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ABSTRACT: Titanium dioxide (TiO,) is commonly used for photo-
catalytic decomposition of organic contaminants for the purpose of
water purification. One promising method to enhance TiO, photo-
catalysis is the incorporation of surface plasmon resonance on its surface
where photocatalytic reactions take place. Herein, a novel methodology
using plasmonically tuned aluminum nanostructures to enhance the rate
of photodecomposition of aqueous methyl orange is demonstrated.
These nanostructures are tuned to the TiO, band gap in the UV regime
and patterned on TiO,-coated substrates using nanosphere lithography.
Compared to a blank TiO, film, the plasmonics is found to enhance the
initial TiO, photocatalytic rate by up to 10 times, and further
enhancement is possible upon refinement of the plasmonic technology.

B INTRODUCTION

Access to clean water is of critical importance to humanity, and
increase in both industrialization and population has generated
the need for less costly and faster methods of water purification
of industrial contaminants.”> The additive production in
sectors of industry that necessitate the use of dyestuffs (textiles,
paper mills, etc.) has led to an increase in the amount of
colored wastewater.” Due to coloring being a principle
indicator of (bad) water quality, new ways to either remove
the dyes or decolor the water are paramount.” A primary
component of most colored water waste streams is methyl
orange (MOQ), an aromatic azo dye. Due to its prevalence in
textile waste streams, the scientific community has adopted
MO as a proxy for evaluating water purification systems using
titanium dioxide as a photocatalyst. In order to maximize the
amount of purification and minimize both the necessary
components (excess reactants, costly materials, etc.), photo-
catalytic decomposition has been an area of significant
investigation.

Photocatalysis using TiO, has seen a tremendous amount of
development over the past 40 years.”® The use of TiO, was
pioneered in the early 1970s using a photoelectrochemical cell
from the semiconducting material for the tandem photo-
electrochemical splitting of water.” Following the advent of the
initial discovery, the use of TiO, for photocatalytic redox
processes expanded significantly due to its strong redox
abilities, low cost, stability, and nontoxicity. Its use has also
been expanded to broader applications such as sensing.” "* In
particular, there is strong interest in application of TiO, in
water purification.'*™"”

Through the continued progress in this area, the technology
relying on the TiO, photocatalyst has been readily adapted for
treatment of MO.'*~>* With the current successes of using
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TiO, to decompose MO, innovation is constantly sought out
in order to improve upon the existing efficiency and reaction
rates. Current approaches to improve the baseline catalytic
activity of TiO, have been directed toward two primary routes:
(1) additives, such as iron, tin, and carbon nanoparticles (np)
and (2) nanostructures, such as carbon nanotubes or porous
surfaces.” >’

Recently, there has been another approach to enhance
photocatalysis through the combination of the photoexcitation
of TiO, and surface plasmon.*' The coupling of TiO, with
surface plasmon, usually on gold, has shown the ability to
enhance the redox capability and activity in systems using
TiO,."*>™* While examples of this enhancement with gold
are very prevalent in the literature, gold is effective only in the
visible spectral range, where efficiency of TiO, photocatalysis is
low. More recently, alternative plasmonic materials such as
aluminum (Al) have been explored. Al is more cost-effective
and can have UV plasmonic response that overlaps with the
band gap of TiO,.***” Herein, a novel method using Al
nanostructures for the purpose of increasing photo-activity and
providing a catalytic rate enhancement in the decomposition
process of MO through the activation of the Al surface
plasmon is demonstrated. This system represents the first time
this methodology has been used in a lithographically patterned
substrate, which allows for precise tuning of the plasmonic
response.
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To guide the design of our Al nanostructures, 3D finite-
element-method simulation was carried out using the
commercial COMSOL program. Plane wave is incident upon
an Al equilateral nanotriangle (which models the shape of the
nanostructure patterned by our methodology as outlined
below) sitting on top of a layer of TiO,. An absorbing
boundary condition was used. The geometry of the nano-
triangle was varied to obtain resonance in the desired UV
regime. This in turn guides our fabrication process parameters.
For resonance at wavelength of 350 nm, which corresponds to
the band edge of TiO,, the side length of the equilateral
nanotriangle is found to be 95 nm and thickness 30 nm.

