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ABSTRACT

Materials composed of titanium (IV) oxide (TiO2) have received enormous scientific
interest due to titania’s abundance, non-toxicity, and photocatalytic proficiency, however
its large band gap limits its applicability under ambient conditions. Various attempts have
been made to incorporate titania into composite systems to sensitize it for activity under a
broader range of wavelengths. One such method includes utilizing narrow band gap
semiconductors to form an electron transfer process analogous to photosynthesis referred
to as a Z-scheme. Z-scheme systems can catalyze the decomposition of aqueous pollutants
via generation of reactive oxygen species after input of sunlight. This work reports the
design of a photocatalyst consisting of macroporous inverse opal (io) TiO2 embedded with
gold nanoparticles (AuNPs) and cadmium sulfide quantum dots (CdS QDs) into binary and
ternary systems. These composites, labeled 10TiO2-Au, i0TiO2-CdS, and i0TiO2-Au-CdS
are characterized via SEM, EDX, solid-state UV-vis, and Raman, and are subsequently
evaluated for their photocatalytic efficiency against the pollutant analog trypan blue (TryB)
under UV and white light LED lighting conditions. It was found that binary i0TiO,-CdS
exhibits the best photocatalytic performance, with a rate constant 7.8, 5.2, 6.5, and 1.6
times faster than singular ioTiO2 and CdS, binary i0TiO2-Au, and ternary ioTiO2-Au-CdS
under UV, respectively. Under white light LED all systems exhibit reduced activity, with
i10TiO2-Au-CdS and i0TiO2-CdS showing no statistical difference, however, the ternary
system performed most consistently across both light sources, retaining 92% of its UV

performance. Loss of CdS due to photocorrosion limits recyclability of the thin films.
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CHAPTER 1. INTRODUCTION

1.1 TiO2: A Versatile Heterogeneous Photocatalyst

Water pollution generated by runoff from agricultural and industrial sources poses
major health risks to civilization, which makes developing effective methods for treating
contaminated sources of paramount interest to the scientific community. One prospect that
has seen significant attention in recent years is the utilization of light sensitive
semiconductors to photocatalytically facilitate the degradation of pollutants into
biologically innocuous substances. Titanium (1) oxide, also known as titania, is one such
photocatalyst that is renowned for being cheap, chemically stable, and non-toxic.® After
the discovery of the Honda-Fujishima effect in 1972, wherein TiO; utilizes light to split
water into H, and O,* titania has been utilized for a wide variety of applications ranging
from dye-sensitized solar cells,® to anti-fogging coatings on glass®’ to degradation of
herbicides, dyes, and other industrial chemical waste products.®® Titania occurs in three
polymorphs; anatase, rutile, and brookite (Figure 1.1),1*2 of which the first two have been

studied more extensively for most applications.™

FIGURE 1.1 TiO; polymorph crystal structures for anatase (left) and rutile (right). Brookite not featured.
Images made using VESTA 3 3D visualization software. 12



In the pure phase, it is generally accepted that anatase is more active than rutile for
photocatalysis.!**® Luttrell et al. compared the photocatalytic activity of methyl orange
degradation for anatase and rutile thin films and found anatase to be roughly twice as active
as rutile.™ Liu et al. utilized in situ diffuse reflectance infrared Fourier transform (DRIFTS)
to investigate photocatalytic CO2 reduction and found that unpretreated anatase
demonstrated better CO and CH4 production than brookite and rutile.®* Cappelletti et al.
compared titania polymorph composites for photoreduction of Cr(V1) and found anatase-
brookite and anatase-rutile P25 had 15% higher activity than pure rutile samples, which
the authors attribute to intrinsic features to rutile such as improved light absorption and

exposed faces.!®

Despite its versatility, a major hindrance to titania’s usefulness is that it possesses
arelatively large electronic band gap of = 3.2 eV which necessitates that incident light have
a wavelength of 387 nm or less for excitation to occur.!” UV radiation makes up roughly
5% of sunlight, with much of the high-energy UV rays like UVB (280 - 315 nm) and UVC
(100 - 280 nm) being partially or completely filtered out by the ozone layer.’®% Thus, to
maximize efficiency under ambient conditions, a practical photocatalyst should be active
in the visible region (400 < A < 800 nm) while also retaining sufficiently positive and
negative valence band (VB) and conduction band (CB) edges to carry out redox
reactions.*?! In the context of aqueous pollutant degradation, the typical purification
mechanism involves generating an electron (e7) hole (h*) pair to produce reactive oxygen
species such as hydroxyl and superoxide radicals from H20 or Oz, which subsequently go
on to attack contaminants until complete mineralization to CO, and water (a method

classified as an advanced oxidation process (AOP)).%2224 The need to undergo AOPs with



water, preserve a narrow enough band gap to exhibit solar excitation, and remain stable
throughout the whole process has made finding an optimal single component photocatalyst
problematic.?® Figure 1.2 displays a series of common metal oxide and sulfide
semiconductors, however like TiO2, all of them have demonstrated difficulties ranging
from poor visible light harvesting efficiency (TiO2, ZrO2, ZnO), incompatible band edges

for AOPs (WOs, Si, Fe203), or poor photostability (CdS).%

While a ‘one size fits all’

20
photocatalyst seems out of 10 F &2 cds
L Tio, 4n¢
reach, there has been extensive N S e e
=z ol | °
. I . . “ 10 _S g 3 N
interest within the scientific > U
. _ > 20 F
community to find ways to
30 F < -
overcome these issues by other
40 L L

means. One such method is _ _ _ _
FIGURE 1.2 Relative band edges for various semiconducting

i ' ials against I hyd lectrode. 2!
through the integration of materials against a normal hydrogen electrode

these materials into alloys or binary/ternary composites, and another is by taking advantage
of the surface area and optical properties that can arise when they are organized into certain
morphologies. In the case of the former, research has shown that linking semiconductors
directly or bridging them together with a mediator can adjust band edges, extend the range
of absorbable wavelengths, and facilitate electron transfer, thereby improving electron-
hole separation and preventing undesirable recombination.*% In the case of the latter,
photonic crystals (PCs) possess both a high surface area and can enhance a materials light
absorption ability as a result of the ‘slow photon effect’ that arises due to Bragg’s

diffraction.2”28



Consequently, the objective of this thesis work is to design visible light sensitive
inverse opal (io) TiO. based binary and ternary systems and investigate their proficiency
for the degradation of the azo dye trypan blue (TryB) as an organic pollutant analog in
water. The second and third components to be used consist of the narrow band gap
semiconductor cadmium sulfide (CdS) and gold nanoparticles (AuNPs) which exhibit
localized surface plasmon resonance (LSPR). To simplify extraction, the photocatalysts
will be fabricated as thin films on glass slides which can simply be removed from
decontaminated water without the need to centrifuge and filter slurries typical of TiO:
powders. The resulting binary and ternary systems, labeled ioTiO2-Au, i0TiO2-CdS, and
10TiO2-Au-CdS, are expected to possess enhanced photocatalytic activity over unary
systems (ioTiOz and CdS) for the reasons mentioned above, and are tested under ultraviolet
and visible lighting conditions. This thesis will be structured follows: Chapter 1 will review
literature and cover important concepts to heterogeneous catalysis and multiple component
photocatalytic systems, Chapter 2 will detail method development for the fabrication of the
thin films with final procedures and describe the photocatalytic reaction setup, Chapter 3
will discuss relevant characterization data for the unary, binary, and ternary systems, and
Chapter 4 will compare their photocatalytic degradation efficiency against trypan blue

under UV and visible light.

