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ABSTRACT

In recent years, employing advanced oxidation processes (AOPs) as a means of
wastewater remediation has emerged as a promising route towards maintaining a
sustainable global water management program. The heterogeneous photocatalytic
oxidation process has been of particular interest due to the prospective of utilizing solar
radiation as the driving force behind the degradation of pollutants. Of the photocatalyst
studied to date, TiO. remains the most attractive material for environmental
applications due to its affordability, stability, biocompatibility and high quantum yield.
A key draw back however is roughly only 5% of solar radiation incident on earth can
provide the energy required (3.0-3.2 eV) to generate the electron-hole pairs necessary
for photo-oxidation. As a means to improve the process under solar irradiance, optical
properties such as surface plasmon resonance of metallic nanoparticles and
upconversion luminescence of rare earth ions have been exploited for improved light
harvesting as well as the generation of more usable UV light from lower energy photons.
In order to explore these phenomena and their role in the enhancement of this AOP, the
photocatalytic degradation of organic dyes was studied under various conditions
employing Degussa P25 TiO. as the photocatalyst. Ag nanocubes, Ag-Pd core-shell
nanoparticles and YAG:Yb+3,Er+3 served as the dopants for the various studies which
resulted in enhanced degradation rates, insight into the applicability of utilizing Yb+3 as

sensitizing ion under solar radiation and a novel core-shell nanoparticle synthesis.



CHAPTER 1: INTRODUCTION

1.1 Photocatalysis

Advanced oxidation processes (AOP) have emerged as promising solutions to
environmental issues in that the reactions involved degrade toxic organic pollutants to
relatively innocuous products such as CO., water and mineral acids. Complete
degradation of organic and biologic materials makes these AOP so attractive because
other common types of wastewater treatment such as: absorption separation, reverse
osmosis, or chlorination, either only concentrate it to a smaller volume or are selective
in what they can remove [1]. Toxic materials are so readily degraded in AOP because of
the presence of hydroxyl radicals (-OH), which are generated in a variety of different
mechanisms. These different mechanisms of -OH generation categorize the specific type
of AOP. Among the variety of AOP, photocatalysis is of major interest because light,
which can be freely harvested directly from the sun, provides the necessary energy to
drive the reaction that occurs readily at ambient conditions [2].

There are three players in the photocatalytic process: the semiconductor, a light
source, and an oxidizing agent, and for the purpose of this study, the roles will be filled
by: TiO. as the semiconductor, a variety of artificial light sources, and dissolved O. as
the oxidizing agent. TiO. has been chosen as the semiconductor material because of its
low cost, wide band gap, relatively high quantum yield, biocompatibility, and stability in

water [3]. To date, much work has been done to improve the photocatalytic performance



of titania, such as engineering of its surface area, crystallinity and band gap but much
work is left to be done as quantum yields, the unitless ratio of reaction rate to molar
photon flux, are still reported at values under 1% [4]. Such low quantum yields are
observed because of the available solar spectrum on earth, only about 5% of the photons
possess the necessary energy to excite an electron from titania’s valance band to its
conduction band which when excited, the rate at which it recombines with the valance
band typically does not provide ample time for the oxidation of adsorbed water

molecules to occur. A visual of this described process can be found in Figure 1

]

Figure 1. Example of photocatalytic cycle.
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in which an ultra violet (UV) photon generates a separation of charge allowing for
photo-oxidation and/or photo-reduction to occur given the electron does not

recombine with titania’s valance band. Photo-oxidation results in the loss of titania’s



excited electron and concurrently in the reduction of the oxidizing agent. Depending on
the pollutant, direct reduction can also occur as a result of photo-oxidation. This is also
true at the positively charged hole in titania’s valance band. Photo-reduction can be
responsible for not only oxidizing water to form ‘OH, but oxidation of pollutants can
occur here as well. It is important to point out that the distance between the conduction
and valance band is known as the materials band gap energy (Esc) and is typically
reported with units of eV. This Egc dictates the wavelength of light that can excite the
semiconductor which can be found by converting eV to a wavelength of light using the
equation E = h*c/A where: h is Plank’s constant, c is the speed of light, and A is the
wavelength of the photon.