(Figure 1).

xy plane

Figure 1. COMSOL simulation results showing the field enhance-
ment of Al nanotriangle at photon energy above the TiO, band gap.

B METHODS - CATALYST FABRICATION

The nanotriangles modeled by COMSOL were fabricated by
nanosphere lithography. The five major steps in substrate
fabrication are as follows: (1) TiO, film deposition, (2) self-
assembly of polystyrene beads via spin-coating, (3) nanosphere
tuning by plasma etching, (4) Al film deposition, and (5) lift-
off. Fused silica wafers with thickness of 500 ym were used for
substrate fabrication. The wafers were soaked in an 80 °C
aqueous solution of deionized (DI) water, ammonia hydroxide,
and hydrogen peroxide (5:1:1 volume ratio) for 30 min to
remove any organic residues. This was followed by a thorough
rinse with DI water and dried using nitrogen. Afterward, a 100
nm layer of TiO, was deposited by electron beam evaporation
onto the wafer surface and further annealed at 500 °C for 1
hour in ambient air to obtain the TiO, anatase phase.”*”” The
catalytically active anatase phase was confirmed through X-ray
diffraction (XRD) analysis shown in Figure 2 and compared to
the reference pattern from JCPDS card no. 21-1272 for
anatase TiO,."”*' The confirmation of anatase was critical due
to its higher photocatalytic activity compared to the rutile
crystal structure.*

The wafers were cleaved into smaller substrates and cleaned
in acetone and isopropyl alcohol and rinsed with DI water.
Next, during nanosphere lithography, either 300 or 460 nm
diameter polystyrene beads (Sigma Aldrich, St. Louis, MO)
were spun onto the substrates using a commercial spin-coater,
where the attractive forces of the beads lead to formation of a
hexagonal-close packed monolayer (Figure 3A).***/#7% A
total of three spin steps allow for (1) improved surface
coverage, (2) monolayer generation, and (3) removal of
nanospheres from edges. The three spin steps are as follows:
(1) 1940 rpm for 10 s at a ramp rate of 308 rpm/sec, (2) 2300
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Figure 2. XRD patterns of the TiO, thin film before and after
annealing at 500 °C. Peaks present after the anneal process refer to
peaks specific to the anatase phase.

Figure 3. SEM images of the TiO, + Al plasmonic substrate
microfabrication process. (3A) Monolayer of nanospheres on top of
the anatase-phase TiO, film after nanosphere lithography. (3B)
Plasma-etched nanospheres. (3C) E-beam deposition of Al on top of
nanospheres. (3D) Post-nanosphere lift off in toluene.

rpm for 10 s at a ramp rate of 1001 rpm/sec, and (3) 6000 rpm
for 1S5 s at a ramp rate of 1001 rpm/sec.

The size of the polystz’gene beads coated on the TiO, surface
was tuned with plasma™ to achieve the desired size using a
parallel plate reactive ion etcher with a radio frequency power
of 100 W and flow rate of 10 sccm O, and 36 sccm CF, for 75
s. (Figure 3B) Next, a 30 nm layer of Al was electron beam-
deposited on top of the tuned polystyrene beads filling the
gaps in between the beads. (Figure 3C) Finally, a majority of
the beads were removed with tape, and the remaining beads
were sonicated in toluene for 30 s to dissolve the polystyrene
beads and remove the excess Al, leaving behind the Al patterns
defined by the nanospheres on the TiO, surface. (Figure 3D).

After substrate manufacturing and tuning of the Al
nanostructures, surface plasma resonance (SPR) activity was
characterized via a UV—vis spectrophotometer (Perkin Elmer
lambda 950) with an attached 60 mm integrating sphere. An
important note is that the size of polystyrene beads had a direct
and significant effect on the Al feature size, where the feature size
refers to the side of the triangular Al pattern. The 300 nm
polystyrene beads yield an average feature size of ~ 90 nm,
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while the 460 nm polystyrene beads yield average feature size
of ~ 120 nm. Along with change of Al feature size, red shifts
were observed via increasing the size of the patterned Al
nanostructures, with the 300 nm spheres yielding a higher
degree of energy overlap between the Al nanostructure and
TiO, thin film (Figure 4). The experimental absorptions of the
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Figure 4. Measured UV—vis absorption of two Al structures of
different sizes on TiO, 90 nm triangles (red) and 120 nm triangles
(blue). Also plotted are COMSOL simulated absorption cross section
of 90 nm Al nanotriangles patterned on the TiO, thin film (dashed
orange) and plain TiO, thin film (dotted black).