1.2 Inverse Opals: Photonic Band Gaps and the Slow Photon Effect
A critical feature that governs efficiency in heterogeneous catalysis is the solid-
liquid interface between the catalyst and reacting materials. The interface serves as both

the site of reaction and, in the case of photocatalysis, the site for light absorption.?° Thus,
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area, as well as another interesting property, referred to as a photonic band gap (PBG).
PBGs arise when periodic structures with modulating dielectric constants are arranged on
the length scale of visible light and allow PCs to influence light propagation through a
material in a manner analogous to how semiconductors regulate current with electronic
band gaps.>>®! The electromagnetic wave equation, like the Schrodinger equation, is an
eigenvalue problem with discrete solutions that are all orthogonal.®? Using the variational
method, the lowest energy state for a wave traveling through a periodic lattice must

minimize Equation 1:

Lo 2
(@,)" = min—”mlk_)m?"" c? Eq. 1
, ETl,E f£|En,E|

In brief, this minimum occurs when the dielectric constant (¢) (i.e. the denominator) is high,
denoting that the lowest order wave (referred to as the dielectric band) prefers high
dielectric regions (Figure 1.4). Since the next order wave must be orthogonal to the first, it

is most intense in low dielectric regions and is accordingly referred to as the air band.

These constraints that the waves possess the same periodicity but different average
refractive indices (n), imply the waves must have different frequencies (w). The region

5
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FIGURE 1.4 Origin of the photonic band gap. (Left) Representative band diagram illustrating the gap
that arises between frequencies in a photonic crystal. The slope of the line reflects the group velocity (vq)
for the wave, which approaches zero along the edges of the PBG. (Right) One-dimensional wave
propagating through a periodic crystal with modulating refractive index n along wavevector k. The
dielectric band (blue) has most of its intensity where n is high, the air band (orange) is most intense
where n is low.

between these frequencies is a range of energies that cannot propagate through the material
but are instead reflected away. While reflecting light in and of itself is not useful for
photocatalysis, light frequencies along the edges of the PBG experience reduced group
velocity (vg) which has the effect of increasing the path length for light traveling through
the material 34 Since the position of the PBG depends on the size of the periodic subunits,
the light frequencies that are reflected, and consequently which frequencies are slowed,
can be tailored by modifying the size of the voids. Controlled design of the void sizes to
utilize the ‘slow photon effect’ has been shown to be able to enhance the photocatalytic
efficiency of materials. Ozin and coworkers evaluated the photocatalytic performance of
i10TiO2 with different PBG positions for the degradation of methylene blue and found a
band gap at 345 nm exhibited an enhancement factor of 1.9 relative to nanocrystalline (nc)
TiO2 under 370 nm irradiation normal to the film.3! Chen et al. prepared inverse opal
TiO2/SnO, composite membranes and found the closer the PBG matched titania’s
electronic band gap the better the photocatalyst performed, with the PBG centered at 370

nm outperforming PBGs at 415 nm, 525 nm, and ncTiO for the degradation of rhodamine



B.3* These PBGs originate from void sizes between 200 — 300 nm. The typical method for
fabricating inverse opals is by coating a nanosphere template with a TiO> precursor and
calcinating to both remove the template and anneal the TiO2.% However, due to the 10% -
25% length contraction the crystal lattice undergoes during the cooling process, polymer
templates used typically range between ~220 — 330 nm in size.3** For this project, we will

utilize inverse opal structures within that scale.

1.3 Binary Systems: Sensitization with Surface Plasmons and Quantum Dots
Incorporating TiOz into binary systems can bring about several advantages. The
first is sensitization where a second component, typically an organic chromophore or a
noble metal that exhibits localized surface plasmon resonance (LSPR), acts as an ‘antenna’
for light absorption (Figure 1.5a).2% In the case of LSPR, when the frequency of light
incident to a noble metal nanoparticle matches the frequency of its surface electron

oscillations, the light is absorbed, and excitation occurs. Gold and silver nanoparticles

Photosensitizer Il

Photosensitizer Il

Photosensitizer |

FIGURE 1.5 Generalized photocatalytic reaction mechanisms for A) binary sensitization, B) binary Z-
scheme, and C) ternary Z-scheme.



exhibit surface electron resonance at frequencies within the visible spectrum, and thus
absorb in the visible region, with the exact frequency of absorption depending on the
nanoparticle’s size and shape.®® These excited, ‘hot’ electrons readily transfer into the CB

of TiO, where they can subsequently be used for redox.%

Sensitization effectively broadens the range of wavelengths that a photocatalyst can
utilize, and has been shown to improve the photocatalytic activity of TiO2 under visible
light, especially in cases where titania’s PBG aligned with the nanoparticle’s ALspr. Wang
et al. demonstrated enhanced visible light performance for TiO2-Au biomorphic photonic
crystals (BMPCs) over P25 titania.?’ The BMPCs were made using butterfly wings as a
template and possessed a PBG that synergized with the LSPR of the embedded gold
nanoparticles, resulting in improved degradation efficiency of methyl orange. Lu et al.
infiltrated 240 nm i0TiO2 PCs with 15 nm AuNPs and found the enhanced visible light
absorption gave the binary system a 2.3-fold larger kinetic constant over ncTiO- for the
degradation of 2,4-dichlorophenol.*® Similarly, Zhao et al. synthesized AgNPs in situ on
i10TiO> thin films and found the apparent rate constant for the degradation of methylene
blue was 4.2 times higher than a conventional ncTiO2-Ag film and 36 times higher than

ncTiO, by itself under visible light.*!

In addition to sensitization, coupling TiO2 with narrow band gap semiconductors
has been another much-investigated avenue for improving titania’s photocatalytic
efficiency. Semiconductors with electronic band gaps between 1.5 — 3.0 eV can absorb in
the visible spectrum, and depending on relative band edge positions, can exchange excited
electrons with TiO; in a similar manner to noble metal nanoparticles.*>** However, more

interestingly, coupling semiconductors allows the tasks of reducing and oxidizing water to



be split between the two photosensitizers in a process called Z-scheme photocatalysis
(Figure 1.5B).* This is advantageous because it circumvents the requirement of needing a
single material capable of both halves of water redox and the charge transfer between
semiconductors increase electron-hole separation which inhibits recombination.?® Taken in
conjunction these factors widen the scope of viable sensitizers to include those that
individually have difficulties performing photocatalysis either due to poor band gap

alignment or high rates of recombination.

Examples of narrow band gap semiconductors that have been utilized include
CulnS; (1.5eV),*® Cu,0 (2.0 eV),*” ZnFe,04 (1.86 eV),* and CdS (2.4 eV).*® CdS in
particular has seen extensive use due to its ideal electronic band width and positioning.
Pant et al. embedded TiO>-CdS nanoparticles onto carbon nanofibers and tested for the
degradation of 10 ppm solutions of methylene blue, reactive black 5 and reactive orange
16 under sunlight. In addition to the absorption caused by the carbon content of the fibers,
the photocatalytic activity of the TiO.-CdS binary system improved the rate of dye
degradation.*® Xia et al. modified CuO inverse opals with CdS to make a glucose biosensor
and found that addition of QDs improved the electrode’s sensitivity to glucose addition
over plain ioCuO and CuO thin films.?” Fujishima et al. sensitized mesoporous ncTiO2
films with CdS using a photocatalytic growth of preformed seeds (PCGS) technique and
tested the systems proficiency at photocatalytic hydrogen generation.** The
electrochemical cell exhibited an increase in Hx generation under simulated sunlight as
TiO, surface coverage increased. For this project, we utilize AuNPs or CdS QDs as

photosensitizer 11 (PSII) coupled to i0TiO2 photosensitizer | (PSI). For the reasons given



above, the addition of the second photosensitizer is expected to enhance the photocatalytic

performance of TiO, under ambient conditions.

