatalytic degradation of model organic dyes. a-c)
Photocatalytic degradation kinetics of MO, RhoB and MB by TiO,-modified NAA-GIFs fabricated with
different 7p = 550, 650, 750 and 850 s under controlled irradiation conditions, respectively (note: black dotted
lines denote the photodegradation of the corresponding dye in control NAA-GIFs without functional TiO,
layer). d-f) Relative position of the blue and red edges of the characteristic PSB of TiO,-functionalized NAA-
GIFs produced with Tp = 550, 650, 750 and 850 s and the absorption band of MO, RhoB and MB, respectively
(note: blue and red vertical lines on the PSB of NAA-GIFs correspond to the position of the blue and red edges
of the PSB).
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For instance, our study established that the average degradation rates for RhoB and MB (i.e.
0.32 = 0.02 and 1.34 = 0.04 h™") and were faster than that of MO (i.e. 0.21 £ 0.04 h™"). RhoB
and MB are positively charged molecules, whereas the surface of the photoactive TiO, layer

is negatively charged at the pH conditions in which our study was performed (pH = 5.5).%’

This results in a strong electrostatic attraction between the organic dye molecules and the
functional TiO; layer. The higher number of adsorbed molecules onto the photoactive surface
leads to an enhancement of the overall photodegradation rate. In contrast, MO is an anionic
organic dye with negative charge that is electrostatically repulsed by the negatively charged
surface of TiO,. This reduces the amount of MO molecules absorbed onto the photo-
functional surface, worsening the overall photocatalytic degradation performance of the

38
system.

3.5.2. Effect of Anodization Time on the Photocatalytic Performance of TiO,-NAA-GIFs

The effect of the anodization time (or number of anodization pulses in SPA) on the
photocatalytic performance associated with the degradation of two model dyes (i.e. RhoB and
MB) was also studied to further define the capabilities of TiO,-functionalized NAA-GIFs as
photocatalyst platforms. A set of NAA-GIFs was fabricated by systematically modifying the
anodization time (¢4,) from 5 to 20 h (or from 22 to 85 pulses) with Ay, = 5 h (or ANp =22
pulses), while other anodization parameters were kept constant (i.e. 7p = 850 s, 4; = 0.420
mA cm'z, Jogser = 0.280 mA cm™? and tpw = 6 min). The surface of these NAA-GIFs was
functionalized with photoactive layers of TiO, following the above-mentioned sol-gel
protocol. Figure 5 and Table 2 summarize the photocatalytic degradation performance of
TiO,-modified NAA-GIFs produced with 4, = 5, 10, 15 and 20 h for RhoB and MB with
linearized pseudo-first order kinetics, where the insets represent the degradation rates (k) (i.e.

slopes of fitting lines) for each system. Figure 5a displays photocatalytic performance of
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TiO,-functionalized NAA-GIFs as a function of #4, for RhoB. Our results reveal that these
photoactive PCs degrade RhoB molecules at a rate of 0.28 + 0.02, 0.27 + 0.02, 0.22 + 0.02
and 0.31 £ 0.02 h!' for 74, = 5, 10, 15 and 20 h, respectively. In general, the photocatalytic
performance shown by these TiO,-funtionalized NAA-GIFs is comparable, with an average
degradation rate of 0.27 + 0.02 h”'. However, it is apparent that the most optimal platforms
are those fabricated with ¢4, = 20 h (i.e. 85 pulses), which provided the best performance as
compared to their counterparts produced with shorter anodization time (i.e. 10 to 29%
enhancement). The total thickness of NAA-GIFs is directly proportional to the anodization
time (i.e. number of anodization pulses).” This thickness increment leads to an enhancement
of the total light absorption by the composite PC structure,*’ enabling the generation of extra
e/h" pairs that can be employed to increase the photodegradation rate of RhoB molecules.
The performance of TiO,-functionalized NAA-GIFs for the photocatalytic degradation of MB
is shown in Figure 5b. These results confirm the same trend in the photodegradation rates as
a function of the anodization time than that observed for RhoB molecules, where the & values
were found to be 1.41 £+ 0.04, 1.32 £ 0.02, 1.26 + 0.03 and 2.10 £ 0.07 h'! for TiO,-
functionalized NAA-GIFs produced with ¢4, = 5, 10, 15 and 20 h, respectively. The rates of
photodegradation for TiO,-NAA-GIFs produced with ¢4, = 5, 10 and 15 h are comparable.
However, the fastest degradation rate was achieved by those photoactive PCs produced with
tyn = 20 h (i.e. 85 pulses), which provided ~33 to 46% enhancement as compared to their

counterparts produced with shorter anodization time.