It is the objective of this study to investigate the enhancement of titania’s
quantum yield under solar like radiation by employing optically active nanomaterials
such as plasmonic nanoparticles (NP) and upconverting phosphors (UP) in a liquid
environment. Improvement upon the quantum yield is aimed to be obtained in a
multitude ways such as: localized increases in UV photon flux near the photocatalyst,
improvement of electron-hole pair recombination rates due to electronic interactions of
the dopants and photocatalyst, the creation of more UV photons from visible (Vis) and
infrared (IR) photons from the upconversion luminescence (UCL) process, and lastly
increasing pollutant concentrations near the photocatalyst surface by mixing in a
material with better adsorption properties. The novelty of this study involves: a new
synthetic route for Ag-Pd core-shell NP synthesis, the improved experimental
procedures which extend plasmonicaly enhanced photocatalysis to the liquid phase, and

the use of high-powered LEDs which produce a spectrum which provides complete



coverage of regions in which sensitized UCL occurs opposed to lasers with much tighter

bandwidths.

1.2 Plasmonics

Metallic NP have been shown to have unique optical properties that are tunable
throughout the UV-Vis-IR spectrum by tailoring the size, shape and composition of the
NP [5]. Interactions with light occur with metallic NP due to fluctuations in charge
densities at the surface of the NP. These fluctuations are called surface plasmon
resonances and when this resonance matches the frequency of an incoming electro-
magnetic wave, the two forms of energy couple to create what is a called a localized
surface plasmon (LSP) [6]. Upon decay of the LSP, energy can be released in the form of
a photon or phonon depending on the shape and composition of the NP. For this study
Ag has been chosen as the metal due to its optical activity in the UV and superior
scattering efficiency [7].

The shape of the Ag NP will be cubic as this shape has been shown to provide
optimal enhancement to photocatalytic studies with titania as the corners and edges
possess surface plasmon modes that align well with wavelengths of UV light. These
geometrically specific interactions are distinguishable through UV-Vis spectroscopy as
they appear as shoulders on the left handed side of the NP extinction spectrum [8]. In
this study however, novelty is found in the way the NP are studied with respect to the
arrangement between the NP and photocatalyst as well as investigation into the effects
adding a thin shell of Pd has on the TiO./NP performance. It has been shown through

FTDT calculations that the addition of Pd to a Ag NC should result in a reduction and
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blue-shift in the peak plasmonic interactions found from the respective Ag NC core
however, experimental data has not yet been reported due to difficulties associated with

Ag-Pd core-shell NP synthesis [9].

1.3 Upconversion Luminescence

Rare-earth ions (RE+3), found in the lanthanide series of the periodic table, have
been known to have the ability to absorb multiple photons and release the energy in the
form of a single, more energetic photon through a process known as excited state
absorption (ESA) for some time now. The various RE+3 have activities that range
throughout the UV-Vis-IR spectrum and it is because of their complex f and d orbitals
that they are able to perform such anti-Stokes processes [10]. The UCL process can
follow a multitude of pathways in which a single ion, a pair of ions or even a triplet of
ions can be responsible for the emission of a photon with greater energy than the
photons initially absorbed. On the left side of Figure 2 a single erbium ion (Er+3) absorbs
an IR photon and enters an excited state, then while still in this excited state, absorbs a
second IR photon by a through ESA and ultimately releases a Vis photon. The difference
in the image on the right side of Figure 2 is that initially a ytterbium ion (Yb*3) absorbs
an IR photon and then nonradiatively transfers the energy to a neighboring Er+3, putting
it in an excited state. Next, the excited Er+3 absorbs a secondary IR photon and releases

the energy as a Vis photon which is a process called energy transfer upconversion (ETU)

[10] [11].
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Figure 2. Visuals of single ion (left) and dual ion (right) UCL.

For this study Er+3s and Yb+*3 will be co-doped in yttrium aluminum garnet,
Y;Al;0:2 (YAG), at a constant Er+3 concentration in order to observe the effect of varying
the Yb*3 concentration has on the photocatalytic enhancement obtained when the
upconverting phosphor (UP) is combined with titania under varying conditions. The
Yb+3 will be intended to act as the sensitizing ion, as shown in Figure 2 to enhance UV
UCL emissions from neighboring Er+3. These two RE*3 possess the ability of performing
ETU due to an overlap in optical absorption located in the IR region so it can only be
here that this form of enhancement is considered however, in the UV and Vis regions
enhancement from further suppressed recombination rates and an increase in
containment concentration near titania’s surface from improved adsorption capabilities

will also be discussed.