1.4 Ternary Systems: Electron Mediators in Z-Scheme Photocatalysis

Expanding on the same concepts as binary systems, ternary Z-scheme systems use
two photosensitizers bridged together with an electron mediator (Figure 1.5C).*?% Like the
binary systems, addition of a narrow band gap semiconductor for PSII increases the range
of usable wavelengths for photocatalysis and allows the tasks of reduction and oxidation
to be split between the two components.*® The key difference in ternary systems however
is the presence of an electron mediator which facilitates electron transport between the two
photosensitizers. The mediator, which can be an electrolytic solution in agueous phase or
a conductive material in solid state, further improves electron-hole separation by offering
a low resistance pathways from CBps) to VBpsi or CBpsii to CBpsi.2® Additionally, the
mediator can act as a third point of electron excitation if it exhibits visible light absorption
in and of itself, such as in the case of plasmonic nanoparticles, where AuNPs have been
shown to be capable of both shuttling between and injecting photoexcited ‘hot’ electrons

to coupled photosensitizers.®®

Typical examples of mediators used in ternary Z-schemes include reduced
graphene oxide,*® AuNPs,3*%0 AgNPs,*! and tungsten.>® Iwase et al. demonstrated the
ability of reduced graphene oxide sheets to act as an electron shuttle between BiVO4 and
Ru/SrTiOz:Rh photocatalysts for enhanced water splitting.*® The mediator tripled the
amount of generated H, compared to the two photocatalysts coupled without it (3.7 pumol
to 11 umol). Lin et al. composed an all silver Z-scheme system, which was comprised of

AgBr and Agl as PSI and PSII respectively with AgNPs acting as the mediator.>! In

10



photocatalytic experiments for methyl orange degradation in visible light, the ternary
system outperformed Ag-Agl and Ag-AgBr binary systems.®! For our ternary system, we
incorporate all three of our binary photosensitizers, TiO2, AuNPs, and CdS QDs, into an
10TiO2-Au-CdS composite system with TiO2 and CdS acting as PSI and PSII respectively,

and AuNPs acting as the electron mediator.

11



CHAPTER 2. MATERIALS AND METHODS

2.1 Materials

Cadmium acetate dihydrate (98%) was purchased from Arcos Organics. Crystalline
L-ascorbic acid (99.6%), hydroquinone, and Sodium citrate dihydrate were purchased from
Fischer Scientific. Polyvinylpyrrolidone (average MW 40000) (PVP), sodium sulfide
nonahydrate (98.0%), sodium tetrachloroaurate (Ill) dehydrate (99%), titanium(IV)
bis(ammonium lactate) dihydroxide (50% wt. % in H20O) (TiBALDH), styrene monomer,
stabilized (99%), methyl methacrylate monomer, stabilized (99%), 2,2’-Azobis(2-
methylpropionamidine) dihydrochloride (97%) (AIBA) and trypan blue (TryB) were
purchased from Sigma-Aldrich. Sodium borohydride (>99%) was purchased from Fluka

Analytical. All chemicals and solvents were used as received.

Our generalized approach, illustrated in Figure 2.1, was to fabricate the i0TiO2-Au-
CdS complex bottom up by the coassembly of a polystyrene (PS) or poly(methyl

methacrylate) (PMMA) nanosphere sacrificial template with a water soluble titania
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FIGURE 2.1 ioTiO2-Au-CdS fabrication outline illustrating (A-B) coassembly of polymer nanospheres
and TiBALDH, (C) removal of polymer, (D) in situ synthesis of AuNPs, and (E) SILAR deposition of
CdS ODs
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precursor (titanium(IV)- bis(ammonium lactate) dihydroxide or TIBALDH) (Figure 2.1A-
B) followed by calcination of the polymer scaffolding (Figure 2.1C), in situ synthesis of
the gold nanoparticles (Figure 2.1D), and deposition of CdS quantum dots by successive
ionic layer absorption and reaction (SILAR) method (Figure 2.1E). The justification for

the methods used and detailed procedures are specified below.

2.2 Synthesis of Polystyrene and Poly(methyl methacrylate) Nanospheres

PS nanospheres approximately 250 nm in size were synthesized by surfactant free
emulsion polymerization following literature procedure.> The size of the nanoparticles can
be regulated by controlling the concentrations of the initiator, stabilizer, and monomer. A
100 mL two-necked round bottom flask was placed in a sand bath and fastened with a
reflux condenser and a thermometer. The joints were wrapped in Teflon tape to prevent PS
from fusing the condenser and the round bottom together during the reaction. A rubber
septum was placed onto the reflux condenser and nitrogen was pumped to a gas bubbler to
make the atmosphere inert. Polymerization was carried out by first dissolving 0.0651 g
AIBA initiator, 0.6 g PVP stabilizer, and 5.518 mL styrene monomer in DI water and
diluting to 50 mL. The reaction chamber was sealed under nitrogen and slowly heated to
70-80°C where it was held for 6 hours with stirring. After polymerization, the latex beads
were washed by centrifuging at 13000 rpm for 20 minutes 3-4 times, dispersed in 40 mL

DI water, and sonicated for 30 minutes to break up agglomerates.

~200 nm PMMA nanospheres were synthesized and treated in a similar manner,>
using 0.015 g AIBA, 3.0 mL methyl methacrylate monomer, 16 mL DI water and no

stabilizer. In addition, 600 nm 10% PS beads were purchased from Sigma-Aldrich and
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diluted in DI water as necessary. Nanospheres were imaged by scanning electron

microscopy and average particle diameter was measured using imageJ software. >

2.3 Fabrication of Inverse Opal TiO2 by Coassembly

Initial efforts to fabricate inverse opals were done using typical 2-step fabrication
techniques from literature.®®>” In these, the polymer nanosphere template was first
deposited onto the slides by flow controlled vertical deposition with a peristaltic pump or
by evaporation at 45°C. The gradually lowering meniscus caused the nanospheres to adhere
to the surface of the glass slide in a arrangement, after which the nanosphere template was
infiltrated with a TiO2 sol-gel by dip coating or drop casting. The slides were then
calcinated at 500°C to remove the template and anneal the titania yielding inverse opals.
Unfortunately, many of these 2-step procedures suffered from complications such as
polymer template damage during infiltration, large over-layers of TiO2 on top of the inverse
opals, or films that would flake off the slide easily, resulting in poor surface coverage
(Figure 2.2). Additionally, the polymer deposition process needed to be slower than the
available peristaltic pump allowed to ensure proper self-assembly, thus all succeeding PC

templating processes were done via evaporation over the course of 1 — 2 days.

