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Integrating Surface Plasmon Resonance and Slow Photon Effects
in Nanoporous Anodic Alumina Photonic Crystals for
Photocatalysis

Siew Yee Limab<, Cheryl Suwen Law®b<, Lina Liu®9d, Marijana Markovic®¢, Andrew D. Abell**<f and
Abel Santos*ab«¢

This study explores the potential of gold-coated titania-functionalized nanoporous anodic alumina distributed Bragg
reflectors (Au-TiO,-NAA-DBRs) as platforms to enhance photocatalytic reactions by integrating “slow photons” and surface
plasmon resonance (SPR). The photocatalytic degradation rate of methylene blue — a model organic compound with a
well-defined absorbance band in the visible spectral region — by these composite photonic crystals (PC) upon visible-NIR
light irradiation is used as an indicator to identify coupling effects between “slow photon” effect and SPR. Our study
demonstrates that the photocatalytic enhancement in Au-TiO,-NAA-DBRs is strongly associated with “slow photons”
effect, while the contribution of SPR to the overall photocatalytic enhancement is weak due to the localized generation of
surface plasmons on the top surface of the composite PC structure. Photocatalytic enhancement is optimal when the
characteristic photonic stopband of these PCs partially overlaps with the absorbance band of methylene blue, which
results in edges being positioned away from the absorbance maximum of the organic dye. The overall photocatalytic
degradation for methylene blue is also correlated to the type of noble metal coating and the geometric features of the PC
structures. These results establish a rationale for further development of noble metal-coated NAA-based hybrid
plasmonic—photonic crystal photocatalyst platforms to optimally integrate “slow photons” and SPR for enhancing the
efficiency of photocatalytic reactions and other light harvesting applications.

Introduction

Semiconductor photocatalysts harvest the energy of
incoming photons to drive chemical reactions for solar-to-fuel
remediation, including
hydrogen (H,) energy generation,'* water treatment,*! air
purification,'>3 ammonia (NH3) synthesis,’*'> carbon dioxide
(CO,) reduction'®'” and warfare agents destruction.’®° In
Fujishima?® and Carey?! reported
production of clean H, energy and degradation of organic
pollutants by semiconducting titanium dioxide (TiO,) under UV
light irradiation, respectively. TiO, remains a benchmark

conversion and environmental

land-mark studies,

semiconducting material for photocatalysis applications due to
its strong oxidizing capability, remarkable stability against
photo- and chemical corrosion, non-toxicity and low cost.??
However, the high recombination rate of electron/hole (e/h*)
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pairs (i.e. ¥90%) and the large energy bandgap (i.e. ~¥3.0-3.2
eV) of TiO, only enables efficient absorption of UV light (i.e.
~4% of the solar spectrum), limiting the practical capability of
this material for sunlight-driven photocatalysis applications.?3
Various approaches have been devised to overcome the
intrinsic limitations of TiO,, including doping,2*2> coupling with
other semiconducting metal surface
modification,?82° engineering of mesoporous structures3031
and incorporation of noble Enhanced
photocatalytic performance of hybrid noble metal/TiO,

oxides,26:27
metals.”-9:32

composite structures is associated with localized surface
plasmon resonances (SPR), which are collective oscillations of
the conducting electrons in the noble metal driven by the
electromagnetic field generated by incident photons.33:3* For
instance, Lu et al. (2012)> demonstrated that hybrid Au
nanoparticle-decorated-TiO, nanocrystalline platforms have
~52% superior performance compared to uncoated TiO,
nanocrystalline particles in the photocatalytic degradation of
2,4-dichlorophenol under visible light irradiation. This
photocatalytic enhancement is associated with SPR, which can
extend absorption of the semiconductor material to a
wavelength longer range (i.e. visible spectrum), while also
reducing the recombination rate of e/h* pairs by forming a
heterojunction between the semiconductor and the noble
metal. Photocatalytic reactions can be further enhanced by
engineering the structure of hybrid noble metal-TiO,
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photocatalyst materials in the form of photonic crystals (PCs),
including nanotubes,3> inverse opals>3® and bioinspired PC
structures.3” For instance, hybrid Au nanoparticle-decorated—
TiO, inverse opal PC structures outperform Au nanoparticle-
decorated-TiO, nanocrystalline counterparts, with ~56%
enhancement in the photodegradation of the same organic
pollutant.> PC structures can enhance light—-matter interactions
for photocatalysis via Bragg diffraction, multiple scattering and
“slow photon” effect.®3%4° Bragg diffraction inhibits
propagation of light within the spectral range of the PC’s
photonic stopband (PSB). However, multiple scattering
increases the confinement of light at those wavelengths away
from the PSB so light trapped within the PC’s structure can be
used by the semiconductor to speed up photocatalytic
reactions. “Slow photon” effect occurs at the frequency edges
of the PSB, where slow photons (i.e. photons with strongly
reduced group velocity) are primarily localized in the high (i.e.
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red edge of the PSB) and low (i.e. blue edge@f, the. BSB)
dielectric parts of the PC’s structure. THisl dPFEEOSIERIfIEEATlY
increases the lifetime of photons and the overall light
absorption of the semiconductor. Coupling of SPR and PC
effects in hybrid noble metal-TiO, PC photocatalyst structures
can thus significantly enhance the overall photon-to-electron
conversion rate by a rational management of photons at the
nanoscale. However, the fabrication of TiO,-based PCs
presents intrinsic limitations and technical challenges,
including limited spectral controllability of the PC’s PSB
features, restriction to small areas and long processing times
(i.e. TiO,-based inverted opal PCs), and light scattering due to
the over-etching of the PC structure in hydrofluoric acid (HF)-
based electrolytes (i.e. TiO,-based nanotubular PCs produced
by anodization). These drawbacks limit practical utilization of
TiO,-based PCs for efficient and large-scale photocatalytic
applications.41-46
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Fig. 1 Fabrication of gold-coated titania-functionalized nanoporous anodic alumina distributed Bragg reflectors (Au-TiO,-NAA-DBRs) by two-step pulse
anodization for their application in photocatalysis. a) Schematic showing the fabrication of Au-TiO,-NAA-DBRs by two-step pulse anodization, surface
functionalization with photoactive TiO, and deposition of metallic Au. b) Schematic illustrating the photocatalytic assessment of Au-TiO,-NAA-DBRs under
controlled visible-NIR irradiation conditions, with details showing the surface plasmon resonance (SPR) (top) and the chemical and electronic band
structures (bottom) of the composite PC structures (note: E, = energy bandgap, hv = excitation energy, CB = conduction band and VB = valence band). c)
Transmission spectrum of a reference Au-TiO,-NAA-DBR showing the region of “slow photon” (SP) effect induced by the blue and red edges of the photonic
stopband (PSB) and the SPR effect associated with the metallic Au film on the top of the PC structure (note: Au-TiO,-NAA-DBR produced with anodization
period — T, = 985 s, pore widening time — t,,, = 24 min, Au deposition time — 1, = 30 s and medium = air).

Significant effort has been devoted to large scale
production of alternative materials that can be engineered
into high-performing TiO,-based PC photocatalyst platforms
for real-life applications. We have recently demonstrated that
TiO,-functionalized nanoporous anodic alumina photonic
crystals (NAA-PCs), with rationally engineered optical
properties, provide superior performance than that of

This journal is © The Royal Society of Chemistry 2019

conventional photocatalyst platforms in the photodegradation
of a variety of organic pollutants.1%11 NAA is an ideal platform
to develop PC structures due to its highly controllable and
versatile nanoporous structure composed of cylindrical
nanopores. The optical features of the characteristic PSB in
NAA-PCs can be modulated with precision by engineering their
nanoporous structure in the form of different PC architectures,
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including distributed Bragg reflectors (DBRs),'4’ bandpass
filters,*®4° Fabry-Pérot interferometers,”®5! gradient-index
filters,10525%  hybrid photonic crystals,> and optical
microcavities.>®>8 NAA-PCs have been used in optical chemo-
and biosensing,”®5! light filtering,*’ optical encoding> and
photocatalysis.’®!1 The nanoporous structure of NAA-PCs
facilitates mass transfer of ionic and molecular species
involved in photocatalytic reactions and an efficient
management of photons by controlled light-matter
interactions to increase photon-to-electron conversion rates
for high-performance photocatalytic applications.*10.11

In this study, we analyze the photocatalytic performance of
hybrid Au-TiO,-NAA-DBRs by monitoring the photodegradation
of a model organic. Au-TiO,-NAA-DBRs are fabricated by two-
step pulse anodization and chemically modified by sol-gel
method and deposition of Au (Fig. 1). The effect of various
fabrication parameters (i.e. anodization period, pore widening
time, noble metal deposition time, starting anodization voltage
and type of noble metal coating) on the photocatalytic
performance of these hybrid PCs under controlled visible—NIR
irradiation are systematically investigated. The photocatalytic
degradation of methylene blue by Au-TiO,-NAA-DBRs allows
the identification and quantification of photocatalytic
performance enhancements associated with coupling effects
between slow photons and SPR.

