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ABSTRACT

Herein, we report on the development of a rationally designed composite photocatalyst material by combining
nanoporous anodic alumina-rugate filters (NAA-RFs) with photo-active layers of titanium dioxide (TiO2). NAA-RFs are
synthesised by sinusoidal pulse anodisation and subsequently functionalised with TiO, by sol-gel method to provide the
photonic structures with photocatalytic properties. We demonstrate that the characteristic photonic stopband (PSB) of the
surface-modified NAA-RFs can be precisely tuned across the UV-visible-NIR spectrum to enhance the photon-to-
electron conversion of TiO; by ‘slow photon effect’. We systematically investigate the effect of the anodisation
parameters (i.e. anodisation period and pore widening time) on the position of the PSB of NAA-RFs as well as the
photocatalytic performances displayed by these photonic crystal structures. When the edges of the PSB of surface-
modified NAA-RFs are positioned closely to the absorption peak of the model organic dye (i.e. methyl orange — MO),
the photocatalytic performance of the system to degrade these molecules is enhanced under simulated solar light
irradiation due to slow photon effect. Our investigation also reveals that the photocatalytic activity of surface-modified
NAA-RFs is independent of slow photon effect and enhances with increasing period length (i.e. increasing anodisation
period) of the photonic structures when there is no overlap between the PSB and the absorption peak of MO. This study
therefore provides a rationale towards the photocatalytic enhancement of photonic crystals by a rational design of the
PSB, creating new opportunities for the future development of high-performance photocatalysts.

Keywords: Photocatalysis, nanoporous anodic alumina, photonic stopband, photonic crystal, anodisation, solar light,
photolysis

1. INTRODUCTION

Organic dyes are commonly discharged to water sources or ecosystems from various industries, including textile,
cosmetic, pharmaceutical, food, paper, plastic and printing*2. These untreated dyes may be highly reactive and persistent
when released to the environment, preventing the absorption of solar light required by the aquatic plants for
photosynthesis, deteriorating the aquatic ecosystems and the quality of water sources®®. Conventional chemical and
biological water treatment processes (coagulation, flocculation, clarification, filtration, and disinfection) cannot
effectively remove these emerging pollutants to meet the stringent water quality standards. Therefore, cost-competitive,
eco-friendly wastewater treatments are urgently needed. Among the different alternatives, heterogeneous photocatalysis
(henceforth “photocatalysis”) is a light-driven process that harnesses solar energy to generate strong, oxidising and non-
selective radicals (i.e. ‘OH radicals) on the surface of semiconductor materials to mineralise organic pollutants to
harmless compounds for the environment and humans’.

An example of a key photo-active material for photocatalysis is titanium dioxide (TiO,). This semiconductor has
excellent photochemical stability and well-balanced electrochemical properties for good photocatalytic activities’®.
However, its intrinsic limitations in light absorption (i.e. constrained to UV light, which is only ~5% of the solar
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spectrum) and high recombination rate of photogenerated charge carriers constrain the efficient solar-to-energy
conversion in TiOz-based photocatalysts®%. In addition, the practical use of TiO, as nanoparticles presents difficulties in
the recovery of the nanoparticles***, including low adsorption capacity*31%, high aggregation tendency® and potential
toxicity when released to the environment!’. Therefore, enhancement of solar-to-energy conversion and immobilisation
of TiO; are required to address these problems.

The macroscopic optoelectronic properties of semiconductors are strongly dependent on the interaction between photons
(light) and atoms (matter) at the nanoscale. In light-driven processes, every photon is precious and, as such, a rational
management of photons can lead to efficient photon-to-electron conversions for enhanced optoelectronic applications.
Smart designs of materials at the nanoscale can lead to high-performance photocatalyst materials by efficient solar-to-
energy (photon-to-electron) conversions. Photonic crystal (PC) structures are periodic optical nanostructures that can
control the propagation of light when incoming photons travel across the PCs’ structures*®?2, In particular, nanoporous
PC structures possess unique structural and optical properties to facilitate mass transfer and light utilisation®2* through
their large surface area to volume ratio and slow photon (SP) effects®. The rational utilisation of SP effects can improve
the photocatalytic activities of photocatalyst materials by tuning the PC’s photonic stopband (PSB) and overlap it with
the absorption of organic dyes®-2¢. The structural engineering of the PSB of nanoporous PCs 2 can slow down incoming
photons at its edges and localise them in the photo-active material to increase the photogeneration of charge carriers?®.