(,\J

¥ ——
bbSEM_DC_PMMA1_FCVD_06202016 7ym bBSEM_DC_IOTiO2_PS_06282016 1 bbSEM_DC_IOTi02_06272016
MAG: 5000 x_HV: 2.0 KV_WD: 10.0 mm } | MAG: 1000 x HV: 10.0 kV WD: 9.0 mm t | | MAG: 10000 x HV: 2.0 KV WD: 8.0 mm

FIGURE 2.2 Examples of typical defects during inverse opal fabrication. A) Disordered PMMA
nanospheres due to fast vertical deposition process not permitting self-assembly. B) “Shoreline” pattern
where PS template was washed away during infiltration with titania precursor. C) Solid TiO, over-layer
when excess sol gel was deposited onto template.
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We eventually transitioned from 2-step methods to a simplified coassembly method
taken from literature which involved simultaneously depositing the polymer template with
a water soluble titania precursor.3"*%%° This both saved time due to no longer requiring a
separate infiltration step, and yielded good surface coverage without flaking or over-layers.
The finalized procedure went as follows, glass microscope slides (0.83x1.88 cm) were cut,
rinsed with isopropanol, and soaked in piranha solution for 30 - 60 minutes to clean and
make them hydrophilic. The clean slides were stored in DI water until ready to use. The
coassembly mixture consisted of 1 mL 2.5% wt PS, 160 pL 50% TiBALDH, and 2.840
mL DI water. One slide was placed in a vial (ID ~2 cm) and was submerged in the
coassembly mixture. The vials were left in a 45°C incubator for 1-2 days to evaporate, then
were subsequently calcined at 500°C for 3 hours using a temperature ramp rate of 2°C/min
in a muffle furnace. After heating, the slides were cooled naturally to room temperature.
Films were characterized with SEM, EDX, solid state UV-visible, and Raman

spectroscopies. Pore sizes were measured with imageJ. >

2.4 In situ Synthesis of AuNPs using Different Reducing Agents

First attempts to incorporate gold nanoparticles into the inverse opal structures
involved drop casting a known volume and concentration of AuNPs onto the surface of the
slides, however this technique resulted in the gold nanoparticles coalescing along the edges
of the drop due to the “coffee ring effect” (Figure
2.3).51%2 To ensure uniform distribution of nanoparticles
we developed an in situ synthesis method involving the —

. . . . . FIGURE 2.3 The “coffee ring
reduction of gold chloride with various reducing agents  effect” during AuNP drop casting
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in the presence of the
thin  film, with and
without citrate acting as
a capping agent (Figure

2.4). The reducing

NaAuCl, in H,0 Nanoparticle
agents used were 100 +Citrate Formation

mM ascorbic acid, 100 FIGURE 2.4 insitu AuNP synthesis outline

mM NaBHj4, and 30 mM hydroquinone. The ioTiO; slides were taped to the wall of a vial
with Kapton tape and immersed in a mixture of 5.940 mL DI water and 60 pL 25 mM
AuCly with stirring. Solutions with citrate used 4.913 mL DI water with 37 uL 34 mM
citrate and the same amount of AuCls". After soaking for 30 minutes, 180 pL L-ascorbic
acid, 180 pL NaBH4, or 60 pL hydroquinone was quickly injected while stirring was
sustained for another 15 minutes, after which the nanoparticle solution was covered and
allowed to age overnight. The slides were removed from the gold solutions the next day,
briefly rinsed with DI water, and dried in an 80°C oven. AuNPs containing slides were
characterized with SEM, EDX, and solid state UV-vis. Particle sizes were measured with
imageJ. To demonstrate repeatability, residual AuUNPs solutions were characterized by UV-

visible spectroscopy.
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2.5 CdS Deposition by SILAR Method

CdS layers were applied by
following a modified SILAR method
from the literature per Figure
2511218384 50 mM solutions of
Cd(Ac)2-2H20, and NazS-9H,0 were
prepared in ethanol and 25%:75%
water-to-methanol respectively. First,
aslide was soaked in the Cd?* solution
for 30 seconds to absorb cadmium
ions before being moved to a beaker

containing pure methanol for 30

Absorption Rinse
SILAR Dry under N,
Dry under N, x10 Cycles
Bt
%

Rinse Reaction

FIGURE 2.5 Modified SILAR procedure illustration for
deposition of CdS QDs. 10 cycles were performed on
each CdS containing slide.

seconds to rinse off excess cadmium and acetate ions. The slide was dried under an Nz

stream and then soaked in the S solution for 30 seconds to allow sulfide to react with the

absorbed cadmium ions and form CdS. The slide was rinsed again in another beaker of

clean methanol then dried under N2, thereby completing one cycle. SILAR cycles were

performed 10 times on clean slides for unary CdS thin films and on slides containing ioTiOz

and ioTiO2-Au to produce the binary and ternary systems. CdS containing slides were

characterized with SEM, EDX, solid state UV-visible, and Raman spectroscopy. Particle

sizes were measured with imageJ.
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2.6 Photocatalytic Tests

Trypan blue was selected as our pollutant analog on the basis that azo dyes make
up an estimated 50% - 70% of global dye production and are classified under Group 2B as
possible carcinogens by the International Agency for Research on Cancer.®®%” Preliminary

reactions (Figure 2.6) were performed by placing slides in a beaker with 25 mL 20 uM
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FIGURE 2.6 Preliminary photocatalytic degradation of 20 uM trypan blue under UV light using a clean
slide control (left) and nanocrystalline TiO, (right). Reactions performed with ~0.2 mg catalyst in 25 mL
dye solution.

TryB under ultraviolet light, however, the amount of catalytic material per slide was found
to be approximately 0.2 mg, yielding a final concentration of 8 pg/mL. In these conditions,
the low catalyst loading and long passive diffusion distance due to lack of solution agitation
severely limited the rate of reaction to an excess of 48 hours and made a direct comparison
of photocatalytic performance impractical. The rigid structure of the slides further
complicated choice of reactor setup since the reactor needed to balance using small
volumes to maintain reasonable catalyst loading while having sufficient volume to ensure
the slide remained submerged at all times. Moreover, the reactor needed to allow for

solution agitation to prevent passive diffusion from becoming rate limiting, and be
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transparent to our light source. Thus, a major facet of this project was designing an

adequate reactor for running thin film experiments.

Some of the attempted reactor designs to solve these problems include a small scale
‘shallow pond’ reactor (not pictured) where the slide was placed in a vial and air was
bubbled in via a peristaltic pump, and a microfluidic inspired ‘macrofluidic’ device for
flowing small (1 - 2 mL) volumes over thin films (Figure 2.7A).58%° Nevertheless, there
remained difficulties getting the reactors to operate satisfactorily. The former suffered from
evaporation becoming a significant variable due to the small volumes used and the fact that
the reactor needed to be open to the air for several hours, and the latter from a complicated
assembly process and frequent leaks. The reactor that was ultimately used for
photocatalytic reactions was a simple acrylic cuvette used for UV-visible spectroscopy
measurements (Figure 2.7C-D). The cuvette’s dimensions keep slides submerged in 3 mL
of dye solution, they are transparent down to 300 nm, allowing them to act as an artificial

‘atmosphere’ to filter out any trace UVB and UVC rays that may be emitted by the light

FIGURE 2.7 Reactor development. (A) Custom made macrofluidic device. Slides would be placed in the
hollow central cell and solution would be circulated over the films via the peristaltic pump through
syringes. (B) Vortex mixing reaction apparatus with cuvettes laying in the foam cushion. (C) Front view
of an acrylic cuvette with example ioTiO,-CdS slide taped inside. The glass slides are thin enough that
they do not block the beam path during UV-vis measurements. (D) Side view of same cuvette.
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source, and in being designed for UV-visible measurements the cuvettes could easily be
sealed with parafilm and placed directly into the spectrophotometer without the need to
extract or transfer liquids, thus reducing labor and negating the chance for spills. Reactions
were thus performed by inserting the cuvettes in a foam cushion with holes cut out such
that the cuvettes could lay flat with the films facing up. The cushion was then placed in a

Pyrex petri dish, taped to a vortex mixer for agitation, and exposed to irradiation (Figure

2.7B).
For irradiation, two light soos B
/B Incandescent Bulb 3
[ Filtered Sunlight 8
sources were selected: a UV source to CILED 2000
[ Fluorescent Bulb ﬁ
observe maximum  photocatalytic 1000 8
o 2
performance  when  all three —
components in the ternary system are d@%\%/
A
L L L L L ’ L L /
expected to be active, and a visible S