CHAPTER 2: METHODOLOGY

2.1 Preparation of Materials
2.1.1 Metallic Nanoparticle Synthesis

2.1.1.1 Ag Nanocubes

The Ag NC were synthesized using a polyol reduction method, following a scaled
up version of that which was reported by Xia et al. [12]. 30 mL of ethylene glycol (EG)
(Sigma-Aldrich, 99%) was added to a 250-mL round bottom flask and was heated under
magnetic stirring in an oil bath pre-set to 150 °C. After 30 minutes of heating, 0.36 mL
of 3mM NaHS (Sigma-Aldrich, hydrate) in EG was injected into the heated solution.
Two minutes later, 3 mL of 3 mM HCI (Sigma-Aldrich, 36.5-38.0%) and 7.5 mL of
poly(vinyl pyrrolidone) (PVP) (Alfa Aesar, 20 mg/mL MW = 58,000), both in EG, were
injected into the solution. After another 2 minutes, 2.4 mL of 282 mM CF3COOAg
(Sigma-Aldrich, 99.99%) in EG was injected into the solution. During the entire process,
the flask was capped except during the addition of reagents. Immediately following the
addition of the CF3COOAg solution, vapors formed in the flask and the clear solution
took on a yellowish color within 2 minutes. This change in color indicated that the
nucleation of Ag seeds had begun. The solution proceeded to shift colors from red, to
reddish grey and finally to a greenish color with red, orange and blue undertones. After
the desired time had passed from the addition of the CF3COOAg, the flask was

transferred to an ice water bath to quench the reaction. The Ag NC were washed with
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acetone (VWR) once followed by three cycles of washing with ethanol (Sigma-Aldrich,
99.5%)to remove excess PVP via centrifugation. The Ag NC were then dispersed in

ethanol for characterization and storage.

2.1.1.2 Ag-Pd Core-shell Nanoparticles

The Ag-Pd NP were synthesized via a successive sequential reduction process in
which Ag NC were first synthesized as seeds following the previously described method.
After quenching the reaction of Ag NC, the oil bath was cooled to a temperature of 9o °C
to inhibit Ostwald ripening and a solution containing an appropriate amount of PdCl.
(Sigma-Aldrich, 99.9) and 0.15 g of PVP (MW = 58,000) in 30 mL EG was prepared. A 1
mL sample was removed from the Ag seed solution once the solution reached room
temperature to compare with the resultant Ag-Pd NP. Upon reaching the desired
temperature of 9o °C, the capped round bottom flask was returned back to the oil bath
and the prepared Pd precursor was added to the reaction mixture. Within the first
couple of minutes the solution darkened to a slight grey-green hue and then continued
to darken to a deep blue-black color irrespective of the amount of Pd added. The
reaction continued under magnetic stirring for 30 minutes and was then again
quenched in an ice water bath. Excess capping agent was removed following the same 4
step washing process as the Ag NC. The Ag-Pd NP were then dispersed in ethanol for

characterization and storage.

2.1.1.3 TiOs/nanoparticle Composites
In a 20 mL scintillation vial 0.4 g of AEROXIDE® TiO. P25 (Nippon Aerosil,

99.5%) was evenly dispersed in 10 mL of ethanol via sonication. Using a pipette,



appropriate amounts of Ag NC or Ag-Pd NP solution were added to the titania/ethanol
solution and were mixed via sonication for 10 minutes. Depending on the application of
the TiO./NP composite, the ethanol was either allowed to evaporate and the TiO./NP
was washed once using ultrapure water (Direct-Q UV3 Millipore) or the solution was
transferred to an airbrush (Paasche Airbrush Company) to be applied to microscope

slides as a thin film using in lab air as the propellant.

