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Abstract:

Diversifying the energy sources and finding an alternative for fossil fuels is the new global
challenge. To this end, utilizing solar light to produce energy carriers such as hydrogen and
hydrocarbons attracted tremendous attention. Hydrogen and methane can be produced through
photo-induced processes named water-splitting and CO; photoreduction, respectively. Water-
splitting is the process where water molecules are broken into hydrogen and oxygen. The hydrogen
produced in this process can be utilized for applications such as fuel cells or hydrogen-powered
vehicles. The CO» photoreduction process converts CO» (which is considered waste and the major
contributor to global warming) into valuable products. As a result, this process is regarded as the
missing puzzle piece to address the global warming issue. The practical application of these two
processes is contingent upon the fabrication of highly efficient photocatalysts. Photocatalysts are
a family of heterogeneous catalysts that can increase the rate of chemical reactions by producing
photogenerated electron-hole pairs. Since the interaction with light is a primary step in a
photocatalytic reaction, engineering the light absorption properties, increasing the electron-hole
pair generation, and suppressing their recombination is key to improving their efficiency. The most
novel direction in photocatalysis research is plasmonic photocatalysis. Plasmonic materials are
usually metal nanoparticles such as Au and Ag. Plasmonic metal nanoparticles can interact
extensively with incident light, making them an interesting nominee for photocatalytic
applications. The advantages of using plasmonic materials for applications such as CO>
photoreduction and water-splitting motivated me to investigate their ability to drive these chemical

reactions.

In the first step of my Ph.D. studies, a heterojunction between bimetallic plasmonic (AgCu)

nanoparticles with semiconductor (TiO> nanotube arrays) was fabricated through a facile photo
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deposition technique. These samples were characterized with state-of-the-art characterization

techniques and utilized for CO; photoreduction reaction.

In the second step, core-shell Au@a-TiO, photoelectrodes were fabricated and utilized for
photoelectrochemical water-splitting reaction. The mechanism of the charge transfer between the
Au and a-Ti0O; was investigated using several experiments such as surface potential measurement
using Kelvin probe force microscopy and conducting the water-splitting reaction in the presence
of a hole scavenger. The Au@a-TiO» photoelectrode fabricated in this step exhibited remarkable

photocurrent responses with high faradaic efficiency.

In the third step, sponge-shaped Au nanoparticles (Au-Sponge) were fabricated using a creative
dewetting followed by dealloying technique. Au-Sponge samples were utilized for CO>
photoreduction reaction. In comparison with regular spherical-shaped Au nanoparticles (Au-

Island) the Au-Sponge sample exhibited outstanding photocatalytic performance.
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Preface:

All results presented in this thesis were obtained during my Ph.D. studies in electrical and
computer engineering at the University of Alberta, under supervision of Professor Karthik

Shankar.

The thesis starts with an introductory chapter that asserts the importance of the development of
light-harvesting technologies and plasmonic materials. Chapter 2 of this dissertation is about the
methodology and the experimental setup including chemicals and materials used for the synthesis
and running the experiments, experimental procedure for the CO> photoreduction, water-splitting
and hydrogen evolution. Chapter 3 has been published as an article titled, "Asymmetric Multipole
Plasmon-Mediated Catalysis Shifts the Product Selectivity of CO> Photoreduction toward Co+
Products" in the journal of Applied Materials and Interfaces. I have designed and performed the
measurements and wrote the manuscript for this study, and Sheng Zeng helped me with CO,
photoreduction reaction experiments. Ajay Manuel helped me with the finite difference time-
domain (FDTD) simulations. Saralyn Riddell, Dr. Pawan Kumar, and Dr. Kazi Alam helped me
with the sample characterizations and data collection. Results presented in chapter 4 are related to
a full-fledged article titled "Au-amorphous TiO heterojunction: Plasmon coupled ultrathin hot
carrier photoanode and photocathode for high-performance photoelectrochemical water-splitting."
This article is going to be submitted to a journal soon. In this study, I have synthesized the samples
and conducted the experiments. Sheng Zeng, Dr. Kazi Alam, Dr. Pawan Kumar, and Saralyn

Riddell helped me with sample characterization and data collection.