Nanoporous anodic alumina (NAA) produced by anodisation of aluminium is envisaged as a platform to develop PC
structures due to its highly controllable and flexible nanopore geometry, chemical resistance, thermal stability,
mechanical robustness and optoelectronic properties?®2°. Some examples of PC structures of NAA include optical
microcavities, Fabry-Perot interferometers, bandpass filters, distributed Bragg reflectors, gradient-index filters?” and
rugate filters (RFs)®. Among these, NAA-RFs feature a well-resolved intense characteristic PSB, which can be readily
tuned across the spectral regions to match the absorption bands of environmental pollutants. Another advantage of NAA-
RFs is that the inner surface of these PCs can be modified with layers of photo-active materials to endow NAA-RFs with
photocatalyst propertiessZ.

In this context, this study aims to use NAA-RFs as a platform material to enhance the photocatalytic performances of
TiO2. NAA-RFs are produced by galvanostatic sinusoidal pulse anodisation and subsequently functionalised with photo-
active layers of TiO- through sol-gel method (Fig. 1). We demonstrate that the position of the characteristic PSB of the
NAA-RFs can be precisely engineered by systematically modifying the anodisation period and pore widening time. The
effect of these anodisation parameters on the PSB of the photonic structures as well as the photocatalytic degradation of a
model dye (i.e. methyl orange — MO) are systematically evaluated.
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Figure 1. Scheme describing the fabrication of photo-active NAA-RF from its precursor (aluminium substrate) by sinusoidal
pulse anodisation (left) and sol-gel method (right).

2. EXPERIMENTAL
2.1 Fabrication of NAA-RFs by sinusoidal pulse anodisation

NAA-RFs were synthesised by galvanostatic sinusoidal pulse anodisation (SPA) approach using and aqueous sulphuric
acid (H2SO4) electrolyte (Fig. 2) as described by Santos et al.*°. Briefly, 1.5 x 1.5 cm? aluminium (Al) substrates were
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sonicated in ethanol (EtOH) and water each for 15 min to remove organic residues. These Al substrates were
electropolished in a mixture of EtOH and perchloric acid (HCIO4) 4:1 (viv) at 20 V and 5 °C for 3 min. The
electropolished Al substrates were anodised using a 1.1 M aqueous H2SO; solution, in which 25 v% EtOH was added to
prevent it from freezing at temperatures below 0 °C32-3, The anodisation process was started for 1 h at -1 °C with a
constant current density of 1.12 mA cm to produce a thin layer of nanoporous oxide that acts as a shuttle to achieve
homogeneous pore growth before SPA. The anodisation profile was subsequently set to sinusoidal pulse mode, where the
current density was sinusoidally pulsed between high (Jmax = 1.12 mA cm?) and low (Jvin = 0.28 mA cm?) current
density values, according to equation (1):

J(t) = A, sinﬁ_—nt}ﬂ + J otreet 1)

P

For this equation, J(t) is the current density at a given time t, A; is the current density amplitude, Te is the anodisation
period and Jorset IS the current density offset (Fig. 2).
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Figure 2. Representative anodisation profile used to produce NAA-RFs including a graphical description of the main
anodisation parameters (i.e. Tp, Jmin, IJMax, Joffset and Ay).

Certain anodisation parameters were fixed for SPA as follows: the current density amplitude (A; = 0.420 mA cm),
current density offset (Jofset = 0.28 MA cm?) and total anodisation time (tan = 20 h). To engineer the photonic features of
NAA-RFs (i.e. characteristic transmission peaks or PSB), the anodisation period (Tp) and pore widening time (tp) were
systematically modified from 650 to 850s (47» = 100 s) and from 0 to 6 min (4w = 2 min), respectively.

Before pore widening was carried out, the remaining aluminium substrate from the backside of NAA-RFs was removed
by wet chemical etching in a saturated solution of hydrochloric acid-copper (1) chloride (HCI-CuCly), using a 5 mm
diameter circular window etching mask. Subsequently, the nanopores of NAA-RFs were widened in an aqueous
phosphoric acid (H3sPO4 5 wt %) solution by wet chemical etching at 35 °C for the pore widening time specified (from 0
to 6 min with 4zyw = 2 min).