2.1.1.4 TiO2+nanoparticle Films

On a microscope slide, a layer of NP was repeatedly deposited via solvent
(ethanol) evaporation until a desired amount of NP was obtained on the slide. The
resultant layer of NP was then covered by a layer of titania via the doctor blade method.
The titania slurry for the doctor method was prepared by thoroughly mixing 0.4 g TiO.,
0.75 mL water and 0.18 mL ethanol using mortar and pestle. The film depth was
controlled by applying strips of commercially available packing tape to either side of the
microscope slide, creating a sub mm thick trench to which the paste was evenly spread.
The layered substrate was then subjected to air drying on a mechanical shaking table for

30 minutes to avoid cracking followed by 30 minutes in an oven at 100 °C.

2.1.2 Upconversion Luminescent Materials

2.1.2.1 YAG:RE*3 Upconverting Phosphor

The YAG:RE+3 UPs were synthesized following a method similar to that which
was previously reported by Hassanzadeh-Tabrizi [13]. Y(NOs3)3-6H-O (Sigma-Aldrich,
99.8%), Al(NO3);9H-O (Alfa Aesar, ACS 98-102%), Er(NO3);5H-O (Sigma-Aldrich,
99.9%) and Yb(NO3)5;:5H.0O (Sigma-Aldrich, 99.9%) were used as the source of cations.

9



Appropriate amounts of the nitrate salts were dissolved in 80 mL of ultrapure water
(Millipore Direct-Q UV3, >18 MQ*cm) followed by citric acid (Sigma-Aldrich, 99.5%)
(CA) and then ethylene glycol (Sigma-Aldrich, 99%) (EG) at a CA:EG molar ratio of 2:1.
The solutions were then introduced into a pre-heated oil bath and were continuously
stirred at 80 °C in order to dehydrate the samples and accelerate the polyesterification
process. The clear gels were then placed in an oven at 100 °C for 24 h. After which, the

obtained aerogels were ground and calcinated at 1000 °C for 3 h.

2.1.2.2 TiO-/YAG:RE*3 Composite

Resulting powders were then combined with AEROXIDE® TiO. P25 (Nippon
Aerosil, 99.5%) by thoroughly mixing the two compounds via mortar and pestle and 1-
propanol (Sigma-Aldrich, 99.9%) followed by further calcination treatment at 500 °C for
3 h. These samples will be named TiO./YAG:RE+3 and will be distinguishable by the

varying [YAG:RE+3] and [Yb*3] molar concentrations.

2.1.2.3 TiO-/YAG:RE+3 Composite Films

On a microscope slide, a layer of TiO./YAG:RE*3 composite was deposited via the
doctor blade method. The composite slurry for the doctor method was prepared by
thoroughly mixing 0.4 g TiO./YAG:RE+*3, 0.75 mL water and 0.18 mL ethanol using
mortar and pestle. The film depth was controlled by applying strips of commercially
available packing tape to either side of the microscope slide, creating a sub mm thick
trench to which the paste was evenly spread. The layered substrate was then subjected
to air drying on a mechanical shaking table for 30 minutes to avoid cracking followed by

30 minutes in an oven at 100 °C.
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2.2 Characterization of Materials

2.2.1 X-Ray Diffraction Spectroscopy

A Bruker, D8 Advance X-ray diffractometer was used to determine crystallinity in
synthesized samples. X-Ray diffraction spectroscopy (XRD) works by measuring the
diffraction angles of x-rays incident on a samples surface. The diffraction angles
measured are specific to a compounds phase and crystallite size and a direct correlation
between them can be made by mapping intensity vs 2 times the diffraction angle, better
known as 2 theta (26). Due to the expansive research that is done around the world, a
plethora of compounds have been analyzed and recorded, which makes identification of
a proper garnet phase, and any other phases of Y-Al oxides possibly found, rudimentary.

Further detail of XRD procedures and results is discussed further in chapter 4.

2.2.2 Transmission Electron Microscopy

A Philips, FEI Morgagni transmission electron microscope (TEM) was used to
observe shape and size distributions of the metallic NP as well as to gain insight into any
differences in morphology for the various YAG:RE+3 UPs. The images were obtained by
transmitting a beam of electrons through a sample and capturing their interactions as
they pass through. For results and images, refer to chapters 3 and 4 for NP and

YAG:RE*3 respectively.