The results of chapter 5 are related to a written article titled "Sponge shaped Au nanoparticles: A

practical stand-alone photocatalyst for driving light-induced CO; reduction reaction via interband
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transition" in the study, I have devised the experiments, fabricated, and characterized the samples
and Saralyn Riddell helped me with sample fabrication. This article is ready to be submitted as a
communication to a journal. Finally, the last chapter of this dissertation is dedicated to the

conclusions and the future works.
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1. Introduction

1.1. Renewable Energies

As heavy reliance on expendable fossil fuels brought challenges such as global warming,
pollution, and climate change, seeking a sustainable energy resource is in great demand globally.
Energy resources such as wind energy, hydro energy, solar energy, and geothermal energy are among
the most sustainable energy resources which have been utilized to mitigate the negative effects of the
chronic usage of fossil fuels. While fossil fuels are considered the primary culprit for the emission of
greenhouse gasses (GHG) such as CO,, renewable energy resources can fulfill the global energy
demands with almost zero GHG emission.

In December 2015, parties of the United Nations Framework Convention on Climate Change
(UNFCCC) reached an important agreement to fight against climate change and invest in a
sustainable/low carbon future. This agreement is now known as the Paris agreement. This agreement's
primary goal is to invest in reliable technologies to decrease the global temperature rise below 2
degrees Celsius. Fossil fuels continue to play a significant role in the world’s electricity production
with a share of 73.5% in 2017.! The silver lining is that after the Paris agreement, there is a global
tendency to increase the share of renewable resources in global energy production. To reach the Paris
agreement’s goals, investing in solar energy, which is available worldwide, is of great importance.

As a ubiquitously available clean energy source, solar energy holds the promise to meet the
energy demands throughout the world. Figure 1 exhibits the solar light spectrum and the amount of
energy emitted by the sun, which is around 1376 W/m? (Air mass 0, AMO). A portion of this energy
is being absorbed by the Earth’s atmosphere. The energy that can reach the Earth’s surface is around
1000 W/ m* known as Air mass 1.5 (AM 1.5). This amount of energy that continuously reaches the

Earth's surface is more than enough to meet our energy demands. According to the solar light



spectrum, only 5% of the light reaching the Earth’s surface belongs to the ultraviolet (U.V.) region.
Around 43% belongs to the visible region, and the rest belongs to the infrared (I.R.) region. This fact

justifies the tremendous efforts scientists take to fabricate visible light-sensitive devices.
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Figure 1. The solar energy spectrum and the amount of energy emitted by the sun (AMO0), and the amount of energy
received at Earth’s surface (AM.1.5), the color bars exhibit the absorption of green plants, purple bacteria, red algae, and
silicon-based photovoltaics. Reprinted with permission from Kruse et al. Copyright 2005 Royal Society of Chemistry.>

Solar energy can be stored as a clean energy source in different ways. The most conventional
way is to store the sunlight energy as electricity using photovoltaic devices. From the advent of the
first solar cell devices in early 1839 till today, this became an extensive area of research that led to the
industrial-scale fabrication of commercial silicon-based solar cells, which are being used today.* The
conversion of solar energy to electricity using photovoltaics has its shortcoming as well. One of the
main drawbacks of using this technology on a large scale is that the excess electricity generated using
solar light should be stored. It requires the photovoltaic devices to be hybridized by battery storage

systems to make them operational. The expensive battery technologies make the capital investment of



photovoltaic power plants very high. As a result, scientists worldwide decided not to limit their choice
to store solar energy only into electricity.