2.2 Surface modification of NAA-RFs with TiO2

The inner surface of NAA-RFs produced with different T, (650, 750 and 850 s) at fixed tpw (6 min) was modified with
photo-active layers of TiO, through sol-gel method*. TiO, sol was prepared by magnetically stirring a mixture of
titanium (1V) butoxide (3 mol %) and EtOH (97 mol %) in a beaker for 10 min. NAA-RFs were subsequently dip coated
by immersing them into TiO, sol for 24 h. The surface-modified NAA-RFs were washed with EtOH to remove any
excess sol and titanium (IV) butoxide on the surface. These samples were dried in an oven at 50 °C for 10 min to
evaporate any residual EtOH.
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2.3 Optical characterisation

The transmission spectra of NAA-RFs in air were obtained across the UV-visible spectrum (i.e. from 200 to 800 nm) at
normal incidence (i.e. 6 = 0°) using a UV-visible spectrophotometer (Cary 300, Agilent, USA). The transmission spectra
of the surface-modified NAA-RFs in air and 5 mg L of MO were also collected under the same conditions. Digital
images of NAA-RFs displaying interferometric colours were acquired by using a Canon EOS 700D digital camera
equipped with a Tamron 90 mm F2.8 VC USD macro mount lens with autofocus feature under natural light illumination.

2.4 Photocatalytic degradation of methyl orange

MO was photocatalytically degraded with TiO,-NAA-RFs composites of different T, in a transparent cuvette under
simulated solar light irradiation. The TiO.-NAA-RFs composites, which had an effective area of 1 cm?, were placed in a
cuvette containing a mixture of 2 mL of 5 mg L** MO and 0.1 M hydrogen peroxide (H,0>) solution. The solution was
stirred magnetically in a dark vessel (solar simulator) for 30 min to reach the adsorption—desorption equilibrium. After
this, simulated solar light irradiation was shined using a 150 W halogen lamp (HL250-A, Amscope, Australia). The
absorbance of the absorption peak of MO for each illumination time interval (i.e. 30 min) was analysed by UV-visible
spectroscopy to determine the concentration of MO at specific time intervals. 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 concentration at illumination
time t, was evaluated to determine the kinetic model for this photocatalytic system.

3. RESULTS AND DISCUSSION
3.1 Effect of anodisation parameters on the optical properties of NAA-RFs

The effect of Tp on the characteristic transmission PSB (i.e. 1% order) of NAA-RFs produced by SPA was studied by
manipulating Te from 650 to 850 s with an interval (47p) of 100 s. Fig. 3a demonstrates that the central wavelength (Ac)
is linearly dependent on Tp at fixed tow as shown by the slopes of the fitting lines (i.e. 0.55 + 0.03, 0.49 + 0.00, 0.44 +
0.03 and 0.43 + 0.07 nm s for tpy of 0, 2, 4 and 6 min, respectively). Furthermore, the position of the characteristic
transmission PSB of NAA-RFs is red-shifted with Tp, in which this effect is also displayed in the interferometric colours
of NAA-RFs (Fig. 3b). This phenomenon is due to the relationship between Tp and the period length (Ltp) of NAA-
RFs?’. When Tp increases, Ltp (i.e. the length of NAA layers between the consecutive sinusoidal pulses)® in the photonic
structure also increases. As a result, NAA-RFs reflect light more efficiently at longer wavelengths, which is in good
agreement with the Bragg’s law?’ and previous studies®. Therefore, Tp can be manipulated to precisely tune the position
of the PSB of NAA-RFs across the entire UV-visible-NIR spectrum and display various interferometric colours of NAA-
RFs.

To study the effect of t,w on the position of characteristic transmission peak of NAA-RFs, t,w was varied from 0 to 6 min
with an interval of 2 min. As indicated in Fig. 3a, an increase in ty is accompanied by a decrease in Ac, implying that the
position of the 1% order PSB of NAA-RFs is blue-shifted with t,,, which is in good agreement with previous studies on
NAA-RFs®. This blue-shift is also featured in the interferometric colours of NAA-RFs as shown in Fig. 3b. The blue-
shift observed is associated with the modification of the nanoporous structure of NAA-RFs by wet chemical etching.
This process widens the pores of NAA-RFs, which in turn modifies the effective medium of NAA-RFs and alters the
PSB. Thus, a pore widening treatment allows the precise tuning of the position of characteristic transmission PSB of
NAA-RFs across the spectral regions with various interferometric colours showcased.
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Figure 3. Tunability of the characteristic transmission PSBs and interferometric colours of NAA-RFs by the anodisation and

sol-gel parameters. (a) Position of the first characteristic transmission PSB of NAA-RFs as a function of Te and tpw. (b)

Interferometric colour of NAA-RFs as a function of Te and tpw. (C) Representative transmission spectrum of a reference