Experimental Section
Materials

High purity (99.9997%) aluminum (Al) foils 0.32 mm thick
were supplied by Goodfellow Cambridge Ltd. (UK). Oxalic acid
(H,C,0,), perchloric acid (HCIO,4), copper (II) chloride (CucCl,),
hydrochloric acid (HCI), chromic acid (H,CrQ,), titanium (IV)
butoxide (Ti(OBu),4), hydrogen peroxide (H,0,) and methylene
blue (C16H18CIN3S, MB) were purchased from Sigma-Aldrich
(Australia). Ethanol (C,HsOH, EtOH) and phosphoric acid
(H3PO,4) were supplied by ChemSupply (Australia). Aqueous
solutions used in this study were prepared with ultrapure Milli-
Q® water (18.2 mQ-cm).

Fabrication of NAA-DBRs

NAA-DBRs were synthesized by two-step pulse anodization
under voltage control conditions.>®>° 1.5 x 1.5 cm? Al square
chips were sonicated in EtOH and ultrapure water for 15 min
each, dried under air stream and electropolished in a mixture
of EtOH and HCIO4; 4:1 (v:v) at 20 V and 5 °C for 3 min.
Anodization was performed in an electrochemical reactor with
a circular window 1 cm in diameter. The first anodization step
was performed in 0.3 M H,C,0,4 at 40 V and 6 °C for 20 h. The
resulting NAA layer was removed by wet chemical etching in a
mixture of 0.2 M H,CrO, and 0.4 M H3PQO,4 at 70 °C for 3 h. The
second anodization step was carried out using the same acid
electrolyte and temperature as in the first anodization step.
The anodization process started with a constant voltage step
of 40 V for 10 min. The anodization profile was subsequently
switched to pulse mode, in which each asymmetric stepwise
pulse consisted of three stages: (i) a high voltage (HV) stage at

This journal is © The Royal Society of Chemistry 2019
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a constant voltage of 50 V, (ii) a decreasing voltage, ramp#t.@
rate of 0.078 Vs from 50 V to 20 V, and{ii) @ lowP{aitage (Exg
stage at a constant voltage of 20 V. The anodization period
(Tp) — total time for each pulse — was calculated using Eq. 1 as
the contribution of each pulse stage (i.e. time at HV stage —
tyy, time at decreasing ramp stage — t;y.yy, and time at LV stage
— t;y). While the number of pulses, t;,.;v and t;, were fixed at
60 pulses, ~385 s and 8 min, respectively, ty, was
systematically modified from 30 to 120 s, with Aty, = 30 s.

Tp=tyy+ty_nv+ty (1)

The anodization period (Tp) and pore widening time (t,,)
were systematically manipulated from 895 to 985 s with AT, =
30 s, and from O to 24 min with At,, = 12 min, respectively.
Note that NAA-DBRs were pore widened in an aqueous
solution of 5 wt% H3PO, at 35 °C after fabrication.

The effect of the pore diameter and interpore distance (or
lattice constant) on the top surface of NAA-DBRs on the
photocatalytic performance of these composite photocatalyst
platforms was assessed. The geometric features of NAA-DBRs
were systematically modified by a three-step pulse
anodization approach, using different starting anodization
voltages (V,) ranged from 60 to 100 V with AV, = 20 V. The first
and second anodization steps were performed at V, using the
same acid electrolyte, though the duration of the latter was
set to 45, 30 and 15 min for V, = 60, 80 and 100 V,
respectively. After the second anodization step, a pore
widening treatment was carried out for 20, 20 and 35 min,
respectively, to thin the oxide barrier layer located at the
nanopore bottom tips and allow the effective flow of
electrolytic species and the translation of anodization voltage
modifications into porosity changes. The third anodization step
was performed under pulse anodization mode at fixed ty, =
120 s (i.e. Tp =985 s) (vide supra).

Surface Functionalization and Top Coating of NAA-DBRs

The surface of NAA-DBRs was chemically functionalized
with layers of photoactive TiO, through sol-gel method. EtOH
(97 v%) and titanium (IV) butoxide (3 v%) were mixed under
magnetic stirring for 10 min to prepare TiO, sol. NAA-DBRs
were then immerse in the TiO; sol for 24 h to functionalize the
inner surface of NAA-DBRs. Surface-functionalized NAA-DBRs
were then washed with EtOH to remove any excess of TiO, sol
and titanium (IV) butoxide. After washing, TiO,-NAA-DBRs
were dried in an oven at 50 °C for 10 min to evaporate residual
EtOH. The top surface of TiO,-NAA-DBRs was subsequently
coated with an ultrathin layer of noble metal (i.e. Au or Ag)
using a sputter coater equipped with a film thickness monitor
(sputter coater 108auto, Cressington, USA). To investigate the
effect of surface plasmon resonance (SPR) on the
photocatalytic performance of noble metal-TiO,-NAA-DBRs,
the deposition time (tp) of noble metal was systematically
varied from 0 to 60 s with an interval of Atp = 30 s. The effect
of different noble metal coatings (i.e. Au and Ag) was also
studied.
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Optical Characterization

Prior to optical characterization, the remaining Al substrate
was selectively dissolved from the backside of NAA-DBRs by
wet chemical etching in a saturated solution of HCI/CuCl,, using
an etching cell with a Viton® mask featuring a circular window
of 5 mm in diameter. The absorption and transmission spectra
of NAA-DBRs fabricated at various conditions were obtained in
air and water at normal incidence (i.e. &= 0°) from 200 to 900
nm with a resolution of 1 nm using a UV-visible-NIR
spectrophotometer (Cary 60, Agilent, USA). The absorbance
spectrum of 5 mg L' MB in a 10 mm path length polystyrene
cuvette was acquired from 200 to 800 nm to determine the
absorbance band of MB (Fig. S1 — ESI). The reflection spectra
of NAA-DBRs produced with various fabrication conditions at
normal incidence were obtained in air and water. The surface
of NAA-DBRs was illuminated with white light from a tungsten
source (LS-1LL, Ocean Optics, USA) by a bifurcated optical
probe. The collection fiber in the optical probe collected and
transferred the light reflected from the illumination spot (~2
mm in diameter) to a miniature spectrometer (USB 4000+VIS-
NIR-ES, Ocean Optics, USA). The interferometric color
displayed by NAA-DBRs as a function of various fabrication
parameters was characterized through digital pictures, using a
Canon EOS 700D digital camera equipped with a Tamron 90
mm F2.8 VC USD macro mount lens with autofocus function
under natural light illumination. The position of the central
wavelength of the photonic stopband of NAA-DBRs was
estimated by Gaussian fittings in OriginPro 8.5°®.

Photocatalytic Degradation of Model Organic

The photocatalytic performance of noble metal-TiO,-NAA-
DBRs produced with different Tp, t,,, Tp, V, and noble metal
coating was assessed under simulated solar light irradiation
conditions using photocatalytic degradation of methylene blue
(MB) as an indicator, which is a model organic dye with a well-
defined absorbance band within the visible spectral range (i.e.
MB — Aasms = 664 nm). Photocatalytic reactions were
performed in a transparent reactor, in which noble metal-TiO,-
NAA-DBRs with an effective area of 1 cm? were immersed in a
2 mL solution mixture of 5 mg L't of MB and 100 mM H,0,. The
solution was stirred magnetically in a dark vessel (i.e. solar
simulator) for 30 min to ensure an adsorption and desorption
equilibrium prior to irradiation. The system was then
illuminated with a 150 W (~3000 lumen) halogen lamp (HL250-
A, Amscope, Australia) at room temperature to simulate solar
light., The absorbance of the solution mixture at Aps. s = 664
nm was analyzed for each illumination time interval (i.e. 15
min) by a UV-visible spectrophotometer in order to determine
the concentration of MB throughout time. A calibration line
establishing the correlation between the absorbance and the
concentration of MB was used to obtain the photocatalytic
conversion ratio (C;/C,), where C, is the concentration of MB
after stirring in the dark for 30 min and C; is the concentration
at a given illumination time t (Fig. S2 — ESI). This parameter
was used to establish the kinetic model for this photocatalytic
system. The average photocatalytic degradation rates were

This journal is © The Royal Society of Chemistry 2019

summarized in contour maps generated using OrjginPra.8,5%,
using a triangulation algorithm in which Bk& ¢eéPédirfate¥ hthe
intersection point were computed with linear interpolation.