This analysis demonstrates that TiO,-modified NAA-GIFs produced with ¢4, = 20 h are the
optimal composite PC platforms for the photocatalytic degradation of RhoB and MB dyes.
However, the photodegradation of MB molecules was found to be more dependent on ¢4, than
RhoB, as demonstrated by the enhancement in degradation rates (i.e. up to 29 and 46% for
RhoB and MB, respectively). Our study also reveals that the average k value for the
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photodegradation of MB is larger than that of RhoB by ~6 times (i.e. 1.52 + 0.39 and 0.27 +
0.04 h', respectively), where this difference is in good agreement with the results obtained
for the photocatalytic degradation of these organic dyes by TiO,-modified NAA-GIFs

produced with different 7p.

Table 2. Values of the kinetic constant (k) for the photodegradation of RhoB and MB molecules in TiO,-
functionalized NAA-GIFs produced with ¢, = 5, 10, 15 and 20 h.

Anodization Time

Organic Dye 5h 10 h I5h 20 h
RhoB 0.28+0.02h7  027+0.02hT  022+002h7  031+0.01h"
MB 1.41+004h"  132+002h"  126+0.03h" 2.10+0.07h"

3.6. Photocatalytic Degradation Mechanism. A possible photocatalytic degradation
mechanism using TiO,-modified NAA-GIFs with the aid of H,O, under visible-NIR light
irradiation (400 < 1 < 1000 nm) is proposed based on the above results. Under light
irradiation, e/h" pairs in the photoactive TiO, layer deposited onto the inner surface of NAA-
GIFs are generated in the conduction and valence bands, respectively. Oxidation of H,O
induced by photogenerated holes forms "OH radicals that degrade the model organic dye
molecules, decomposing these organic compounds into CO, and H,0O. H,0O; is added as a
primary electron acceptor to form ‘OH radicals and OH™ ions, which are oxidized by the
photogenerated holes to ‘OH radicals. The enhanced photodegradation rates observed in our
study can be associated with the ‘slow photon’ effect, which further facilitates the lifetime
and photogeneration of charge carriers, and with the mass transfer and photoactive sites in the

nanoporous photonic structure of NAA-GIFs.

26

ACS Paragon Plus Environment

Page 26 of 38



Page 27 of 38

oONOULTDh WN =

\e]

ACS Applied Materials & Interfaces

Photons from high irradiance regions (i.e. visible and NIR) are collected by the underlying
NAA-based PC structure and utilized by the photoactive TiO, functional layer to generate ¢
/h" pairs. Photocatalytic enhancement is due to the presence of photons with reduced group
velocity localized at frequencies of high irradiance that match with the edges of the
characteristic PSB of NAA-GIFs. This enhancement was found to be maximum when the
blue and red edges of the PSB are located at the proximity of the blue and red sides of the
absorbance band of the model dye molecules. However, the high absorption of light of
organic dyes at the center of their absorbance band minimizes the amount of light that
reaches the photoactive layer of TiO,-functionalized NAA-GIFs, reducing significantly the
overall photodegradation rate. This effect is particularly significant for organic dyes with
high absorption bands, such as RhoB and MB. Therefore, the absorption intensity and
position of the absorbance band of organic dyes and the relative positioning of the edges of
the PSB are critical factors to consider in order to make an optimal utilization of the ‘slow
photon’ effect for enhanced photocatalytic applications by a rational management of photons

at the nanoscale.
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Figure 5. Effect of the anodization time (z4,) of TiO,-functionalized NAA-GIFs on the photocatalytic
degradation of model organic dyes. a and b) Photocatalytic degradation kinetics of RhoB and MB in TiO,-
modified NAA-GIFs produced with ¢4, = 5, 10, 15 and 20 h under controlled light irradiation, respectively
(insets compile the values of the kinetic constant (k) for the photocatalytic degradation of these model organic
dyes) (note: black dotted lines denote the photodegradation of the corresponding dye in control NAA-GIFs
without functional TiO, layer).

To date, some proof-of-concept studies have identified and utilized the ‘slow photon’ effect
in different photonic crystal structures (Table 3). For instance, Zheng et al. developed 3D
Ti0O; inverted opal PCs featuring different pore sizes (i.e. from 270 to 460 nm) and assessed
the photodegradation of RhoB, MO and MB under controlled illumination conditions.>® The
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performance of the system to degrade these dyes was assessed under visible light irradiation
conditions. The photocatalytic performance of 3D TiO; inverted opal PCs was found to be
krnos = 0.47 h™', kyo=0.01h" and ky = 1.32 h™', respectively. Although the degradation rate
for RhoB molecules was slightly higher than that achieved by our system (i.e. ~17%
enhancement), TiO,-functionalized NAA-GIFs showed a much superior performance to

photodegrade MO and MB molecules (i.e. ~96% and ~37% enhancement, respectively).

Fabrication of nanotubular TiO, structures by direct anodization of titanium substrates
enables the development of TiO,-based photocatalyst PCs. However, the controllability and
versatility of this method to engineer the effective medium of these PCs is limited. To date,
several studies have explored the potential applicability of this material for photocatalysis.
1D nanotubular TiO, PCs provided degradations rates of kgpos = 0.195 h'l, kyo = 0.045 h!
and k. = 2.00 h™! under visible light irradiation.*'™ Under the conditions used in our study
(visible-NIR irradiation), TiO,-modified NAA-GIFs outperform significantly 1D nanotubular
TiO, PCs, with a performance enhancement of ~50%, ~82% and ~21% to degrade RhoB,

MO and MB molecules, respectively.