NAA-RF (i.e. Tp = 650 s, As = 0.420 mA cm?, Joftset = 0.280 MA cm?, Imin = 0.280 MA cm2, Jvax = 1.12 mA cm™?, tan = 20
h and tpw = 6 min) in air and 5 mg L* of MO before and after sol-gel modification with TiO2 for 24 h.
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3.2 Effect of surface modification of NAA-RFs with TiO2

The effect of the surface functionalisation of NAA-RFs (i.e. Tp = 650 s, tpw = 6 min) with TiO; layers on the position of
the characteristic transmission PSB was studied after the photonic structures was dip-coated with TiO; sol for 24 h by
sol-gel method. As demonstrated in Fig. 3c, the position of the 1% order PSB with reference to air is red shifted from 526
+ 1 to 556 = 1 nm after sol-gel modification. A more significant red shift in the position of PSB (i.e. 612 £ 1 nm) is
observed when the surface-modified NAA-RF is filled with 5 mg L'* of MO. These red-shift phenomena are observed
due to the increase of the refractive index of the medium filling the nanopores of NAA-RFs, including photo-active
layers of TiO, and MO solution, which both have larger refractive index than that of air. It should also be noted that the
full width at half maximum (FWHM) of the PSB decreases after filling the nanopores with TiO, and MO solution. This
reduction is caused by the light absorption of TiO, and MO solution, which filled the nanopores of the NAA-RFs% 3,
Besides that, the 2" order transmission PSB disappears after sol-gel method. This is because the 2" order PSB is located
at positions <300 nm, which corresponds to the strong UV absorption range of TiO2 (<380 nm)%. This indicates that
TiOy is successfully deposited onto the inner surface of NAA-RFs. Surface-modified NAA-RFs of different T (750 and
850 s) with the same t,y (6 min) also showed similar red shifts, reduction in FWHM and disappearance of 2" order PSB.
Therefore, NAA-RFs are proved to be surface-modified with photo-active layers of TiO, and their PSB demonstrated to
be tunable across the UV-visible-NIR spectrum by manipulating the filling fractions of the medium.

3.3 Photocatalytic degradation of methyl orange with surface-modified NAA-RFs

Photocatalytic degradation of MO as model dye was studied to evaluate the photocatalytic performances of the surface-
modified NAA-RFs (Tp = 650, 750 and 850 s; tow = 6 min) under simulated solar light irradiation. The photocatalytic
activity of these NAA-RFs for liquid-phase degradation was carried out with the addition of 0.1 M H,O; solution to aid
in the photogeneration of charge carriers in TiO,. After addition of H,O,, the performances of the surface-modified
NAA-RFs were measured as displayed in Fig. 4a, where the photocatalytic degradation process is fit for pseudo-first
order kinetics by linearising the formula into equation (2):

- In(%) =kt 2)

In this equation, C, is the adsorption-desorption equilibrium concentration, C; is the concentration at time t and Kk is the
apparent rate constant.

The values of k for the MO degradation using surface-modified NAA-RFs with Tp values of 650, 750 and 850 s were
0.31+0.01, 0.36 = 0.01 and 0.34 + 0.00 h'%, respectively. These k values are all larger than that for commercial P25 TiO;
nanoparticles treated with aqueous H,O, solution (i.e. k = 0.24 h™)¥, demonstrating that the surface-modified NAA-RFs
perform better than the commercial P25 TiO, nanoparticles in the photocatalytic degradation of MO under simulated
solar light irradiation (~23-33% enhancement). Besides that, the surface-modified NAA-RF with Tp = 750 s was the
most efficient photo-active PC platform to degrade MO. This result can be ascribed to the slow photon (SP) effects,
which enhances the photocatalytic degradation of MO. According to Nishimura et al.?®, the light propagated at the
vicinity of the PSB will slow down and localise in different parts of the PC structure. The SP will localise in the high
dielectric part of the photonic crystal (i.e. photocatalyst) at the red edge of PSB and in the low dielectric part (i.e. dye or
voids) at the blue edge of PSB. Therefore, when the edges of the PSB are matched with the absorption peak of the dye,
the photocatalytic degradation of the dye can be significantly enhanced. To validate if the increase in the photocatalytic
performance of surface-modified NAA-RF (i.e. Te = 750 s) is due to SP effects, the characteristic transmission PSB of
surface-modified NAA-RFs (Tp = 650, 750 and 850 s) with the absorption peak of MO are displayed in Fig.4 (b, cand d
respectively). According to this analysis, the blue edge of the PSB of the surface-modified NAA-RF with Tp = 750 s is
the nearest to the absorption peak of MO, which corresponds to the best photocatalytic activity observed for MO
degradation. This demonstrates that SP effects play a major role in improving the photocatalytic degradation of MO for
this type of surface-modified NAA-RF.