Compared to electricity, hydrogen and methane offer a better gravimetric energy density, ease
of storage, and ease of transportation.* The next step in solar energy utilization is to store it in the form
of a fuel such as hydrogen or methane. The photons of sunlight have energies ranging from 1-3 eV
(100-300 kJ/mol), which is high enough to drive different chemical reactions.* Hydrogen can be
produced by splitting of water (a process which is being called water-splitting), in a process in which
oxygen is being produced as a byproduct, also using water or hydrogen as other reactant CO; can be
converted into methane, ethane, and Carbon monoxide utilizing solar energy. This reaction is being

called CO2 photoreduction reaction.

1.2. Photoelectrochemical water-splitting and CO; photoreduction

The amount of energy needed for reversible water-splitting reaction is 237 kJ.mol"!, within the
range of the energy provided by solar light. This reaction can be written as follows:
2H,0 + Sunlight - 2H, + 20, AG, = 237 kJ/mol (1)

Photoelectrochemical (PEC) water-splitting is a process that can utilize solar light to
drive the reaction mentioned above using a photocatalyst. For photoreduction of CO; with
water, the situation is different, as CO: is a stable molecule, the amount of energy needed to
dissociate the C=0 is very high. As a result, the energy required to convert CO; to methane (the
main product of CO; photoreduction) is as high as 818.3 kJ.mol™.> The higher activation energy
needed for driving the CO; reduction reaction makes it a more difficult reaction to conduct than water-
splitting reaction. The overall CO: photoreduction reaction can be written as follows:

CO, + 2H,0 + Sunlight » CH, + 20, AG3ygy = 818 kJ/mol (2.)



To understand how photocatalytic processes work, first, we should understand the concept of
catalysis. In general, a catalyst is a substance that facilitates a chemical reaction without itself
being consumed throughout the process. Estimations show that almost 90% of the industrial
chemical processes are catalytic.

Figure 2a exhibits the operating principle of a photocatalyst. Inspired by photosynthesis, a
photocatalyst is a hybrid of heterogeneous catalysts and semiconductors that can accelerate a specific
chemical reaction utilizing sunlight. When irradiated by sunlight, photocatalysts generate excited
electron-hole pairs. These excited electron-hole pairs react with the reactants in the photocatalyst’s
vicinity and drive the chemical reaction. In photocatalysis, the photogenerated electron-hole pairs are
the main driving force for the chemical reaction. Since photocatalysts can produce the reactive
electron-hole pairs by themselves, photocatalytic processes can usually be implemented in milder
conditions (lower temperature and pressure) than conventional catalytic counterparts that use heat as
the driving force of the chemical reaction.” Figure 2b exhibits the energy diagram for both CO-
photoreduction and water-splitting reactions. Both reactions can be categorized as thermodynamically
unfavorable reactions as Gibbs free energy changes are positive (4G > 0). As being shown by Figure
2, the electron-hole pairs are being provided by the photocatalyst to the reactants to drive the reaction

in both of these reactions.®
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Figure 2. Schematic illustration of the working principle of a photocatalyst under excitation(a). Reprinted with
permission from Yang et al. Copyright 2018 American Chemical Society. ° Schematic illustration of the energy diagram
for photocatalytic water-splitting and CO» reduction reactions (b). Reprinted with permission from Meng et al. Copyright
2019 Royal Society of Chemistry.?

Depending on the type of the reaction, the energy related to activation of the reactants in a
photo/catalytic process can be provided by electro activation (electrolysis), electro /photoactivation
(photoelectrochemical, PEC), photoactivation (photocatalysis), or only heat (temperature) in the
purely catalytic processes. In PEC water-splitting, a photoelectrochemical cell (Figure 3) is used to
conduct the experiment. A photoelectrochemical cell consists of a semiconducting photoelectrode
(working photoelectrode), a metal counter electrode, and a reference electrode dipped inside an
electrolyte. The working electrode that is a semiconductor is being irradiated with solar light, which
produces the photogenerated electro-hole pairs then the electrons are extracted from the semiconductor
to the counter electrode by the applied external electric field where the reduction reaction occurs,
leaving holes in the semiconductor where oxidation reaction happens at the semiconductor/electrolyte
interface. For CO; photoreduction reaction, an electrochemical cell is not necessary. Instead, a reactor

that can hold high-pressure CO> gas is being used.
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Figure 3. Schematic illustration of a photoelectrochemical cell. Reprinted with permission from Yang et al. Copyright
2018 American Chemical Society.’