Al features were compared with COMSOL predicted
absorptions of blank TiO, and a 90 nm Al triangle, in which
similar absorptions are observed, as seen in Figure 4. The
different feature sizes obtained by using two different sizes of
polystyrene beads allowed for a deeper investigation into the
effect of activation of the Al plasmon on catalysis.

B METHYL ORANGE PLASMONICS-ENHANCED
DECOMPOSITION

All reactions were conducted in a 6" diameter boro-silicate
petri dish and irradiated using an IntelliRay-600 UV shutter
flood light set to 35% power with no temperature input. MO
(19%W,V) was purchased from Sigma Aldrich. A Perkin Elmer
lambda 950 UV—vis spectrophotometer with an attached 60
mm integrating sphere was used for all measurements for the
following: (1) (pre-reaction) catalyst characterization, (2) MO
concentration determination (via the MO absorption peak at
469 nm), and (3) post-reaction catalyst characterization. All
experiments were conducted with a 15 mL aliquot of a batch
solution with a 1:15 dilution of MO in DI water from the MO
stock. Each time point was a self-contained and independent
reaction using the same catalyst. (X time points = between 3—
6 reactions).

All reactions were conducted on a 6 cm® substrate. The
substrate was placed in a 6" borosilicate petri dish and covered
with 15 mL (measured via a volumetric flask) of dilute MO
bulk solution. The substrate was equilibrated in solution for 10
mins, while the vessel was capped and wrapped in tin foil. The
reaction vessel was placed in the UV flood light system and
irradiated for incremental time periods. After exposure,
solution was transferred into a clean and dry 15 mL volumetric
flask and volume was restored to 15 mL to account for
evaporative loss during the exposure, followed by inversion
(4x). Following volume normalization and homogenization, a
1:100 dilution of the bulk sample was prepared in a plastic
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UV—vis cuvette for analysis, and the results were compared to
a MO control spectrum to determine MO concentration loss
(see supporting information).

Control reactions of MO with no catalyst system yielded
negligible change in concentration through the entire exposure
time. Both substrates (larger and smaller Al features) were
tested for catalytic enhancement. The substrate with a larger Al
nanotriangle feature size (&% 120 nm) demonstrated a more
red-shifted absorption spectra than the smaller feature size (%
90 nm) in the pre-reaction characterization. These off-tuned
substrates showed a decrease in concentration over the 10-min
irradiation period but was not significantly different from blank
thin-film TiO, control experiment. The lack of plasmonic
enhancement by the larger Al-feature sizes is believed to be
caused by the lack of overlap between the Al plasmon and
TiO,.** Further refinement of the Al plasmonic feature by
reducing the polystyrene nanospheres size to 300 nm
effectively decreased the Al feature size from 120 to 90 nm,
which increased the spectral overlap of the plasmonic Al
nanostructure and TiO, (& 365 nm). As a result of the
increase in spectral overlap, the 90 nm Al feature size yielded a
significant rate enhancement over the course of the 10 min
exposure, as demonstrated in Figure SA.