Chemical and Structural Characterization

The nanoporous structure of NAA-DBRs produced at
various conditions was characterized using a field emission gun
scanning electron microscope (FEG-SEM FEI Quanta 450). FEG-
SEM images were analyzed by Imagel) to establish the
geometric features of NAA-DBRs.%° The chemical composition
of NAA-DBRs before and after surface functionalization with
TiO, was analyzed by energy dispersive X-ray (EDX)
spectroscopy during FEG-SEM characterization.

Results and Discussion
Structural Characterization of NAA-DBRs

Fig. 2 depicts representative FEG-SEM images and a
schematic definition of the structural features of NAA-DBRs
produced by pulse anodization. NAA-DBRs feature an
organized nanoporous geometry in two planar directions: (i)
honeycomb-like distribution of nanopores across the top
plane, and (ii) periodically modulated nanopore diameter in
depth along the normal plane (Fig. 2a). The main structural
parameters of Au-NAA-DBRs include the total pore length (L,),
interpore distance (di), pore diameter (d,), period length (Lp)
and noble metal thickness (Lp). Fig. 2b shows arrays of
homogeneously distributed, hexagonally arranged nanopores
across the top surface NAA-DBRs, where the average d, is 31
4 nm with no pore widening treatment. The cross-sectional
view FEG-SEM image displays the constant voltage anodization
(CA) step, during which straight cylindrical nanopores are
produced (Fig. 2c). Alternating stacked layers of NAA with
periodic modulation of nanopore diameter are produced
during the pulse anodization (PA) stage, as indicated by Ly in
the schematic in Fig. 2a and the white arrowheads shown in
Fig. 2d. These periodic layers feature straight cylindrical pores
with branched tips that form during high and low voltage
anodization stages, respectively. Nanopore branching is
associated with the growth of nanopores under non-steady
conditions (i.e. low voltage anodization), which is
characterized by a current recovery stage in the anodization
profile.>3 Fig. 2e shows the linear dependence of Ly on Tp,
where Lyp increases at a rate of 1.00 + 0.10 nm s with Tp,. The
geometric features (i.e. d, and dj,) of NAA-DBRs also follow a
linear trend with V,, where d, and dj,; increase at a rate of 1.94
+ 0.04 and 2.78 + 0.05 nm s with increasing V,, respectively
(Fig. 2f).

Effect of Anodization Parameters on the Optical Properties of
NAA-DBRs

Fig. 3 presents a representative two-step pulse anodization
profile used to produce NAA-DBRs as well as the combined
effect of Tp and t,,,, on the central position of the characteristic
photonic stopband (A¢) of NAA-DBRs in air and water.
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Fig. 2 Nanoporous structure of NAA-DBRs produced by pulse anodization. a) lllustration describing the geometric features of gold-coated NAA-DBRs
including the total pore length (L,), interpore distance (d;,), pore diameter (d,), period length (L) and Au thickness (L) (note: H = top horizontal plane and N
= vertical normal plane). b) Representative top view FEG-SEM image of a NAA-DBR produced by two-step pulse anodization with anodization period T, = 985
s, number of anodization pulses N, = 60 pulses and pore widening time t,, = 0 min (scale bar = 500 nm). c) General cross-sectional view FEG-SEM image of a
NAA-DBR, where CA and PA represent the constant (CA) and pulse voltage anodization (PA) steps (scale bar = 5 um). d) Magnified view of the white square
shown in c) (scale bar = 1 um). e) Linear correlation establishing the dependency of L, and T, from 895 to 985 s. f) Linear dependence of dj,; and d, on the

voltage during the constant anodization step (V,).

The anodization profile demonstrates that current density
(i.e. output) follows the pulse anodization voltage (i.e. input)
applied during the second anodization step (Fig. 3a). However,
a slight current recovery period was observed as compared to
NAA-DBRs fabricated in H,SO, electrolyte.''*7 This is due to the
thicker oxide barrier layer located at the nanopore bottom tips

This journal is © The Royal Society of Chemistry 2019

under these fabrication conditions.®! To understand the effect
of Tp and t,, on the optical properties of NAA-DBRs, a set of
NAA-DBRs was produced by systematically modifying T» from
895 to 985 s with AT, = 30 s, and t,,, from O to 24 min with At,,,
=12 min. Fig. 3b depicts the interferometric color displayed by
these photonic crystal structures in air, where some NAA-DBRs

Catal. Sci. Technol., 2019, 00, 1-3 | 5
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display vivid color from purplish blue to red, while others
display transparent color (i.e. black background). The position
of the characteristic PSB dictates the interferometric color
displayed by the NAA-DBRs. As such, these PCs feature
transparent and vivid colors when the characteristic photonic
stopband (PSB) falls within the NIR and visible regions of the
spectrum, respectively (Fig. S3 — ESI). The intensity of the
characteristic PSB also plays a major role in the intensity of the
interferometric color of NAA-DBRs. For instance, NAA-DBRs
produced with Tp = 895 and 955 s at t,, = 0 min display weak
green and red colors, respectively, as compared to the vivid
colors shown by their analogue NAA-DBRs produced at t,,, = 12
min (i.e. intense blue and red, respectively). Digital images also
demonstrate that the interferometric color of NAA-DBRs red-
shifts with increasing Tp. For example, NAA-DBRs produced
with Tp = 895, 925, 955 and 985 s at t,, = 24 min show vivid
blue, green, orange and red color, respectively. In contrast to
the effect of Tp, the interferometric color of NAA-DBRs blue-
shifts with t,,, as revealed by the red, gold and green vivid
colors observed for NAA-DBRs fabricated at T, = 925 s with
increasing t,,, from 0 to 24 min with At,, = 12 min,
respectively. The correlation between T, and A establishes a
linear relationship with t,, from 0 to 24 min, where the slopes
of the linear fittings were 3.59 + 0.09, 3.54 + 0.03 and 3.22 +
0.09 nm s, respectively (Fig. 3c). Ac can be tuned from 421+ 1
nm (Tp = 895 s and t,, = 6 min) to 854 = 1 nm (T, = 985 s and

ARTICLE

tow = 0 min) for the range of anodization parameters, studied,
demonstrating that A¢ red-shifts with iddPEdSing T - and Blae-
shifts with increasing t,,. The optical properties of NAA-DBRs
were characterized in water to identify photocatalytic
enhancements associated with “slow photon” effect, since the
photocatalytic degradation of MB was performed in aqueous
solution. Fig. 3d shows the linear dependence of A¢c on Tp in
water, in which the former parameter red-shifts at a rate of
3.26 £ 0.08, 3.44 £ 0.23 and 3.42 £ 0.10 nm s! with the latter
parameter for t,, = 0, 12 and 24 min, respectively. These
results also demonstrate that A¢ blue-shifts with increasing t,,.
The position of the characteristic PSB of NAA-DBRs in water
can be tuned from 483 + 1 nm (T, = 895 s and t,, = 6 min) to
887 £ 1 nm (Tp = 985 s and t,, = 0 min), as denoted in the
transmission spectra shown in Fig. S4 (ESI). When the medium
filling the nanoporous structures of NAA-DBRs is changed from
air to water, the position of the characteristic PSB is red-
shifted at an average rate of 46 + 17,42 + 14 and 80 £ 13 nm s~
1 for t,, = 0, 12 and 24 min, respectively (Figs. 3c and d). These
red-shifts are associated with the filling of nanoporous
network of NAA-DBRs with a medium of higher refractive
index than that of air (i.e. ng;, = 1.00 RIU and nyqeer = 1.33 RIU).
These results demonstrate that the optical characteristics of
NAA-DBRs can be precisely tuned across the visible-NIR
spectrum by systematically manipulating the fabrication
parameters (i.e. Tp and t,y).
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Fig. 3 Effect of anodization period (7,) and pore widening time (t,,) on the optical properties of NAA-DBRs. a) Representative anodization profile of NAA-
DBRs produced by pulse anodization with T, = 985 s and N, = 60 pulses. b) Digital pictures of NAA-DBRs produced with different T, and t,,, values. c) and d)
Central position of the characteristic photonic stopband (PSB — A() as a function of T, and t,,, where the medium filling the nanoporous structure of NAA-
DBRs is air and water, respectively.

This journal is © The Royal Society of Chemistry 2019

Catal. Sci. Technol., 2019, 00, 1-3 | 6



https://doi.org/10.1039/c9cy00627c

Page 7 of 19

Published on 18 May 2019. Downloaded by UNIVERSITY OF ADELAIDE on 5/18/2019 5:56:46 AM.