Wavelength (nm)

light source to simulate performance
FIGURE 2.8 Normalized spectral power distribution

under sunlight. The UV source was a diagram for various light sources, xenon arc lamp
' profile not included.™

low-pressure mercury UV bench lamp (15 watts, peak wavelength 365 nm) with a 400 nm
cutoff filter, while the visible source required more careful selection. Typically, expensive
xenon arc lamps are used for simulating sunlight due to their comparable spectral power
distribution (SPD) profiles. However, we were interested in observing the catalyst’s
performance under a cheaper alternative. Figure 2.8 displays normalized SPD profiles
taken from The National Gallery, London for three representative light bulbs and UV-

filtered sunlight.”® As can be seen, sunlight (orange) possesses uniform and continuous

power output across all visible wavelengths. By contrast incandescent bulbs (red) emit
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primarily from the red to the infrared region while fluorescent bulbs (green) exhibit heavy
quantization due to their means of generating light (fluorescence). Recently, there has been
growing interest in utilizing light emitting diodes (LEDs) for UV/visible light applications
and water treatment due to their low energy cost, long lifespan, and absence of toxic
mercury present in traditional UV lamps.” Repo et al. successfully used near UV and blue
LEDs as light sources for the photocatalytic degradation of methylene blue, phenol red,
and methyl red dyes with CdS microspheres.” Wang et al. fabricated heterostructured Ag-
AgBI/TiO2 composites and demonstrated their ability to photocatalytically degrade
ibuprofen and bacteria under white light LED irradiation.” Like sunlight, white light LEDs
(yellow) possess continuous SPD profiles that encompass the full visible spectrum and
allow them to potentially act as cheap alternatives to customary solar simulators. Hence,
for our visible reactions, we make use of a 17-watt white light LED bulb (1600 lumens,

color temperature 5000 K)

To summarize, our final procedure for the photocatalytic reactions went as follows:
photocatalyst slides were taped to the opaque side of an acrylic cuvette with Kapton tape.
3 mL of 20 uM trypan blue was transferred to the cuvette which was then sealed with
parafilm. Slides were left in the dark for 30 minutes to reach adsorption/desorption
equilibrium before being placed 5 cm away from the selected light source with solution
agitation generated by a vortex mixer. Photocatalytic activity was evaluated by monitoring
TryB decolorization with a UV-visible spectrophotometer every 10 minutes for at least 1.5

hours before terminating the reaction.
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2.7 Characterization Techniques: Theory and Instrumentation

2.7.1 Principles of UV-Visible Spectroscopy

UV-visible spectroscopy operates by separating a beam of white light into its
components via a prism or diffraction grating. The monochromatic beam is then split into
two beams of equal intensity that pass through a sample and reference. If the sample
absorbs then the intensity of light picked up by the sample detector (lo) will be less than
the intensity of light picked up by the reference detector (I) at that wavelength.”
Absorbance (A) is defined as the logarithm of the ratio of these two values (A = Loglo/1),
thus absorption caused by the sample appears as a peak in the spectrum. The cause of UV-
visible absorption in organic molecules typically involves nonbonding to x antibonding
(n—n") or m bonding to 7 antibonding (n—=") electronic transitions present in heavily
conjugated molecules (such as trypan blue),”* however, semiconductors with electronic
band gaps between 1.5 — 3.0 eV also exhibit electronic excitation in this range and thus
have visible coloration. Because of this a photocatalyst’s band gap, and consequently its
range of active wavelengths, can be estimated with solid state UV-visible spectroscopy.”™
In addition, nanoparticles with LSPR demonstrate strong absorbance in the visible region
which appears as a peak whose Amax and width correlate to average particle size and
distribution respectively.’® For this project, UV-visible spectroscopy was used for
characterization and to monitor dye discoloration due to photocatalysis. All UV-vis

absorption spectra were recorded using a Cary 4000 UV-visible spectrophotometer.

2.7.2 Principles of Raman Spectroscopy
Raman spectroscopy detects changes in a molecule’s vibrational state caused by the

inelastic backscattering of monochromatic infrared light.”” Interactions that result in
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reflected light losing energy (and consequently

the target molecule gaining energy) are referred
to as Stokes shifts while the opposite are referred

to as Anti-Stokes shifts (Figure 2.9). Due to the

weak intensity of Raman scattering relative to
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elastic Rayleigh scattering, Raman spectroscopy Rayleigh Stokes  Anti-Stokes
Scattering  Scattering  Scattering

has low sensitivity, however since Raman
FIGURE 29 Rayleigh and Raman

. . scattering. Line width correlates to intensit
scattering depends heavily on a molecule’s d y

bonds and symmetry, a Raman spectra can act as a ‘fingerprint’ unique to a given molecule.
Raman spectra were taken with a portable BWS415-785S i-Raman from BWTEK using a
diode laser with a 785 nm excitation wavelength. The instrument was connected to a BAC-
151B video microscope for visualization with a 20x objective lens set at an 8.8 mm working
distance. Raman shift resolution was < 4.5 cm™. Measurements were taken using laser
power ranging from 20% - 60% (max 320 mW), integration times from 150 — 5000 ms,
and a time average of at least 20 spectra.

2.7.3 Principles of Scanning Electron Microscopy and Energy Dispersive X-ray

Analysis

Scanning electron microscopy (SEM) operates by heating a tungsten filament (the
electron gun) to overcome the metal’s work function and induce electron flow.’® This beam
of primary electrons travels through a series of lenses which focus the beam until contact
with the sample, after which several types of interactions can occur. Secondary electron
imaging mode uses electrons that are inelastically scattered by primary electrons (i.e.

secondary electrons) in a raster scan pattern to form a digital image of the sample. The
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instrument correlates the brightness of a single pixel in the image to the number of
secondary electrons detected at that spot in the sample. The number of secondary electrons
emitted by the sample depends on its geometry, with edges, curves, and slopes emitting
more electrons than flat surfaces normal to the primary beam, and thus appearing brighter.
After taking a scan of a single spot on the sample, the beam moves over slightly and takes
another, thereby filling in the next pixel in the image. This process can be repeated over
the course of a set area to yield a two-dimensional projection of the samples three-
dimensional surface. While most scattering involves primary electrons colliding with
valence electrons, occasionally a primary electron will knock an inner electron out of
place.” To fill the hole an electron at a higher energy level relaxes, thereby emitting an X-
ray. X-rays emitted from n=2—1 transitions (L shell to K shell) are Ka X-rays, n=3—1
(M—K) are KB, n=3—2 (M—L) are La, n=4—2 (N—L) are LB, and so on (Figure 2.10).”®
The exact energy of an X-ray emission depends on the difference between the two energy
levels and the element’s atomic number, and as such it is characteristic of a given element.
Detection with an energy dispersive X-ray spectrophotometer (EDX) can identify

elemental components in a sample Primary Electron

and determine relative weight and

atom percent compositions.

In-house SEM images and

EDX spectra were collected from a

Ejected Core
Electron

JEOL JSM5800LV SEM EDX at an

accelerating voltage of 3 - 10 keV.