Besides that, when the position of the characteristic transmission PSB of surface-modified NAA-RFs is far away from
the absorption peak of MO, the photocatalytic degradation of MO should be independent of the PSB2® and only related to
the changes of the overall photonic structures. For instance, with increasing Tp, mass transfer and light utilisation
efficiency may have enhanced for light absorption of TiO, due to the enlargement of Lrp in the NAA-RFs. Consequently,
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TiO; can generate more -‘OH radicals to mineralise MO, increasing the photocatalytic degradation rate. Therefore, since
the PSB of the surface-modified NAA-RFs with Tp of 650 and 850 s are far away from the absorption peak of MO (Figs.
4b and d, respectively), it is observed that the photocatalytic performances of the surface-modified NAA-RFs increases
with increasing Tp (Fig. 4a). Moreover, the increased light absorption by TiO, may also be influenced by the light
scattering occurring within the structure of the surface-modified of NAA-RFs with TiO,. Hence, the changes in the
surface-modified NAA-RFs can be significant for the photocatalytic degradation of MO and investigation on the effects
of other anodisation and sol-gel parameters should be carried out.
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Figure 4. Effect of slow photon effects of the surface-modified NAA-RFs on the photocatalytic degradation of MO. (a)
Kinetic linear simulation curve of photocatalytic degradation of MO under simulated solar light irradiation. Optical
absorption peak of MO and transmission spectra of TiO2-NAA-RF composites with an anodisation period of (b) 650 s, (c)
750 s and (d) 850 s.

3.4 Kinetics

A photocatalytic degradation mechanism for the surface-modified NAA-RFs with the addition of H,O; solution is
deduced based on the above experiment. When TiO is irradiated with simulated solar light, electron/hole pairs are
generated in the conduction and valence band of TiO,, respectively. Nevertheless, fewer -OH radicals are produced for
the decomposition of organic dye since the photogenerated charge carriers may readily recombine due to short lifetime in
the electronic bands. This will result in a slow photocatalytic kinetics. Hence, TiO; is deposited on the surfaces of NAA-
RFs to utilise the SP effects of the photonic structures to increase the lifetime and photogeneration of the charge carriers.
This increase is possible since the photons at the frequency edges of the PSB will propagate with strongly reduced group
velocity, being trapped within the photonic structure. Since the slow photons are localised in the edges of PSB, matching
these edges with the absorption peak of the organic dye (i.e. localised region of the organic dye) can increase the
efficiency of the photocatalytic degradation of TiO, in the PC structures to mineralise the organic dye into carbon
dioxide and water. Furthermore, H.O, is also added as a primary electron acceptor to facilitate the electron-charge
transfer and promote the generation of the -OH radicals, improving the photocatalytic performances of the surface-
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modified NAA-RFs. Thus, the addition of H,O; and the surface modification of NAA-RFs with TiO; can enhance the
photocatalytic degradation of MO under simulated solar light irradiation.

4. CONCLUSION

In summary, this study has presented an approach to synthesise photonic crystal structures based on NAA and TiO, for
improving the photocatalytic degradation performances. The optical properties of NAA-RFs (i.e. characteristic PSB)
synthesised by sinusoidal pulse anodisation was carried out by systematically modifying two anodisation parameters (i.e.
anodisation period and pore widening time) for precise tuning of the PSB across the UV-visible-NIR spectrum. The
surfaces of NAA-RFs with different anodisation period (i.e. 650, 750 and 850 s) at fixed pore widening time (i.e. 6 min)
were subsequently modified with photo-active layers of TiO» by sol-gel method to provide these PCs with photocatalytic
properties. When the edges of the PSB of the surface-modified NAA-RF (Tp = 750 s) are matched closely to the
absorption peak of the model dye (i.e. MO), the photocatalytic activity of the system is significantly improved due to SP
effects in the PC structures. Nevertheless, when the position of PSB of surface-modified NAA-RFs are located away
from the absorption peak of dye, the photocatalytic degradation of MO is independent of the PSB and becomes
dependent on the period length of the photonic structures since mass transfer and light utilisation enhance with increasing
period length (i.e. increasing anodisation period). Therefore, the rationale generated using TiO2-NAA-RFs PC structures
as model composite photocatalyst material may provide new opportunities to develop cost-competitive, simple and
sustainable photocatalysts for the photodegradation of persistent organic dyes and pollutants.
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