Catalysis Science & Technology

Effect of Surface Functionalization of TiO, and Noble Metal
Coating on the Properties of NAA-DBRs

Fig. 4 depicts the effect of the deposition of TiO, layers and

Catalysis Science & Technology

View Article Online
DOI: 10.1039/C9CY00627C

characteristics of NAA-DBRs. Photoactive layers of TiO, were
deposited onto the inner surface of NAA-DBRs by sol-gel
method to develop a photoactive composite photonic crystal
structure for photocatalysis.
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Fig. 4 Chemical and optical characterization of Au-TiO,-NAA-DBRs after surface functionalization with photoactive layers of TiO, and top coating with metallic
Au. a) Energy dispersive X-ray (EDX) spectra of a representative NAA-DBR with insets showing the schematic composition of NAA-DBRs (left) and the
percentage of main elements present (right) before and after surface functionalization with TiO, (note: NAA-DBR produced with T, = 985 s and t,,, = 24 min).
b) Transmission spectrum of the representative NAA-DBR in water showing the surface plasmon resonance band (SPR) and characteristic photonic stopband
(PSB) before and after coating the top surface with Au for a deposition time (tp) of 30 s. c) FEG-SEM images of the representative NAA-DBR from (b) before

and after Au coating (scale bar = 500 nm).

Fig. 4a shows the energy dispersive X-ray (EDX) spectra,
including insets of graphical illustration of NAA-DBRs (left) and
percentage of main elements (right), before and after
depositing TiO, onto the inner surface of NAA-DBRs. The EDX
spectrum for as-produced NAA-DBRs indicates that the
percentage of elements such as Al, O and C were 80.4 * 8.0,
18.2 + 1.8 and 1.4 + 0.1 %, respectively. These atoms
correspond to the chemical composition of the photonic
structures, where Al and O atoms correspond to alumina
(Al,03) and C atoms are associated with contaminants

This journal is © The Royal Society of Chemistry 2019

incorporated into the alumina structure from the acid
electrolyte (i.e. oxalic acid) during anodization. After surface
functionalization with TiO, layers, the percentages of Al, O, C
and Ti were determined to be 72.6 £ 7.3,23.4 +2.3,1.7 £ 0.2
and 2.3 £ 0.2 %, respectively. The relative percentage
increment in the characteristic peaks of O and Ti atoms after
TiO, deposition indicates that photoactive TiO, layers were
successfully deposited onto the inner surface of NAA-DBRs.
The top surface of NAA-DBRs was also coated with thin layers
of Au by sputtering to provide the surface plasmon resonance

Catal. Sci. Technol., 2019, 00, 1-3 | 7
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(SPR) in the composite photonic crystal structures. Fig. 4b
shows transmission spectra of a representative NAA-DBR in
water before and after coating with a thin film of Au for 30 s.
Before coating, the position of the characteristic PSB is located
at 804 + 1 nm. After Au coating for 30 s (Lp = 5+ 1 nm), a less
intense characteristic PSB is observed at 806 + 1 nm, which is
statistically the same as that of the as-produced NAA-DBR. This
suggests that incorporation of Au does not shift the PSB of
NAA-DBRs and slow photons still exist in these PC structures.
This observation is in good agreement with previous studies.”
However, an extraordinary optical transmission band due to
surface plasmon resonance (Aspg) is observed at 481 £ 1 nm in
Au-coated NAA-DBRs, which corresponds to the characteristic
SPR band of Au. The successful deposition of a thin film of Au
is further supported by the representative top view FEG-SEM
images shown in Fig. 4c, in which the pore diameter (d,) in a
NAA-DBR at t,, = 24 min is reduced from 81 + 6 to 70 £ 4 nm
after Au deposition. However, Au-TiO,-NAA-DBRs maintain
their original morphology after Au deposition (Fig. S5 — ESI).
XRD spectra also successfully demonstrate the deposition of
TiO, and Au, where the three characteristic peaks
corresponding to an amorphous alumina (Al,O3) phase in XRD
spectra of as-produced NAA-DBRs (i.e. 45° 65° and 78°)
undergoes a slight shift and decrease in intensity after surface
functionalization of TiO, followed by Au coating (Fig. S6 — ESI).
A weak characteristic peak corresponding to polycrystalline Au
in the XRD spectrum of Au-TiO,-NAA-DBRs (i.e. 39°) is also
observed. This indicates that, while TiO, layers are
crystallographically amorphous, the deposited Au film is
polycrystalline. The successful deposition of Au and TiO,; layers
on NAA-DBRs were further characterized by FEG-SEM image
analysis, contact angle and EDX spectra (Fig. S7 — ESI).

As these results demonstrate, Au-TiO,-NAA-DBRs are ideal
model platforms to integrate and engineer slow photons and
surface plasmon resonances. SPR modes are characterized by
an extraordinary transmission band (Aspg) that can be
controlled by modifying the geometric features of nanopores
(i.e. dp, dint and Lp) at the top plane of NAA-DBRs (horizontal
plane). The Bragg modes (i.e. slow photons), characterized by
the PSB, can be tuned by modifying the period length (L7p)
along the normal plane of the NAA-DBR structure. These
versatile hybrid plasmonic—photonic crystal structure enables
the engineering of photocatalytic enhancements by coupling
between slow photon and SPR effects.

Assessment of Photocatalytic Degradation of MB by Au-TiO,-NAA-
DBRs

The photocatalytic performance of Au-TiO,-NAA-DBRs was
analyzed by monitoring the degradation of MB molecules
under visible—NIR irradiation. The absorbance maximum of MB
(Aaps-mig) is located at 664 nm (Fig. S1 — ESI). The concentration
of this organic dye at a given illumination time t (C;) was
estimated from a previously established calibration line (Fig.
S2 — ESI). The photocatalytic performance of the hybrid
plasmonic—photonic crystal structures was fitted to the
linearized pseudo-first order kinetics model shown in Eq. 2:

This journal is © The Royal Society of Chemistry 2019
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where C, is the concentration at adsorption and desorption
equilibrium and k is the kinetic constant.

Photocatalytic degradation of MB was carried out with 100
mM H,0, solution to provide photogeneration of additional
charge carriers from the relatively thin photoactive TiO, layer
in Au-TiO,-NAA-DBRs. The simulated solar light irradiation
used in our study has a spectral distribution of 0.12 % UV
(350-400 nm), 64.60 % visible (400-750 nm) and 35.28 % NIR
(800-1025 nm). Therefore, these photocatalytic reactions
were mostly driven by visible—NIR irradiation (Fig. S8 — ESI).

Effect of Fabrication Parameters of Au-TiO,-NAA-DBRs on the
Photocatalytic Degradation of MB

NAA-DBRs are 1D photonic crystals with a well-defined PSB
that can be precisely tuned across the spectral regions by
modifying the anodization parameters. Functionalization of
the inner surface of NAA-DBRs with TiO; layers provides these
nanoporous PCs with essential photocatalytic activity to
photodegrade organic molecules. However, these composite
semiconductor PCs also provide opportunities to further
enhance the efficiency of photocatalytic reactions by
engineered “slow photon” effect. Slow photons have reduced
group velocity at those spectral regions near the blue and red
edges of the characteristic PSB.52 This effect enhances photon-
to-electron conversion rate since photons have longer lifespan
within the composite photonic structures. The top surface of
TiO,-NAA-DBRs can also be coated with thin films of noble
metals to further enhance the photocatalytic performance of
the composite platform by SPR, which minimizes the
recombination rate of electron/hole pairs at the hybrid
heterojunction Au-TiO,-NAA-DBRs, and extends the absorption
of visible light by the hybrid plasmonic—photonic crystal
structure.> Photocatalytic degradation of methylene blue was
analyzed under simulated solar light irradiation as indicator to
identify photocatalytic enhancements associated with coupling
effects between slow photons and SPR in Au-TiO,-NAA-DBRs.
The anodization period (Tp), pore widening time (t,,) and Au
deposition time (tp) of Au-TiO,-NAA-DBRs were systematically
modified from T, = 895 to 985 s with AT, = 305, from t,, =0 to
24 min with At,, = 12 min, and from 7, = 0 to 60 s with Atp =
30 s, respectively. Fig. 5 depicts the linearized pseudo-first
order kinetics for the photocatalytic degradation of MB by Au-
TiO,-NAA-DBRs (t,, = 0 min) with different T, and tp, where
the slope corresponds to the kinetic constant (k) or the
photocatalytic performance of Au-TiO,-NAA-DBRs. The
obtained results for Au-TiO,-NAA-DBRs with t,, = 12 and 24
min are provided in Figs. S9 and S10 (ESI), respectively. A
summary of the k values obtained from linear fittings of these
linearized pseudo-first order photodegradation kinetics of MB
is provided in Table S1 (ESI) and Fig. 6. Figs. 6a-c illustrate
contour maps summarizing the effect of Tp and 7, on k values
for Au-TiO,-NAA-DBRs produced with t,, = 0, 12 and 24 min,
respectively, and Figs. 6d-f depict the correlation between the

Catal. Sci. Technol., 2019, 00, 1-3 | 8
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absorbance band of MB and the position of the blue and red
edges of the characteristic PSB of Au-TiO,-NAA-DBRs
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Fig. 5 Photocatalytic degradation kinetics of methylene blue (MB) by Au-TiO,-NAA-DBRs fabricated by two-step pulse anodization at fixed pore widening
time (t,» = 0 min), and variable Au deposition time (t, = 0, 30 and 60 s) and anodization period (T, = a) 895 s, b) 925 s, c) 955 s and d) 985 s) under controlled
irradiation conditions (note: black dotted lines correspond to the photodegradation of MB in control NAA-DBRs without photoactive TiO, layer).