2.2.3 UV-Vis Spectroscopy
A Perkin Elmer, Lambda 35 UV-Vis spectrometer was used to examine the
extinction spectrum of the synthesized NP as wells as to monitor the reduction in dye

concentration from photocatalytic testing. The measurements were obtained using a
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quartz cuvette to assure no distortion in the UV region and a scan rate of 1 nm/s to

minimize noise. Results from the UV-Vis are found in chapter 3.

2.2.4 Energy Dispersive Spectroscopy

A Zeiss, EVO 50 scanning electron microscope (SEM) was used to obtain the
energy dispersive spectra which were compositionally sorted out by AZtec analysis
software. The chemical composition of the obtained YAG:RE+3 and respective
composites were analyzed to gain better insight into results found from XRD. A constant
Er+3 loading was also under investigation as it was the ion responsible for emitted UV

photons due to UCL. EDS results are found in chapter 4.

2.2.5 Photoluminescence Spectroscopy

An ISS, PC1 photon counting spectrofluorometer was used to confirm UCL
properties within the Vis spectrum of the YAG:Er+3 UP. An excitation wavelength of 488
nm was used while operating in front face mode and emissions were detected by a
photomultiplier tube (Hamamatsu, R928) from 385-430 nm. Results from

photoluminescence spectroscopy (PL) are located in chapter 4.

2.2.6 Diffuse Reflectance Spectroscopy

A Jasco, V-670 spectrophotometer was used to determine where the YAG:RE+*3
UP was optically active throughout the UV-Vis-IR spectrum by diffuse reflectance
spectroscopy (DRS). A spectralon reference was used as well as an integrating sphere.
The bands and peaks found were used to define areas in which UCL via ESA and ETU

was possible. Results and further detail can be found in chapter 4.
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2.3 Photocatalytic Testing of Materials

2.3.1 Slurry Batch Reactor System

Batch reactor studies were conduction in the shallow dish, batch reactor under
UV-Vis and UV radiation shown in Figure 3. The front cover of the box closed off the
reactor to ambient light and was only opened to take remove samples during the
reactions. Prior to conducting an experiment, ample time was given to allow for
adsorption equilibrium occur via stirring the slurry in the dark. Pertinent information

regarding the individual studies can be found in chapters 3 and 4.

Figure 3. Image of slurry batch reactor system housed in black box.
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2.3.2 Recirculating Batch Type Reactor System

Batch type reactor studies were conducted in the fabricated, stainless steel
reactor on the right side of Figure 4. A glass substrate with immobilized catalyst was
placed in a recess at the bottom of the reactor. A top the reactor sat the two
interchangeable, high-powered LEDs which controlled by the potentiometers behind the
metal from. A central pump recirculates the contaminated water that is continuously
stirred in the Erlenmeyer flask to the left. The system was allowed to recirculate for 15
minutes prior to switching the LEDs on. Pertinent information regarding the individual

studies can be found in chapters 3 and 4.

Figure 4. Image of recirculating batch type reactor system.
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CHAPTER 3: PLASMONICS

3.1 Introduction

Metallic nanoparticles (NP) have been investigated heavily over the past couple of
decades for their unique interactions with light. What has made these properties so
interesting is that they are tunable and tailoring of size, shape and composition of NP
results in the ability to select specific regions of the UV-Vis-IR spectrum that the NP
interact with [14]. The interactions involve the coupling of surface plasmon resonances,
which are fluctuations in charge densities along the surface of the NP, with the
frequency of an incoming flux of electro-magnetic waves to form localized surface
plasmons (LSP) [6]. This results in an increase of scattered photons whose frequency
matched the original frequency in charge fluctuation giving rise to the notion that
metallic NP possess the ability to act like a type of selectively, reflective surface. In
regards to photocatalysis, the NP can by employed in a way that allows for intensified
fields of light with a wavelength shorter than that of the wavelength associated with the
semiconductors band gap (A < Agg). Many reports of enhanced photocatalytic activity due
to interactions between plasmonic NP and a semiconductor are resultant from
experiments which involve: depositing a thin layer of plasmonic NP on a substrate,
depositing or growing a semiconductor on top of the NP, submersing the substrate in a
dye solution, removing the substrate and allowing it to dry in no light conditions, and

then measuring change in reflectance of the remaining adsorbed dye while the substrate
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is exposed to light [7] [15] [16]. While these experimental findings may have relevance to
thin films used as protectant layers, they do not show relevance to wastewater
remediation. A need for better designed experimental procedures is required to prove
this form of enhanced photocatalytic degradation is applicable to wastewater
remediation.