Semiconductor nanoparticles are the benchmark and most widely investigated photocatalysts
platforms in photocatalysis. Several studies have reported photodegradation of RhoB, MO
and MB using P25 TiO; nanoparticles under controlled visible illumination conditions. The
best performances achieved by this system were kg5 = 0.47 h'l, kyo=0.24 h'! and kug=1.5
h! 3¥4% Photodegradation performance of P25 TiO, nanoparticles for RhoB was ~17%
superior than that of TiO,-functionalized NAA-GIFs. However, our system outperformed this

photocatalyst benchmark material in the degradation of MO and MB, with an enhancement of

~4% and ~29%, respectively.
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These results demonstrate the potential of TiO,-modified NAA-GIFs as a photocatalyst
platform, where optoelectronic properties can be precisely engineered to achieve

unprecedented performances in photocatalysis applications.

Table 3. Compilation of representative values of the kinetic constant (k) for the photodegradation of MO, RhoB
and MB molecules in different TiO,-based photocatalyst systems.

TiO,-Based Material Organic Dye k(™ Reference
3D Inverted Opal PCs MO 0.01 38
RhoB 0.47 38
MB 1.32 38
Anodic Nanotubular PCs MO 0.045 42
RhoB 0.195 41
MB 2.00 43
P25 Nanoparticles MO 0.24 44
RhoB 0.47 38
MB 1.50 43
NAA-GIFs MO 0.25 This Study
RhoB 0.39 This Study
MB 2.10 This Study
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CONCLUSIONS

To summarize, we have performed first study assessing the capability of photoactive
NAA-based PC structures functionalized with TiO, layers to enhance the performance of
photocatalytic reactions by ‘slow photon’ effect. Manipulation of various anodization
parameters (i.e. pore widening time, anodization period and anodization time) during the
fabrication of these PC structures enables precise engineering of features (i.e. position and
bandwidth) of their PSB across the spectral regions. The photon-to-electron conversion rate
in TiO;-modified NAA-GIFs was found to be dependent on the position of edges of the
characteristic PSB as well as on the absorption range, absorbance intensity and properties of
model organic dyes under simulated solar light irradiation. A careful design of the position of
the edges of the PSB of photoactive NAA-GIFs with respect to the absorption band of
organic dyes was found to enhance the photodegradation rate of these molecules significantly
by ‘slow photon’ effect. This approach enables the utilization of photons from high irradiance
regions (i.e. visible and NIR) to generate extra e/h" pairs, overcoming the intrinsic limitation
of the photoactive material (i.e. TiO, — constricted to the UV range). Our study reveals that
Ti0O,-functionalized NAA-GIFs produced with Tp values of 550, 650 and 850 s show the best
photocatalytic performances to degrade rhodamine B, methyl orange and methylene blue,
respectively (i.e. krnop-ss0s = 0.39 £ 0.02 h'l, kuo-ss0s = 0.25 £ 0.01 h! and kyp.ssos = 2.10 £
0.07 h'", respectively). In many cases, our system outperformed other photocatalyst platforms
in the photodegradation of these model molecules, demonstrating a promising potential in

photocatalysis applications.

Pairing between the absorption band of the organic dye with the edges of the PSB of
photoactive NAA-GIFs was found to be optimal to enhance the photodegradation of methyl
orange molecules due to the low absorption intensity. However, in the case of highly
absorbing dye molecules (i.e. rhodamine B and methylene blue), optimal utilization of the
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‘slow photon’ effect requires alignment of the blue or red edges of the PSB with the edges of
the absorption band of the dye to avoid light screening effects. When the characteristic PSB
of photoactive NAA-GIFs falls completely outside of the absorption band of the organic
dyes, the photocatalytic performance is solely associated with the geometric features of the
PC structure. In such scenario, NAA-GIFs produced with longer anodization period achieve
better degradation rages due to the longer period length within the NAA-GIF structure, which
enhances the mass transfer of reactive species and increases the number of photoactive sites.
Our study also reveals that the optimal anodization time (i.e. number of anodization pulses)
for the efficient photocatalytic degradation of organic dyes is 20 h (i.e. 85 pulses at 7p = 850
s), independently on the type of organic dye to be degraded. The properties of the model
organic dye (i.e. charge and photosensitivity) play a critical role to dictate the overall
photocatalytic performance of TiO,-functionalized NAA-GIFs, where positively charged and

more photosensitive molecules (i.e. RhoB and MB) degrade at faster rates.

Our comprehensive study demonstrates that the development of photoactive NAA-
GIFs with rationally engineered optical and photocatalytic properties can enhance photon-to-
electron conversion rates significantly, providing new opportunities for the development of
environmental friendly, economical and high-performance photocatalysts with broad

applicability in environmental remediation and clean energy generation.
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