Fig. 6a shows a homogenous bimodal dependency of k on
Tp and 1p, as indicated by the equidistant color field lines with
Tp and tp and the two local maxima of kat Tp =895 sand 1, =0
s, and at Tp = 955 s and tp = 0 s. When 1, is fixed at O s (i.e. no
SPR in the composite PC structures), k decreases from Tp = 895
to 925 s (i.e. from k = 1.83 + 0.06 to 1.26 + 0.04 h1), increases
to a maximum of kinetic constant at Tp = 955 s (i.e. kyax = 2.22
+0.08 h1), and it decreases again to a lower k value at T, = 985
s (i.e. k=1.57 £ 0.05 h'1). These results denote that at 7, =0's,
Au-TiO,-NAA-DBRs produced with Tp = 955 s photodegrade MB
molecules more efficiently than their counterparts produced
at different anodization periods. This result can be correlated
with the relative position of the edges of characteristic PSB
and the absorbance band of MB (Fig. 6b). Au-TiO,-NAA-DBRs
produced with Tp = 955 s achieve the highest k value since the
characteristic PSB of these PCs partially overlaps the
absorbance band of MB, with the PSB’s blue edge located ~89
nm away from the absorbance maximum of MB (i.e. Aapsviz =
664 nm). On the other hand, Au-TiO,-NAA-DBRs fabricated
with Tp = 925 s show the lowest k value, where the distance
between the PSB’s blue edge and the absorbance maximum of
MB is the shortest (i.e. ¥22 nm). The relative position between
the red and blue edges of the characteristic PSB and the
absorbance band of the model organic are critical in enhancing
light—-matter interactions and boosting photon-to-electron

This journal is © The Royal Society of Chemistry 2019

conversion rates. The photocatalytic performance of Au-TiO,-
NAA-DBRs is significantly enhanced when the edges of the
characteristic PSB partially overlap with the absorbance band
of MB.1062:65 However, when the edges of the PSB fall within
the absorbance maximum of MB or are too far from the
absorbance band of MB (T, = 925 and 985 s), the
photocatalytic performance is reduced significantly. The poor
photocatalytic performance observed for Au-TiO,-NAA-DBRs
produced with Tp = 925 s is attributed to the screening effect
by MB molecules at their maximum of absorbance (i.e. Agps.pis
= 664 nm; ~2.9 a.u.). Under such configuration, most of the
irradiated light is absorbed by MB molecules before it reaches
the inner surface of the composite PC structures. This
dramatically reduces the photocatalytic efficiency of Au-TiO,-
NAA-DBRs due to the poor utilization of incoming photons by
the photoactive TiO, layer. This observation is in good
agreement with previous studies.’® It is worth noting that the
characteristic PSB of the second best performing Au-TiO,-NAA-
DBR structure (Tp = 895 s) is also partially overlapped with the
absorbance band of MB, though with a reasonable distance
between the PSB’s red edge and the absorbance maximum of
MB (i.e. ~ 36 nm). Where a characteristic PSB is completely
outside of the absorbance band of MB, the photocatalytic
degradation rate of Au-TiO,-NAA-DBR is strongly dependent
on the geometric features of the nanoporous PC structures

Catal. Sci. Technol., 2019, 00, 1-3 | 9
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and independent on the “slow photon” effect. The main
geometric factor affecting the photocatalytic performance of
Au-TiO,-NAA-DBRs in this situation is the total pore length (Lp),
which is directly proportional to the anodization time.10.66.67
The overall light absorption of the composite PC structure
enhances with increasing Lp, leading to an increase in the
photogeneration of charge carriers and the overall
photodegradation rate achieved by Au-TiO,-NAA-DBRs. Au-

30 . 60
T, (s)

t.. = 24 min

7, (s)
Fig. 6 Combinational effect of anodization period (7;), pore widening time (t,,), Au deposition time (7p) and position of the blue and red edges of
characteristic stopband (PSB) of Au-TiO,-NAA-DBRs on the photocatalytic degradation rates (k) of methylene blue (MB). a-c) Contour plots showing the
combined effect of T, and 1, on k values for the photodegradation of MB by Au-TiO,-NAA-DBRs with t,, = 0, 12 and 24 min, respectively. d-f) Relative
position of the blue and red edges of the characteristic PSB of Au-TiO,-NAA-DBRs produced with varying T, from 895 to 985 s with AT, = 30 s with respect to
the absorbance band of MB for t,, = 0, 12 and 24 min, respectively (note: white gap inside the absorbance band of MB denotes the absorbance maximum of
MB — Agps.ie = 664 nm, while the blue and red vertical lines on the PSB correspond to the blue and red edges of the PSB).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6a shows that this trend is consistent with increasing
thickness of the Au coating (from tp, = 0 to 60 s) in Au-TiO,-
NAA-DBRs produced at t,, = 0 min. However, these hybrid
plasmonic—photonic crystal structures achieve lower k values
in general, as indicated by the color field distribution with
increasing Tp. The minimum kinetic constant (k,,) of 0.76 £
0.02 h' is achieved by those Au-TiO,-NAA-DBRs fabricated
with Tp = 925 s and 1p = 60 s (i.e. black region of the contour
map), denoting that the k values decrease with increasing tp.
This phenomenon can be explained by analyzing the optical
characteristics of Au-TiO,-NAA-DBRs as a function of tp. The
optical behavior of Au-TiO,-NAA-DBRs is equivalent to the sum
of their transmission, absorption and reflection. To gain
further insight into the effect of 1, on the photocatalytic
behavior of Au-TiO,-NAA-DBRs, we analyzed the optical
transmission, absorption and reflection of a representative Au-
TiO,-NAA-DBR produced with T, = 925 s, t,, = 24 min and
medium = air (Fig. 7). The transmission spectrum of these
hybrid plasmonic—photonic crystal structures show a
characteristic SPR band at 491 + 1 nm for Au-TiO,-NAA-DBRs
synthesized with 7, = 30 and 60 s (Fig. 7a). This SPR band
results from an extraordinary transmission of light and can be
controlled by modifying the geometric features of the
nanopores on the top surface of the hybrid plasmonic—
photonic crystal structures. However, as the orange shaded
region in the transmission spectra indicates, the deposition of
a thin layer of gold on the top surface of TiO,-NAA-DBR
reduces the intensity of the characteristic PSB with increasing
Tp, and also red-shifts slightly its position from 612 + 1 to 615 +
1 nm when 1 is increased from 0 to 60 s. The absorption
spectra at different tp (Fig. 7b) confirms that the position of
the characteristic PSB is slightly red-shifted with increasing tp.
Though the intensity of the characteristic PSB is similar in all
the cases, the overall light absorption by the composite PC
structure increases significantly with increasing t,. Fig. 7c
demonstrates that the intensity of the characteristic PSB in the
reflection spectrum decreases with increasing tp, while its
position remains practically constant (only a slight red shift is
observed, from 612 + 1 to 613 + 1 nm when tp is increased
from 0 to 60 s). The effect of the deposition of the thin Au
layer can also be observed in the interferometric color of the
Au-TiO,-NAA-DBR, which switches from red to gold color with
increasing tp. This analysis indicates that transmission and
reflection of Au-TiO,-NAA-DBRs decrease with increasing tp,
while their optical absorption increases. As the k values reveal,
Au-TiO,-NAA-DBRs have a poorer photocatalytic performance
with increasing 1p. This observation is attributable to the light
screening effect by the thin Au layer deposited on the top
surface of TiO,-NAA-DBRs, which reduces the amount of

This journal is © The Royal Society of Chemistry 2019
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incident photons that travel across the bulk photocatalyst
platforms. The localized position of the Au thin film on the top
surface of Au-TiO,-NAA-DBRs implies that no effective
Schottky barrier is formed between the Au nanostructure and
the functional TiO, layer deposited onto the inner surface of
TiO,-NAA-DBRs. The absence of an effective hybrid
heterojunction between Au and TiO, and the absorption of
light by the Au film prevents the effective transfer of photo-
excited electrons from the Au layer to the semiconductor
layers and the photogenerated carriers are mainly recombined
in the Au layer, worsening the overall photocatalytic
degradation of MB molecules by Au-TiO,-NAA-DBRs.