In this chapter we aim to improve upon the experimental design of plasmon
assisted photocatalysis by both studying the arrangement of the photocatalyst and
plasmonic NP and by implementing an improved reactor set-up that will subject thin
film substrates to a recirculating, liquid phase environment. To achieve the differences
in arrangement, a TiO./NP composite will be tested against a layered film arrangement
in which a film of titania will be deposited on a layer of NP, which are immobilized on a

glass slide, and will be referred to as a TiO»+NP system as seen in Figure 5.

PHOTON FLUX PHOTCN FLUX

14 4

PHOTOCATALYST

Figure 5. Depicition of the titania+NP layered arrangement.

The TiO./NP composites will be tested in a shallow dish, batch reactor as well in
the improved reactor set-up by immobilizing it on a glass slide. It is also the aim of this

study to investigate the effects of adding a Pd shell to a Ag nanocube (NC) has on the
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improved performance previously achieved by implementing Ag NC to photocatalytic
dye degradation studies [17]. Due to the novelty of the synthesized involved with the
formation of Ag-Pd core-shell nanoparticles (Ag-Pd NP), with a Ag NC core, a series of
Ag-Pd NP will be synthesized with varying Ag:Pd in order to achieve a Ag-Pd NP that
retains the plasmonic properties of its core. The reason a Ag-Pd NP has not yet been
reported, in which the core is cubic, is because of the rather large lattice mismatch
between Ag and Pd of 4.6% and issues of Ostwald ripening associated with the in situ
growth of Pd on a Ag surface at elevated temperatures [9] [18]. Upon achieving a proper
Ag-Pd NP, the photocatalytic degradation of methyl orange (MO) and rose bengal (RB)

bye will be studying under UV-Vis and UV conditions.

3.2 Experimental Section

3.2.1 Material Characterization

UV-Vis spectroscopy was performed by a Perkin Elmer, Lambda 35 UV-Vis
spectrometer to analyze the extinction spectra of the synthesized NP. The measurements
were obtained in an ethanol suspension at equal densities (g NP/mL EtOH). Images of
the NP were taken using transmission electron microscopy (TEM) by a Philips, FEI
Morgagni TEM in order to gain insight on particle size and shape distributions. The
TEM copper grids were prepared by adding one drop of diluted NP solution, in ethanol,

and then vacuum dried at 40 °C for 10 minutes.
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3.2.2 Photocatalytic Testing

The photocatalytic activity of the prepared TiO2/NP composites was tested under
UV and UV-Vis conditions. UV-Vis trials took place in a batch reactor, housed in a black
box equipped with 5, 8W General Electric F8T5/D fluorescent bulbs (Color Rendering
Index 75) providing 60 W/m2, in which methyl orange (MO) was utilized as the model
pollutant. The light intensity measurements were taken with a Li-CorPparanometer Vis
(400-100 nm). The reaction volume was 100 mL and the catalyst loading was 1 g titania
/ L. Prior to catalyst activation, MO was allowed to reach equilibrium by magnetic
stirring of the slurry in the dark for 30 minutes which resulted in a supernatant dye
concentration of 200 ppm. 1 mL aliquots were removed every 30 minutes and MO
concentrations were measured by UV-Vis spectroscopy. UV trials were performed in a
fabricated, stainless steel batch type reactor upon which two, 410 mW Thorlabs M405L2
UV LEDs were mounted and provided 405 nm light (13 nm FWHM). Two configurations
of the TiO.-NP complex were studied in these trials: the first being a layered
arrangement in which the base layer of NP, immobilized on a glass slide, were coated
with a top layer of pure titania and the second being a single layer of the TiO./NP
composite immobilized on a glass slide. Rose bengal (RB) dye was used as the model
pollutant in the UV trials and UV-Vis spectroscopy was used to monitor the degradation.
A switch in dyes was resultant in the realization that a positive valence charge found in
MO structure, direct reduction by excited Ag NC could interfere with compared results.
RB however has a neutral electronic state and direct reduction is less probable [19] [20]
[21] [22]. A total reaction volume of 100 mL was used with an initial RB dye
concentration of 400 ppb and 1 mL aliquots were removed every 5 or 15 minutes. A

reduction in initial dye concentration was due to a difference found in absorbance vs
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concentration calibration studies which were conducted to observe the limits of
detection of both dyes. Apparent quantum efficiencies (®@mo,rg) for UV-Vis experiments
were calculated using the experimentally determined degradation rates and photon flux

as follows:

mol
Ryosre =51

mol
rag) A ]