Samples were mounted onto an  FIGURE 2.10 Principles of EDX. Characteristic X-ray
emission after ejection of a core electron
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aluminum stub with copper tape and placed into the instrument in secondary electron
imaging mode (SEI) for imaging or back-scattered electron mode (BSE) for elemental
analysis. Out of house images were taken by Emory University’s Robert P. Apkarian
Integrated Electron Microscopy Core for TEM and FE-SEM analysis with a Topcon DS150
Field Emission Scanning Electron Microscope (FE-SEM) at 10 kV in secondary electron
mode. Samples were cut into small 5 mm x 5 mm squares, sputter coated with 15 mm
chromium using a Denton DV602 magnetron sputter coater, and fixed onto an aluminum

labeled upper stage for imaging.
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CHAPTER 3. FABRICATION AND CHARACTERIZATION
3.1 Inverse Opal TiO2 Thin Film Construction

SEM imaging shows polymer templating by evaporation was successful at yielding
close packed ordered nanospheres (Figure 3.1). The polymer films exhibit strong
iridescence attributed to the PCs’ structural coloration.” The specific color of the film
corresponds to the size of the nanospheres and can be seen in the insets of Figure 3.1. ~200

nm PMMA is blue, ~250 nm PS is green, and 600 nm PS is red.

.

. -
bbSEM_DC_PMMA2_VDEvap_06202016 3 DCSEM_220nmPS_04102017 3pm bbSEM_DC_Ps_05272016_6 2

MAG: 10000 x HV: 2.0 KV WD: 9.0 mm MAG: 10000 x HV: 3.0 kV_WD: 10.0 mm F 1 MAG: 10000 x HV:-20kV WD: 10.0 mm

FIGURE 3.1 SEM images for polymer nanosphere templates by evaporation at x10k magnification. (A)
~200 nm PMMA, (B) ~250 nm PS, (C) 600 nm PS.

Utilizing the polymer suspensions for coassembly resulted in good inverse opals
without over-layers as can be seen in Figure 3.2. In addition to these areas however, there
are also extensive regions on the slide with cracking which is likely attributed to different
rates of expansion and contraction between the substrate and thin film during the heating
and cooling process(Figure 3.2E and D).3"%8€ Qverall, the films adhere strongly onto the
glass substrate with no flaking and still exhibit structural coloration, albeit with reduced
intensity due to crystal defects. PMMA-ioTiOz is white, 250 nm PS-ioTiO is a faint blue,

and 600 nm PS-ioTiOz is faint green.
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FIGURE 3.2 ioTiO, from different polymer templates at two magnifications. (A) ~200 nm PMMA at
x5k (top) and x13k (bottom), (B) ~250 nm PS at x5k (top) and x10k (bottom), and (C) 600 nm PS at x5k
(top) and x10k (bottom). (D and E) Examples of cracking seen commonly in inverse opal films and x10k
and x1k magnification. Note, the inverse opals are too small to see in E.

While all polymer templates yielded inverse opals, due to better availability the ensuing

experiments make use of the ~250 nm PS template exclusively for PC fabrication.

3.2 In situ Synthesis of AUNPs

To ensure thorough coverage of the inverse opals, AUNPs were synthesized in situ
using different reducing agents, with or without citrate. The resulting solutions and i0TiO>-
Au slides are depicted in Figure 3.3. The only conditions that yielded substantial AuUNPs

growth were in presence of ascorbic acid without citrate as evidenced by the film’s change
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FIGURE 3.3 In situ AuNP synthesis with various
reducing agents compared to ioTiO».

in color to purple. By contrast, the

film in presence of sodium
borohydride only exhibited a slight
while

change in  coloration

hydroquinone failed to produce
AuNPs on i0TiO2. The addition of
citrate appeared to interfere with

nanoparticle growth on the i0TiO>

lattice as can be most evidently seen

in the case of ascorbic acid + citrate, where there is very little color change from that of

TiOo.

Due to the small size of the nanoparticles, the in-house SEM is not capable of

determining size distribution. However, as a way of indirectly ensuring reproducibility for

the in situ synthesis, UV-visible spectra were taken of the residual nanoparticle solutions
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FIGURE 3.4 Residual in situ AuNP solution UV-visible spectra for three separate trials. (inset) digital
images of the solutions after removing the glass substrate. A spr Was 522 (£1) nm for the three trials.
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from three separate trials using ascorbic acid as the reducing agent (Figure 3.4). The

average ALspr Was 522 £1 nm between the three trials suggesting good reproducibility.

3.3 SEM/EDX Analysis and Size Distributions

After growth of the AuNPs, CdS QDs were deposited onto non-functionalized
glass, 10TiO2, and 10TiO2-Au yielding the remaining unary, binary, and ternary systems.
High resolution FE-SEM images of each of the thin films were collected at Emory
University’s electron microscopy facility and are displayed in Figure 3.5 along with digital
image insets. The unary CdS thin film was transparent yellow in color, while the i0TiO»-
CdS binary system was orange-yellow and opaque due to titania’s presence. Addition of

the CdS QDs to the ioTiO2-Au binary system turned the film a dark green/black color.

FIGURE 3.5 FE-SEM and accompanying digital images of composite materials, taken at x100k
magnification. (A) Polystyrene, (B) ioTiO;, (C) CdS thin film, (D) ioTiO>-Au, (E) ioTiO»-CdS, and (F)
i0TiO2-Au-CdS.
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FIGURE 3.6 Size distribution histograms for (A) polystyrene, (B) ioTiOz, (C) AuNPs, and (D) CdS QDs.
Determined by sampling n number of particles with imageJ software.

Particle size distributions were measured with imageJ software by taking the
average of n number of particles. Histograms are shown in Figure 3.6. The polystyrene
nanospheres were determined to be 272 +6 nm in diameter. The TiO; inverse opals
exhibited a size contraction of 22.8% to 210 +20 nm which is within expectations.36-3’

AUNPs and CdS QDs were measured at 53 £5 nm and 30 £6 nm respectively.

Elemental components were confirmed with EDX (Figure 3.7). The medium and
small peaks at 4.49 and 4.9 keV respectively are indicative of titanium emitted Ko and Lo
X-rays. Consequently, these peaks are featured in all spectra except for the CdS thin film

(blue), thereby demonstrating the presence of titanium. The sharp peak at 0.53 keV is
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FIGURE 3.7 EDX spectra for photocatalytic systems ioTiO, (red), CdS (blue), ioTiO2-Au (purple),
i0TiO.CdS (orange), and i0TiO2-Au-CdS (green) (left) and EDX elemental component mapping for the
i0TiO2-Au-CdS ternary system (right)

characteristic to oxygen Ka emission and is present in all the spectra. This is sensible for
the TiOz containing slides, however, its presence in the CdS spectra can be ascribed to the
glass substrate containing SiO>. Accordingly, the very sharp peak at 1.74 keV denotes the
Ko emission of silicon. The cadmium peaks are most prominent at 3.14 and 3.32 keV (La),
and the corresponding sulfur peak can be seen at 2.30 keV (Ka). These peaks are only
present in the CdS containing slides, CdS thin film, ioTiO2-CdS (orange), and ioTiO2-Au-
CdS (green). Finally, only the 2.13 keV M series gold peak is visible and is present in the
i0TiO2-Au (purple) and i0TiO2-Au-CdS spectra. The 9.71 keV La peak was not observed

with 10 keV accelerating voltage. The peaks at 0.277, 1.04, and 1.254 keV are typical of

Ko  emissions  from TABLE 3.1 Normalized weight and atomic percentage for ioTiO,-
Au-CdS ternary system components

carbon,  sodium, and Element Series Energy Normalized Normalized

(keV) Weight % Atomic %

magnesium, which are | T Oxygen | K-series = 0.53 30.29 61.12
Titanium | K-series 4.49 41.21 27.78
likely attributed to Sulfur K-series 2.30 5.05 5.09
Cadmium | L-series 3.14 17.62 5.06
combustion residue from Gold M-series 2.13 5.83 0.96
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the polymer (for carbon) or the glass substrate (Na and Mg). The accompanying EDX
mapping images show even distribution of the elemental components Ti, O, Au, Cd, and
S. Normalized atomic percentages (Table 3.1) fall within expected ratios. Oxygen
(61.12%) and titanium (27.78%) are in a ~2:1 ratio, cadmium (5.06%) and sulfur (5.09%)

are almost exactly 1:1, and gold made up the smallest percentage at 0.96%.