Fig. 6b shows a k maximum of 2.23 + 0.08 h'1 at T, = 895 s
and 7, = 0's, and a minimum of 0.82 + 0.03 h'! at T, = 925 s and
Tp = 60 s for Au-TiO,-NAA-DBRs fabricated with t,, = 12 min.
The contour map reveals a smooth variation of k with T, and
Tp, as indicated by the homogeneous distribution of color
fields. However, the effect of T, on the photocatalytic
performance of Au-TiO,-NAA-DBRs is less significant than that
of 1p at t,, = 12 min. The dependence of k with 1 is stronger at
longer deposition times, as indicated by the denser
distribution of color fields and field lines with increasing tp.
The photocatalytic performance of Au-TiO,-NAA-DBRs
decreases with increasing tp, which is in good agreement with
the results obtained for Au-TiO,-NAA-DBRs fabricated with t,,
= 0 min. The photocatalytic performance of Au-TiO,-NAA-DBRs
(tow = 12 min) is strongly dependent on the relative position
between the edges of the characteristic PSB and the
absorbance band of MB molecules (Fig. 6e). The photocatalytic
enhancement associated with “slow photon” effect is apparent
when the characteristic PSB partially overlaps the absorbance
band of MB. Au-TiO,-NAA-DBRs produced with T, = 895 s
achieve the k. since more than half of the characteristic PSB
is located outside of the absorbance maximum of MB (i.e.
~123 nm away). In contrast, Au-TiO,-NAA-DBR fabricated with
Tp = 925 s provide the worst k since the characteristic PSB of
PCs is located under the maximum of absorbance of MB (i.e.
PBS’s blue edge ~27 nm away from Apsms = 664 nm). The
characteristic PSB of Au-TiO,-NAA-DBRs fabricated with T, =
985 s is entirely outside of the absorbance band of MB. Under
that configuration, the photocatalytic performance of these
composite PCs relies exclusively on the total length of the
nanopores. These Au-TiO,-NAA-DBRs show slightly superior
performance than that of their counterparts fabricated with Tp
=925 and 955 s at any 1, = 0, 30 and 60 s, respectively. Hence,
the photodegradation rate of MB in Au-TiO,-NAA-DBRs
produced with t,,, = 12 min follows the order follows T, = 895 >
985 > 955 > 925 s.
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a) Transmission spectrum of the Au-TiO,-NAA-DBRs as a function of the Au deposition time (tp). b) Absorption spectrum of the Au-TiO,-NAA-

DBRs as a function of 7. ¢) Reflection spectrum and digital pictures of the Au-TiO,-NAA-DBRs as a function of tp.

Fig. 6¢c summarizes the photocatalytic performance of Au-
TiO,-NAA-DBRs fabricated with t,, = 24 min as a function of T,
and 1p. As the contour map shows, knya (i.e. 2.45 + 0.13 hl)
and kp, (i.e. 0.92 +£0.03 h!) are located at T, =895 sand 7, =0
s, and Tp = 955 s and 1 = 60 s, respectively. The distribution of
color fields and field lines is denser within the area around the

This journal is © The Royal Society of Chemistry 2019

local maximum, for Tp < 925 s and 1, < 30 s, indicating a strong
dependence of k on these fabrication conditions. However, at
Tp > 925 s, the kinetic constant becomes less dependent on 1,
as indicated by the broad color fields and field lines. The k
values decrease with increasing 1, and the photocatalytic
performance of these Au-TiO,-NAA-DBRs follows the order Tp =
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895 > 985 > 955 > 925 s. This behavior is analogue to that of
Au-TiO,-NAA-DBRs produced at different pore widening times,
though the overall k values are slightly higher than those of
their counterparts produced at t,, = 0 and 12 min. The
photocatalytic performance order of Au-TiO,-NAA-DBRs
fabricated at t,,, = 24 min is dictated by the relative position of
the characteristic PSB of these composite PC structures with
respect to the absorbance band of MB (Fig. 6f). The “slow
photon” effect significantly enhances the photodegradation of
MB when the characteristic PSB partially falls within the
absorbance band of MB and its edges are positioned far away
from the absorbance maximum of MB. As Fig. 6f shows, Au-
TiO,-NAA-DBRs fabricated with Tp = 895 s achieve kpox = 2.45 +
0.13 h'l, the characteristic PSB of these Au-TiO,-NAA-DBRs is
slightly overlapped with the absorbance band of MB, with the
PSB’s red edge located far away from the maximum of
absorbance of MB (i.e. ~134 nm away). When the distance
between the maximum of absorbance of MB and the blue
edge of the PSB of these Au-TiO,-NAA-DBRs is the narrowest
(i.e. ~5 nm for Au-TiO,-NAA-DBRs produced with Tp = 955 s),
the photocatalytic performance is the worst as compared to
that of Au-TiO,-NAA-DBRs produced with shorter anodization
period (i.e. Tp = 895 and 925 s). This result is attributable to the
light screening effect by MB molecules at those spectral
regions near the absorbance maximum of MB. It is noteworthy
that Au-TiO,-NAA-DBRs fabricated with T, = 985 s show a
photocatalytic behavior that is independent on the “slow
photon” effect since the PSB is located far away from the
absorbance band of MB. Under this configuration, the
photocatalytic performance of these Au-TiO,-NAA-DBRs relies
strongly on the total pore length, achieving the second best
performance at any tp.

To summarize, Figs. 6a-c show that Au-TiO,-NAA-DBRs
fabricated with t,, = 24 min provide the highest knq and kpin
values. These kp,ox and k., were found to be 8-9% and 12—
17% higher than those of Au-TiO,-NAA-DBRs produced with
shorter t,,. The superior performance achieved by Au-TiO,-
NAA-DBRs at t,,, = 24 min can be associated with the broader
and more intense characteristic PSB of these composite PCs,
which provides a more efficient collection and utilization of
incident photons to photodegrade MB molecules. An
enhancement in photocatalytic degradation of MB in Au-TiO,-
NAA-DBRs is strongly dependent on the “slow photon” effect.
This enhancement is apparent when the edges of the
characteristic PSB of these composite PCs partially overlap the
absorbance band of MB, though they are positioned far away
from the absorbance maximum of MB. When the vicinity of
the characteristic PSB is near the maximum of absorbance of
MB, the photocatalytic performance of Au-TiO,-NAA-DBRs is
significantly reduced due to light screening effect (i.e. MB
molecules absorb light efficiently in these spectral regions so
incoming photons cannot reach the photoactive layers within
the nanoporous PC structure). When the characteristic PSB of
Au-TiO,-NAA-DBRs is located completely outside of the
absorbance band of MB, the photocatalytic performance relies
exclusively on the geometric features of the nanoporous PC
and are independent on the “slow photon” effect. Our study

This journal is © The Royal Society of Chemistry 2019
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also indicates that, while incorporation of a,paReRorQMS
plasmonic structure enhances the overalP@6/lectioH GIGHidéfit
photons in Au-TiO,-NAA-DBRs, this is not translated into an
effective utilization of SPR photons in the photocatalytic
reaction. This is due to the isolated position of the Au film on
the top surface of the PC structure. Incident light is partially
absorbed by the Au film to generate SPR photons, minimizing
the amount of incoming photons that travel across the PC
structure. SPR photons are localized onto the top surface of
the PC structure and cannot be efficiently transferred into the
TiO, photoactive layer on the inner surface of Au-TiO,-NAA-
DBRs. As a result, the incorporation of the Au film worsens the
photocatalytic performance of Au-TiO,-NAA-DBRs.