(pMO/RB =

A

where: Rmoy/rs is degradation rate of the specific dye, J is photon flux and A is irradiated

surface area. Ultrapure water was used in all photocatalytic studies.

3.3 Results and Discussion

3.3.1 Structural and Optical Characterization

Upon analyzing the extinction spectrums of the succession of synthesized Ag-Pd
NP, it was found that retention of the Ag seed’s plasmonic properties was not observed
until a Ag:Pd of 9:1. Figure 7 (a) displays how at a Ag:Pd of 3:1, a relatively horizontal
extinction line is obtained from the Ag-Pd NP due to the thickness of the Pd shell, which
cannot reach over 5 nm, and the distinctive black color of the solution. At a Ag:Pd of 6:1
a small fluctuation in the extinction spectrum was observed from 326-423 nm but, there
was no true peak or shape as seen in Figure 7 (b). Figure 7 (c) shows that after the
addition of Pd+2 to the Ag seed solution a reduction and blue-shift in the peak extinction

is observed, suggesting that there is in fact a layered Ag-Pd NP. It was not until a Ag:Pd
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of 15:1 that the Ag-Pd NP extinction spectrum truly resembled the Ag seed’s. In Figure 7
(d) a reduction in peak extinction intensity of only 10% and a blue-shift of 17 nm was
found for a Ag:Pd of 15:1. Due to the high retention of both shape and intensity of the Ag
seed’s extinction spectrum the 15:1 Ag-Pd NP were used for photocatalytic testing. A
compilation of the respective Ag seed peak extinctions, Ag-Pd NP peak extinctions and
peak extinction intensity reductions can be found in Table 1.

In order for proper comparison to be made of the Ag NC and Ag-Pd NP with
respect to plasmonic interactions, a batch of Ag NC was synthesized to best overlap the
Ag-Pd NP extinction spectrum in the range at which photons possess the necessary
energy to drive the reaction. In Figure 6 it can be seen that, opposed to the shoulders
found on the Ag NC spectrum due to surface plasmon modes near corners and edges,
both extinction spectrums follow a similar trend in spectrum with A < 410 nm. This
similarity in extinction spectrums was used to justify any enhancement found due to the
addition of a Pd shell on the Ag NC core as enhancement from plasmonic interactions
can be assumed to be equivalent due to matching extinction intensities at equal NP

loadings.

Table 1. Sample labeling and comparison of Ag seeds and Ag-Pd NP extinction
spectrums.

Ag-Pd NP peak Intensity reduction
Sample label Ag seed peak [nm] & [nm] P E’%]
3:1 Ag-Pd NP 443 - 82.1
6:1 Ag-Pd NP 457 - 82.0
9:1 Ag-Pd NP 456 443 59.9
15:1 Ag-Pd NP 440 423 10.0
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Figure 6. Extinction spectrums of Ag NC and Ag-Pd NP used for comparison in
photocatalytic testing.

An estimated shape distribution of roughly 70-80% cubes, with residual particles
taking on a mixture of spherical and pyramidal shapes, was determined using TEM.
Selected TEM images are displayed in Figure 8 which also reveals a relatively uniform
size distribution. Analysis also revealed an average shell thickness of 5 nm for the 9:1
Ag-Pd NP. This was determined by using the measuring tool on the TEM software and
analyzing the shell thickness of the particles which returned planar, cross section images
opposed to surface images. As mentioned previously, electronic surface properties of the
Ag NC core should no longer be measurable when the Pd shell exceeds 5 nm, and given
that the extinction spectrum of the 9:1 Ag-Pd NP shows minor resemblance to its Ag

seed’s extinction spectrum, a measured shell thickness of 5 nm is justifiable.
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