The observed rate enhancement with the smaller Al
nanofeatures was attributed to the successful transfer of energy
from the localized SPR leading to enhanced photoexcitation of
TiO, While the mechanism of energy transfer from the
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Figure 5. (A) Reaction kinetics plots of MO photodecomposition.
Blank titanium dioxide thin-film control (gray), off-tuned Al
nanostructure (orange), and tuned Al nanostructure (blue). (B)
Plot of the first derivative of the measured MO concentration over
time for all substrates.
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activation of SPR to a semiconductor is still an area of active s
research, it is currently believed that the energy transfer I Before Catalysis
between the Al surface plasmon and TiO, catalyst film occurs

. . . = = = After Catalysis
via two possible processes. A possible energy transfer 70
mechanism is hot carrier injection through resonant energy "

transfer.””* The discrepancy between the simulated and
observed catalyst absorption spectra could be due to various
variables that are currently not accounted for in the simulations
(e.g., sample inhomogeneity, Al structure spacing, etc.). Due to
this discrepancy between our simulations and observed data,
another possible mechanism of the observed increased catalytic
activity can be through a nonresonant route such as Landau
damping effect and accompanied electron scattering.””"** ™"
This claim is rationalized through the higher absorption of 90
nm Al structures in the UV region compared to 120 nm Al
structures. This system, however, needs further exploration to
understand the intricacies of the energy transfer mechanism
between the Al plasmon and the TiO,. It is evident from our
measurements that the average photocatalytic reaction rate
enhancement with Al plasmonics can be significant, and the
plasmonic feature size strongly affects the enhancement.

Initial rates of MO decomposition were observed for 10
mins across all substrates, and MO concentration was
determined via integration of the UV—vis MO absorption
peak. MO decomposition over time was plotted and fitted to
second-order polynomial functions. The first derivative of the
fitted polynomial functions was calculated and plotted to
analyze the rate (Figure 5B).*” Negligible differences were
observed between the rate of decomposition of MO between
both larger (120 nm) Al features and blank TiO, thin-film
control. The smaller (90 nm) Al features yielded a significant
rate enhancement (0.022% decomposition/minute), and an
increase of ~10x over the TiO,control substrate is observed. While
it is a significant enhancement, the potential for further
enhancement exists with refinement of plasmonic technology.

While a significant increase in the initial rate is observed in
the smaller Al feature sizes compared to both the TiO, control
and the larger Al feature sizes, it is short lived. The observed
catalytic enhancement of the smaller Al feature sizes only exists
for the first 7 mins of UV exposure. Also, it was noted that the
COMSOL simulations showed significant plasmonic absorp-
tion peaks near the band edge of TiO,, but these peaks were
not observed in UV—vis measurements. This could be
explained by inhomogeneities of the plasmonic-enhanced
surface.

Al plasmonics tend to be altered in the presence of both
hydroxyl radicals and broad-spectrum UV light.>* Figure 6
displays UV—vis spectroscopic characterization of a deacti-
vated (UV-exposed in MO solution) catalyst compared to
active catalysts. While differences in absolute percentages are
observed in the Al patterned TiO,, line shape across
reflectance, transmission, and absorption are nearly identical,
indicating no distinct photophysical reason for -catalyst
deactivation. SEM imaging of catalysts after deactivation
shows significant corrosion of the Al nanostructures (see
supporting information), which likely causes the observed
catalyst deactivation. It is believed that this deactivation
pathway could be mitigated through a coating of the thin
protective layer (e.g, ALO;) over the Al nanostructures.”*”

Further study of the complex energy transfer between the
active Al plasmons and the TiO, is a critical step in advancing
not only this technology, but the interface of all fields
employing plasmonics for energy transfer. Transferring this
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Figure 6. Uv—vis spectroscopic characterization of 90 nm plasmonic
catalyst after reaction. Solid lines indicate measurements before
catalysis, and dotted lines indicate those after catalysis (y-axis in %).
Blue is measured hemispherical reflectance (R), gray is measured
transmission (T), and orange is absorption (A) given by A = 100%- R
-T.

system from a patterned substrate-based system to a colloidal
system can be a route towards increasing the applicability of
this technology to industrial areas needing faster and improved
water treatment technologies.

B CONCLUSIONS

Herein, we have successfully shown that aluminum UV
plasmonic nanostructures closely tuned to the band gap of
TiO,, when placed on a surface constituting a catalytically
active layer of TiO,, can provide a significant rate enhance-
ment (~10X) of the photochemical decomposition of MO.
‘While further work is needed to characterize the exact pathway
of catalyst passivation and energy transfer, this is a step forward
in developing methods for plasmonically enhancing UV-driven
processes.
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