Effect of Noble Metal Coating Type on the Photodegradation of
MB

The SPR effect associated with the type of noble metal
coating on the photocatalytic performance of these composite
PC structures was studied by coating TiO,-NAA-DBRs
fabricated with Tp = 985 s and t,,, = 24 min with thin films of Au
and Ag with varying deposition time (tp), from 0 to 60 s with
Atp, = 30 s. Optical transmission of these composite PC
structures was characterized and analyzed. Table S2 (ESI) and
Fig. 8 summarize the effect of Au and Ag coatings on the
kinetic constant and optical transmission of noble metal-
coated TiO,-functionalized NAA-DBRs. Figs. 8a and b show the
transmission spectra of Au- and Ag-TiO,-NAA-DBRs as a
function of tp, respectively. In general, the intensity of the
characteristic PSB of these noble metal-TiO,-NAA-DBRs
decreases with increasing tp due to the absorption by the
nanoporous metallic layer deposited on the top surface of
these composite PCs. These PC structures show 15t and 2nd
order characteristic PSBs, which are denoted by the red and
purple shaded regions in Figs. 8a and b, and also characteristic
SPR bands for Au- and Ag-TiO,-NAA-DBRs located at 497 + 1
nm and 335 += 1 nm, respectively. Magnified views of the
characteristic PSBs (shaded regions in Figs. 8a and b) for Au-
and Ag-TiO,-NAA-DBRs are shown in Figs. 8c and d,
respectively. Fig. 8c shows that the change in the position of
the 15t and 2" order PSBs of Au-TiO,-NAA-DBRs with the Au
coating is almost negligible, in consistency with our previous
observations (Fig. 7). On the other hand, Fig. 8d shows that
the features of the 15t and 2" order PSBs of Ag-TiO,-NAA-DBRs
blue-shift their position and broaden their width with
increasing tp. Figs. 8e and f summarize the photocatalytic
performance of Au- and Ag-TiO,-NAA-DBRs as a function of 1p
in terms of linearized pseudo-first order kinetics for the
photodegradation of MB, where the insets correspond to the
photocatalytic degradation rates (k — slopes of linear fittings)
of each system. These results demonstrate that the
photocatalytic degradation rate of MB by both Au- and Ag-
TiO,-NAA-DBRs worsens with increasing tp. The k values
achieved by Au-TiO,-NAA-DBRs produced at 75 =0, 30 and 60 s
were 1.67 £ 0.05, 1.54 £ 0.07 and 1.41 £ 0.06 h'l, respectively.
These results demonstrate that non-coated TiO,-NAA-DBRs
outperform their Au-coated counterparts by a 7-16 % superior
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performance in degrading MB. Ag-TiO,-NAA-DBRs synthesized
with 75 = 0 s have the highest k value (i.e. 1.67 £ 0.05 h') when
compared to Ag-coated analogues fabricated with tp = 30 and
60 s, which achieve k values of 1.44 + 0.06 and 1.35 + 0.05 h1,
respectively. It is thus clear that non-coated TiO,-NAA-DBRs
provide a 14—-19 % superior performance in degrading MB than
that of Ag-coated composite PCs. In summary, Au-TiO,-NAA-
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Fig. 8 Optical characterization and photocatalytic degradation assessment of Au- and Ag-TiO,-NAA-DBRs produced with T, = 985 s and t,, = 24

min. a-b) Transmission spectra of Au- and Ag-TiO,-NAA-DBRs as a function of the deposition time (tp), respectively (note: medium = air). c-d)
Magnified views of the photonic stopbands (PSBs) of Au- and Ag-TiO,-NAA-DBRs from the shaded regions shown in (a) and (b) at different t,,
respectively. e-f) Photocatalytic degradation kinetics of methylene blue (MB) in Au- and Ag-TiO,-NAA-DBRs, respectively (note: black dotted lines

correspond to the photocatalytic degradation of MB in control NAA-DBRs without the photoactive TiO, layer with insets compiling the values of

the kinetic constant (k) for MB).
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Effect of Geometric Features of Au-TiO,-NAA-DBRs on the
Photocatalytic Degradation of MB

The position of the SPR band of Au-TiO,-NAA-DBRs (Aspr)
can be readily controlled by modifying the pore diameter (d,)
and interpore distance (d;,) of nanopores at the top plane of
NAA-DBRs (horizontal plane — Fig. 2a). To demonstrate the
tuneability and effect of the position of the SPR band on the
photodegradation of MB, the geometric features (i.e. d, and
dine) of Au-TiO,-NAA-DBRs at the top horizontal plane were
systematically modified by a three-step anodization approach,
in which the starting anodization voltage (V,) and Au
deposition time (tp) were modified from V, = 60 to 100 V with
AV, =20V, and from 15 = 0 to 60 s with Atp = 30 s. Fabrication
parameters of the third anodization step (i.e. pulse

V,=80V

ARTICLE

View Article Online

anodization mode) were fixed to T, = 988 NAHBEN F P ARET =
60 pulses, and t,, = 0 min to maintain the position and
features of the characteristic PSB, which are established by the
period length (L7p) along the normal plane of the NAA-DBR
structure. Fig. S11 (ESI) demonstrates that the PSB of these
PCs in the reflection spectrum does not change its position
significantly with varying V,, both in air and water. The average
Ac in Au-TiO,-NAA-DBRs in air and water were 835 + 14 and
865 + 9 nm, respectively. Under such configuration, the
characteristic PSB is located outside of the absorbance band of
MB and therefore the photocatalytic system is independent on
the “slow photon” effect. Table S3 (ESI) and Fig. 9 summarize
the correlation of the photocatalytic performance of Au-TiO,-
NAA-DBRs with V, and tp.
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Fig. 9 Combinational effect of starting anodization voltage (V,) and Au deposition time (75) on the kinetic constant (k) for the photodegradation
of methylene blue (MB) by Au-TiO,-NAA-DBRs. a) Photocatalytic degradation kinetics of MB by Au-TiO,-NAA-DBRs fabricated by three-step pulse
anodization with t, = 0, 30 and 60 s and anodization voltage (V,) of 60 V (left), 80 V (center) and 100 V (right) (note: black dotted lines
correspond to the photodegradation of MB in control NAA-DBRs without the photoactive TiO, layer). b) Schematic of the nanoporous structures

of NAA-DBRs fabricated by three-step pulse anodization. c) Contour map showing the combined effect of V, and 1, on k values for the

photodegradation of MB by Au-TiO,-NAA-DBRs.

Fig 9a presents the photocatalytic degradation kinetics of
MB as a function of V, and tp, in which the slope of the fitting
lines corresponds to k — indicator of photocatalytic
performance. As these results demonstrate, in general k
decreases with increasing tp. This can be attributable to the
isolated position of the nanoporous Au layer on the top plane
of the composite PC structures. The Au thin film acts as a
screen that absorbs the majority of the incoming light and

This journal is © The Royal Society of Chemistry 2019

prevents its efficient propagation across the bulk Au-TiO,-NAA-
DBR structure, minimizing the overall photocatalytic
performance due to a localized generation of SPR-excited
photons on the top surface (i.e. photons are not transferred
efficiently to the photoactive TiO, layer). Fig. 9b illustrates the
idealized structure of Au-TiO,-NAA-DBRs fabricated by three-
step pulse anodization, in which the high starting anodization
voltage in the second step is followed by a reduction of
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anodization voltage during the third step that leads to
branching of nanopores. The contour graph shown in Fig. 9¢
summarizes the dependency of the photocatalytic
performance of Au-TiO,-NAA-DBRs on V, and tp. The smooth
and homogeneous distribution of color fields and field lines
implies a relatively weak dependence of k on these fabrication
parameters, though the effect of V, on k is less significant than
that of 5. The maximum and minimum of k (1.52 + 0.07 and
0.59 + 0.06 h') are located at V,=80V and tp=0s, and V, =
100 V and tp = 60 s, respectively. The kpq (1.51 £ 0.05 hl)
located at V, = 100 V and tp = O s is statistically the same than
the maximum of k observed at V, =80V and tp = 0 s, with only
~1% of difference. In contrast, the k (1.26 + 0.03 h™!) located at
V, =60V is ~17 % smaller than that achieved by Au-TiO,-NAA-
DBRs produced at V, = 80 and 100 V. It is also worth noting
that the photocatalytic performance of Au-TiO,-NAA-DBRs
produced with V, = 60 V is relatively similar with increasing 1p
as compared to the significant decrease observed in Au-TiO,-
NAA-DBRs produced with V, = 80 and 100 V. The average k
value of Au-TiO,-NAA-DBRs produced with V, = 60 V at various
Tp was found to be 1.18 £ 0.14 h1,

Table 1 summarizes the geometric characteristics — d, and
di,: — of Au-TiO,-NAA-DBRs produced at different V,, and the
percentage decrement in k as a function of the fabrication
parameters — V, and tp —. The d, and dj,: of nanopores at the
top surface of Au-TiO,-NAA-DBRs (tp = O s) increase with
increasing V, (i.e. from 70 to 150 nm and from 157 to 272 nm,
respectively). Larger d, and dj,; enhance the absorption of light
by the PC structure, increasing the photogeneration of e/h*
pairs in the photoactive TiO, layer and improving the
photocatalytic performance of Au-TiO,-NAA-DBRs (1p = O s).
This effect is demonstrated by the k values observed for Au-
TiO,-NAA-DBRs produced with V, = 60, 80 and 100 V (Fig. 9¢c). k
decreases slightly with increasing tp for Au-TiO,-NAA-DBRs
produced with V, = 60 V, with an average reduction of
photocatalytic performance of ~1% and 19% when 1, is varied
from 0 to 30 s and from O to 60 s, respectively. However, Au-
TiO,-NAA-DBRs fabricated with V, = 80 and 100 V show a
significantly higher reduction in k with 15 (i.e. ~28% and 60%
for tp from 0 to 30 s, and ~33% and 61% for tp from 0 to 60 s,
respectively).