3.4 Thin Film UV-visible Absorbance Analysis

Normalized solid-state spectra of the films were taken to illustrate shifts in the thin
films’ visible absorbance (Figure 3.8). Plain ioTiOz (red) primarily absorbs around 400 nm
and below due to its wide band gap.2’ The CdS thin film’s absorbance (blue) jumps at
around 500 nm which corresponds closely to its narrower band gap of 2.4 eV.® Binary
10TiO2-Au (purple) has a broader shoulder that reaches to roughly 550 nm due to the LSPR
effect generated by the AuNPs, which can vary with nanoparticle size and shape.®? The

binary i0TiO.-CdS (orange) system also shows broadening to ~520 nm signifying
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FIGURE 3.8 Solid-state absorbance spectra for photocatalyst thin films, (left) absolute optical
absorbance and (right) normalized optical absorbance for ioTiO; (red), CdS (blue), ioTiO2-Au (purple),
i0TiO,CdS (orange), and ioTiO2-Au-CdS (green) thin films.
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sensitization.8! Likewise, the ternary ioTiO2-Au-CdS (green) shows broadening, however
interestingly a second peak appears at 650 nm that is not present in either of the binary
systems. This peak only occurs when both Au and CdS are present, and is possibly an

indication of strong electromagnetic coupling red-shifting the LSPR band.83#4

3.5 Raman Spectroscopic Characterization

Raman spectra for the composites are displayed in Figure 3.9 below. The spectrum
for i0TiO, (red) contains one major peak at 150 cm™ and three small peaks at 394, 514,
and 639 cm™* corresponding to the, Big, Big+A1g, and Eq modes of vibration characteristic
to the anatase TiO, polymorph.8>8® The absence of signals at 234, 447, and 612 cm™ for
the Byg, Eg, and Aig modes of rutile indicate no rutile phase was detected. The same peaks
are present in ioTiO2-Au (purple) i0TiO2-CdS (orange), and i0TiO2-Au-CdS (green),

confirming pure anatase in all of them. CdS (blue) possesses typical peaks at 306 and 603
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FIGURE 3.9 Thin film Raman spectra for ioTiO, (red), CdS (blue), ioTiO2-Au (purple), ioTiO,CdS
(orange), and i0TiO2-Au-CdS (green)
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cm1.88" Cadmium sulfide’s 306 cm™ peak is visible as a shoulder to the 394 cm™* peak for
titania in the i0TiO»-CdS, and ioTiO2-Au-CdS spectra, however the 603 cm™ peak is not
observable, and appears to have been overlapped with titania’s 639 cm™ peak. AuNPs are
not Raman active, and thus the i0TiO2-Au spectrum is identical to plain ioTiOz and ioTiO-

AuU-CdS is identical to ioTiO2-CdS.
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CHAPTER 4. PHOTOCATALYTIC DEGRADATION OF TRYPAN BLUE

4.1 Reactions Under Ultraviolet Light

The results for the photocatalytic degradation of trypan blue under UV light are
depicted in Figure 4.1. As expected, all photocatalytic systems showed activity under UV
light, however, the binary i0TiO.-CdS system (Figure 4.1E) was the only to reach
completion after 180 minutes. Ternary ioTiO2-Au-CdS (Figure 4.1F) performed second
best, achieving ~80% degradation in the same timeframe, while binary ioTiO2-Au (Figure
4.1D) performed very similarly to plain ioTiO2 (Figure 4.1B). There was a problem,
however, with the CdS containing photocatalysts that is best typified in the case of the
unary CdS thin film(Figure 4.1C), which is that of photocorrosion of the catalyst.*481:88.89

As can be seen, the first 30 minutes under irradiation exhibit relatively high photocatalytic
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FIGURE 4.1 Absorption spectra of 20 uM TryB degradation under UV light for (A) a blank, (B) ioTiO,
(C) Cds thin film, (D) ioTiO2-Au, (E) i0TiO,-CdS, and (F) ioTiO.-Au-CdS
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FIGURE 4.2 Photocatalytic thin film digital images pre- and post-reaction for (A) CdS, (B) ioTiO,-CdS,
and (C) ioTiO2-Au-CdS showing loss of CdS due to photocorrosion.

activity, however this performance decreased with each succeeding measurement until
activity ceased to be significant. The cause for this appears to be corrosion of CdS due to
oxidation of S?" into elemental sulfur or sulfur oxides,* and can be visualized by observing
the gradual loss of the distinctive orange/yellow coloration of CdS over the course of the
reaction (Figure 4.2A). Photocorrosion is also apparent in the ioTiO.-CdS (Figure 4.2B)
and i0TiO2-Au-CdS (Figure 4.2C) reactions, however due to the greater stability of titania
and gold the reactions could continue despite loss of CdS. Interestingly the ternary system
did not return to the same purple coloration as the binary ioTiO2-Au system, but instead
became more of a blue-purple color which further suggests strong interaction between the

AUNPs and cadmium or sulfur.

Reaction Kkinetics can be seen in Figure 4.3. The requirement for light is
demonstrated by the absence of activity in the first 30 minutes where the cuvettes are left
in dark. It is only when the films are exposed to irradiation that TryB degradation occurs.
It should also be noted that there appears to be no significant adsorption of the dye onto
the thin films in this time-frame, indicating that the drop in TryB’s UV-visible signal is

entirely due to photocatalysis. Under UV lighting conditions the reactions appear to follow
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FIGURE 4.3 Reaction kinetics for UV degradation of 20 uM TryB (left) zero order and (right) psuedo first
order for a blank (black), i0TiO2 (red), CdS (blue), ioTiO2-Au (purple), i0TiO.-CdS (orange), and ioTiO,-
Au-CdS (green), taken at Amax = 594 nm

the Langmuir-Hinshelwood first order model.®* The rate constant (k) can thus be

determined using Equation 2 where time (t) is in minutes:

InZt = —kt Eq. 2

The resulting k constants and accompanying R? values are listed in Table 4.1. The binary
i0TiO,-CdS showed the highest rate for TryB degradation at 0.01995 min, which was 7.8,
5.2, 6.5, and 1.6 times faster than unary ioTiO2 (0.00257 min) and CdS (0.00307 min™),
binary ioTiO2-Au (0.00384 min?), and ternary ioTiO2-Au-CdS (0.01246 min™)

respectively.