Table 1. Effect of the starting anodization voltage (V,) of Au-TiO,-NAA-DBRs
produced by three-step pulse anodization on the pore diameter (d,),
interpore distance (d;,) and the decrease in percentage of kinetic constant
(k) at different Au deposition times (tp), from 0 to 60 s.

k decrement k decrement
from from

p=0to30s 7p=0to60s
Vo(V)  dp(nm)  dine (nm) (%) (%)
60 701 1571 1 19
80 1061 211+2 28 60
100 150+1 272 +3 33 61

Photocatalytic Degradation Mechanism
Based on these results, we propose a possible

photocatalytic degradation mechanism to describe the

This journal is © The Royal Society of Chemistry 2019

photocatalytic degradation of organic dye by Au:TiQ2:NAA:
DBRs driven under visible—NIR irradiatioRQ40014T26%R/mPNith
the addition of H,0,. Upon light irradiation, charge carriers
(i.e. electrons and holes) are produced in the conduction and
valence bands, respectively, of the photoactive TiO, layer
deposited onto the inner surface of Au-TiO,-NAA-DBRs.
Photogenerated holes induce oxidation of H,0 in the aqueous
organic solution, which is in contact with the photoactive TiO,
layer. This generates OH- radicals, which can degrade the
organic dye molecules to liberate CO, and H,O0.
Photogenerated electrons also react with H,O, to produce OH:
radicals and OH- ions, of which the latter are oxidized into OH-
radicals by photogenerated holes in the valence band of the
photoactive TiO, layer. Our results indicate that enhancements
in the photodegradation of methylene blue are strongly
associated with slow photons in Au-TiO,-NAA-DBRs. This light—
matter interaction increases the lifespan of incoming photons
with specific energies (i.e. wavelengths close to the blue and
red edges of the PSB), which spend longer time within the
structure of Au-TiO,-NAA-DBRs. This can then be exploited
more efficiently by the photoactive TiO, layer to generate
extra e /h* pairs that speed up the photocatalytic degradation
of MB. The photocatalytic enhancement associated with this
effect is found to be maximum when the edges of the
characteristic PSB of Au-TiO,-NAA-DBRs are in close proximity
to the blue and red sides of the absorbance band of MB.
Overlapping the PSB with the absorbance maximum of MB
worsens dramatically the performance of Au-TiO,-NAA-DBRs
due to light screening effect, since in this spectral region only a
small portion of the incoming light reaches the photoactive
TiO, layer to generate extra e /h* pairs that can be utilized by
the composite PC structures to photodegrade MB molecules.
Deposition of a thin Au layer on the top surface of TiO,-NAA-
DBRs provides an additional feature to the system in the form
of a surface plasmon resonance band, which extends the
overall light absorption of the non-coated TiO,-NAA-DBR
structure. However, SPR-excited photons generated by the Au
layer deposited on the top surface of Au-TiO,-NAA-DBRs are
not fully utilized by the photocatalytic platform due to the
isolated configuration between the Au layer and the
photoactive TiO, layer in the inner surface of the composite PC
structure. The majority of the incoming light is absorbed by the
nanoporous Au layer before it reaches the photoactive surface
of TiO,-NAA-DBRs, and the overall photocatalytic performance
of Au-TiO,-NAA-DBRs decreases with the thickness of the Au
layer (i.e. more light is absorbed by the Au layer). Our analysis
also demonstrates that, though Ag has a better SPR than Au,
Au-TiO,-NAA-DBRs perform better than their Ag-coated
counterparts. This is due to the higher chemical stability of Au
in aqueous solution. The overall photocatalytic performance of
Au-TiO,-NAA-DBRs can be enhanced by engineering the
geometric features (i.e. dp, dint, L7p and L,) of these nanoporous
composite semiconductor PC structures. The rational design of
Au-TiO,-NAA-DBRs enables an efficient management of
photons by “slow photon” and SPR effects, tuning the relative
position of the edges of the characteristic PSB and SPR with
respect to the absorbance band of MB.
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Comparison with Benchmark Photocatalyst Materials

Table 2 compiles the photocatalytic performances of
representative benchmark photocatalytic materials with and
without noble metal (i.e. Ag) and photonic crystal structure
(i.e. inverse opal and DBR), where the photodegradation of MB
molecules were conducted under visible light irradiation
conditions.

Table 2. Compilation of representative kinetic constants (k) for the
photocatalytic degradation of MB molecules by various benchmark TiO,-
based photocatalyst materials.

TiO,-based Photocatalyst k (h'1) Ref
P25 Nanoparticles 0.64 4
Inverse Opal 1.32 4
NAA-DBRs 2.45 This Study
Ag-P25 Nanoparticles 1.56 6
Ag-Inverse Opal 0.64 8
Ag-NAA-DBRs 1.44 This Study

The photocatalytic degradation rate of MB by as-produced
P25 TiO, nanoparticles, TiO, inverse opals and TiO,-NAA-DBRs
were found to be 0.64, 1.32 and 2.45 h'l, respectively.? It is
clear that TiO,-NAA-DBR performs more efficiently than these
reference materials, with a ~74 and 46% superior
performance, respectively. Incorporation of SPR effects in
noble metal-coated photocatalysts can enhance their
performance due to extended light absorption and
minimization of charge carrier recombination rates. The k
values for Ag-coated P25 TiO, nanoparticles, TiO, inverse opals
and TiO,-NAA-DBRs were found to be 1.56, 0.64 and 1.44 h1,
respectively.®¢ This demonstrates that Ag-P25 TiO,
nanoparticles perform much better than Ag-TiO, inverse opals
(~59% superior performance), and slightly better than Ag-TiO,-
NAA-DBRs (~8% superior performance) in the
photodegradation of MB. This result can be associated with a
better interfacial connection between the noble metal coating
and the semiconductor material in Ag-P25 TiO,. However, Ag-
TiO,-NAA-DBRs outperform Ag-TiO, inverse opals by ~56%
enhancement. A direct comparison with these studies could
not be completely correct due to small differences in
experimental conditions (i.e. loading of catalysts, spectral
distribution and power of light illumination, specific area and
volume). However, these results demonstrate that TiO,-NAA-
DBRs are promising photocatalyst platforms that provide new
opportunities to develop high-performing photocatalyst
materials with broad applicability.

Conclusions

This study provides new insights into the design and
engineering of high-performing photocatalyst platforms with
rationally designed optical properties to harness light—-matter
interactions for photocatalysis. The photocatalytic capabilities
of NAA-based photonic crystals functionalized with
photoactive layers of TiO, and noble metal coatings have been
systematically assessed, using the degradation rate of a model

This journal is © The Royal Society of Chemistry 2019
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organic dye as an indicator to identify epbancements
associated with different optical phenBRileWalONEbleYAEta(-
TiO,-NAA-DBRs were produced with various fabrication
parameters (i.e. anodization period, starting anodization
voltage, pore widening time, noble metal deposition time and
type of noble metal coating) to enable the fine-tuning of the
optical properties (i.e. position and features of PSB and SPR
bands) of these composite PC structures across the spectral
regions. Our results indicate that the best photocatalytic
degradation rate for methylene blue (i.e. k = 2.45 h?) is
achieved by Au-TiO,-NAA-DBRs produced with V, =40V, Tp =
895 s, t,w = 24 min and 1 = 0 s. Enhancements in
photocatalytic performance are strongly dependent on the
“slow photon” effect, being optimal when the edges of the
characteristic PSB of Au-TiO,-NAA-DBRs are partially
overlapped with the absorbance band of methylene blue, but
away from its maximum to avoid undesired light screening
effect. Photodegradation rate enhancements in noble metal-
TiO,-NAA-DBRs are independent of “slow photon” effect when
the characteristic PSB is completely outside of the absorbance
band of MB. Under such a configuration, enhancements are
solely dependent on the total pore length of the noble metal-
TiO,-NAA-DBR, and the thicker the PC structure the more
efficient the photocatalytic performance. This study also
reveals that enhancements in the photocatalytic performance
of noble metal-TiO,-NAA-DBRs by SPR in the noble metal layer
are not significant due to the isolated behavior of the
nanoplasmonic structure, which is localized in the top surface
of the composite PC structures. As a result, the majority of
light is absorbed in the metallic coating before it reaches the
bulk PC structure, worsening the overall photocatalytic
performance. The type of noble metal coating (i.e. Ag and Au)
also plays a critical role in the overall photocatalytic
performance of noble metal-TiO,-NAA-DBRs, where Au
coatings are demonstrated to provide superior performance
than that of Ag coatings due to the higher chemical stability of
Au in aqueous solution. This study also demonstrates that the
photocatalytic performance of non-coated TiO,-NAA-DBRs
enhances with increasing pore diameter and interpore
distance through enhanced light scattering and absorption.

In summary, a rational and optimal design of noble
metal-TiO,-NAA-DBRs is essential to efficiently utilize and
manage “slow photon” and SPR effects for photocatalytic
reactions. This study provides a strong foundation for
improving the design of NAA-based photoactive photonic
crystals, generating new opportunities to spread the
applicability of these engineered materials across various
photocatalytic applications such as sanitation of water,
production of clean hydrogen and carbon dioxide reduction.
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