TABLE 4.1. Coefficients of determination and rate constants for pseudo first order TryB degradation
under UV light

R? (A/Ao) | R?(LnAy/Ao) | kuy (min?)
ioTiO, 0.9965 0.9925 0.00257
Cds 0.8751 0.8955 0.00307
ioTiO2-Au 0.9998 0.9969 0.00384
ioTiO,-CdS 0.9278 0.9994 0.01995
ioTiO,-Au-CdS 0.9367 0.9907 0.01246
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Overall, TiO2/CdS coupled systems significantly outperformed unary systems and
10TiO2-Au, however it is interesting to note the improved performance of binary i0TiO»-
CdS over ternary i0TiO2-Au-CdS. Competition between sensitization and active site
availability may play a role in the ternary system’s reduced activity, since high AuNPs
loading may block active sites and inhibit reactive oxygen species formation resulting in

slower degradation rates.®

4.2 Reactions Under Visible LED

TryB degradation under visible LED can be seen in Figure 4.4. As with UV, binary
10TiO2-CdS (Figure 4.4E) and ternary ioTiO.-Au-CdS (Figure 4.4F) performed best,
achieving about 55% and 60% degradation respectively after 120 minutes, however, the
difference between the two was not statistically significant. Unary ioTiO> (Figure 4.4B)

and binary i0TiO2-Au (Figure 4.4D) showed very little activity due to titania’s poor
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FIGURE 4.4 Absorption spectra of 20 uM TryB degradation under visible LED light for (A) a blank,
(B) i0TiOz, (C) CdS thin film, (D) ioTiO.-Au, (E) ioTiO»-CdS, and (F) ioTiO»-Au-CdS

38



response under visible light, however ioTiO2-Au did show slight improvement suggesting
possible sensitization. The CdS thin film (Figure 4.4C) still underwent photocorrosion as
can be seen in its gradually slowing rate of TryB degradation, a feature which is also visible
in the other CdS containing binary and ternary systems. Titania’s lack of activity under
visible light and the loss of CdS account for why neither i0TiO>-CdS nor i0TiO2-Au-CdS

reached completion.

Reaction kinetics are illustrated in Figure 4.5. In general, TiO2/CdS coupled
systems outperformed unary systems and ioTiO2-Au, however the difference between
i0TiO2-CdS and ioTiO2-Au-CdS was not significant. None of the CdS containing systems

appear to follow zero or first order models so rate constants were not calculated.
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FIGURE 4.5 Reaction kinetics for Visible LED degradation of 20 uM TryB (left) zero order and (right)
psuedo first order for a blank (black), i0TiO, (red), CdS (blue), i0TiO2-Au (purple), i0TiO.-CdS
(orange), and i0TiO2-Au-CdS (green), taken at Amax = 594 nm
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4.3 Binary and Ternary Synergistic Effect

To demonstrate the synergistic effect of incorporating the photosensitizers into
binary and ternary systems, percent degradation of the dyes was compared. Percent

degradation was defined per Equation 3:

At

% Degradation = (1 -
0

)><100% Eq. 3

Percent degradation for the two unary systems, i0TiO2 and CdS, and binary ioTiO»-
Au plus CdS were summed together and plotted in Figure 4.6 along with percent
degradation for the binary ioTiO>-CdS and ternary ioTiO2-Au-CdS composites. What is
notable is the rate of dye degradation for both the binary i0TiO>-CdS and ternary i0TiO-
Au-CdS systems exceed the rate of degradation for their constituent parts summed together.
This demonstrates that improved photocatalytic performance due to incorporation of
photosensitizers into binary and ternary systems is more than simply a result of both

sensitizers working simultaneously but independently. Coupling the photocatalysts
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FIGURE 4.6 Synergistic effect for binary and ternary photocatalysts under UV (left) and visible LED
(right) irradiation. The binary i0TiO»-CdS (orange) and ternary ioTiO»-Au-CdS (green) show higher
activity than the sum of their constituent parts ioTiO, + CdS (black) and ioTiO,-Au + CdS (red).
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together results in a synergistic enhancement of activity which is likely attributed to factors
such as improved electron-hole separation,?® enhanced light harvesting ability,204244
increased surface area,®® and better quantum dot distribution along the inverse opal
structure.’” Additionally, it is interesting to note that although the ternary system performed
worse than or equal to the binary i0TiO2-CdS system, it performed the most consistently
across both light sources, attaining 67% and 61% degradation in 120 minutes under UV
and visible conditions (92% activity retention). By contrast binary ioTiO.-CdS dropped
from 83% to 56% (67% activity retention) and unary CdS from 25% to 12% (48% activity
retention). Binary i0TiO2-Au and unary i0TiO> retained 15% and 8% of their UV activity

respectively.

4.4 Proposed Mechanism of Degradation

TiO2 photocatalysis is classified as an AOP, thus a possible degradation mechanism
for the ternary system is illustrated in Figure 4.7. Under visible light, an electron is excited
from VBcus to CBcgs generating a hole.®*% The photoexcited electron travels to CBrioz via
the conductive AuNPs where it reacts with dissolved oxygen to form reactive oxygen
species such as superoxide and hydroxyl radicals. The superoxides progress through a

series of reactions with water to form more hydroxyl radicals which proceed to degrade
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FIGURE 4.7 Proposed mechanism for TryB degradation for ternary ioTiO,-Au-CdS system under (A)
visible and (B) UV irradiation

pollutants due to their strong reducing power.®2?>24 Hydroxide ions formed in this process
replenish the hole in the VB of CdS allowing the reaction to proceed anew. The reaction

steps are outlined as follows:

CdS + hv (visible) = CdS (" + h") (1)
TiO2 + hv (UV) > TiO2 (e + h*) )
e+02> 02" ®))
02" +Hz0 > HO;' + OH 4)
HO," + H20 > H20, + OH (5)
H20; > 20H" (6)
h*+ OH > OH" (7
OH" + TryB - Degradation products (8)

Under UV light titania becomes active, allowing for the pathway illustrated in Figure 4.7B.
Here, an electron in VBrioz is excited CBrioz and transferred via AUNPs to VBcgs where it

undergoes excitation again to the CBcgs. From here the electron is used to initiate a similar
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series of reactions as above.®* Improved electron-hole separation may contribute to the
enhanced photocatalytic activity of the ternary system over unary and binary ioTiO2-Au,
and the larger potential difference exhibited by the VBtio2>CBcas pathway vs the
VBcds—> CBrio2 pathway likely explains the photocatalyst’s greater performance under UV

than visible LED.

Binary ioTiO2-CdS follows a similar mechanism as the ternary system, minus the
AUNPs acting as a mediator, illustrated in Figure 4.8. Under visible light (Figure 4.8A) the
binary Z-scheme system performs similarly to the ternary Z-scheme, however under UV
light (Figure 4.8B) ioTiO2-CdS is much improved, suggesting the AuNPs are impeding the
mechanism in some way. Further investigation is required to evaluate the AuNPs influence

as a mediator on photocatalytic performance of the ternary system.
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FIGURE 4.8 Proposed mechanism for TryB degradation for binary ioTiO2-CdS system under (A) visible
and (B) UV irradiation
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CONCLUSION

Unary, binary, and ternary inverse opal photocatalytic systems were successfully
fabricated. The materials, labeled i0TiO2, CdS, i0TiO2-Au, i0TiO2-CdS, and ioTiO2-Au-
CdS, were characterized by SEM, EDX, solid state UV-visible, and Raman spectroscopies.
Incorporating the components into binary and ternary composites based on an inverse opal
foundation improves their light harvesting capabilities, and as a result, their photocatalytic
performance have been enhanced. Reaction kinetics for the photocatalysts were determined
to be a pseudo first order reactions under UV light, and it was found that dual
semiconductor based ‘Z-Scheme’ systems demonstrated superior photocatalytic activity
for degradation of TryB over pure sensitization with AuNPs under both visible LED and
UV lighting conditions. Indeed, the binary ioTiO2-CdS performed better than (under UV)
or at the same level (under visible) as ternary ioTiO2-Au-CdS, however, the ternary system
performed more consistently across the different irradiation sources, retaining 92% of it
UV degradation activity under visible LED compared to 67% activity retention in the
i10TiO2-CdS system. Despite this, it was found that all CdS incorporating systems
underwent photocorrosion due to possible oxidation of S ions to elemental sulfur and
sulfur oxides. Loss of the CdS QDs resulted in a significant reduction in activity over time
and severely limits recyclability of the photocatalyst. Further investigation is required into
the influence AuNPs have on photocatalytic performance and to find a way to stabilize

CdS to mitigate its corrosion.
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