For PEC water-splitting, the change in the Gibbs free energy (4G) can be related to the applied

potential in PEC using the following equation:
AG = —nFAE (3.)

Where n is the number of electrons involved in the reaction, F is the Faraday constant (96485.3 C/mol),
and AE is the applied potential. Since for the water-splitting AGog x =237 kJ./mol and n=2, the AE
calculated to be -1.23 V, this is the minimum potential applied in PEC to electrolysis the water.* The
overall reaction written as equation 1 can be divided into the separate reactions happening in working
and the counter electrodes. In an alkaline solution, these half-reactions and corresponding energy

needed to drive them compared to a normal hydrogen electrode (NHE) can be written as:
4H,0 +4e~ 2 2H, + 40H™ E,,; = —0.828 vs. NHE (4.)

40H™ + 4h* 2 2H,0 + 0, E,, = —0.401 vs. NHE (5.)



In an acidic solution, these half-reactions and corresponding energy needed to drive them compared
to NHE can be written as:

AH* + 4e~ 2 2H, E,.q = +0.00V vs.NHE (6.)

2H,0 + 4h* 2 4H* + 0, E,, = —1.229V vs. NHE (7.)

Based on these energy calculations for water-splitting, a semiconductor's bandgap should be at least
1.23 eV to meet the water-splitting reaction's energy requirement. In addition to that requirement, for
both water-splitting and CO, photoreduction reactions, the semiconductor's valence band and
conduction band edges should be appropriately positioned to drive the oxidation and reduction half-
reactions. In other words, the excited electron in the conduction band of the semiconductor should
have enough energy to drive the reduction half-reaction, and the holes located in the valance band

should also be oxidative enough to drive the oxidation half-reaction.

In PEC water-splitting, the oxidation half-reaction is more complicated (involve 4 electrons) than the
reduction reaction (involves 2 electrons), which makes the oxidation half-reaction the main bottleneck
of the PEC water-splitting reaction. Hence, a suitable semiconductor for a PEC water-splitting reaction

should have a deep valence band edge (potent oxidative power).

For CO; photoreduction reaction, the situation is different. Usually, the first step of the CO

photoreduction is the production of - CO,, intermediate through the following reaction:

CO,+e” - C0;, Eyeq =—-190V vs.NHE (8.)

This reaction is considered to be the rate-limiting step in CO> photoreduction reaction as there is a
considerable energy difference (-1.90 V) between the linear CO> molecule and bent - CO5, radical.’
As a result, a suitable semiconductor for CO; photoreduction reaction should possess a conduction

band edge high enough to drive the reduction reaction.



Figure 4 exhibits the valence band edge and conduction band edges of the most common
semiconductors used in the literature compared to the energy required to drive the oxidation/reduction

half-reactions in water-splitting and CO> photoreduction reactions.’
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Figure 4. The position of valence band and conduction band of the common semiconductors vs. NHE. Reprinted with
permission from Chang et al. Copyright 2016 Royal Society of Chemistry.’

Based on all of these complications for these two reactions, a suitable semiconductor for an efficient

photoelectrode in a PEC water-splitting process should possess the following features'”:

Strong (visible light) absorption
e Suitable chemical stability

e Suitable band edge positions

o Efficient charge transport

e Jow cost



Most of the commonly used semiconductors have wide band gaps, making them weak absorbers to
the visible light. Among all these semiconductors, TiO> meets most of the prerequisites mentioned
above except the strong visible light absorption and appropriate conduction band position for driving
reduction half-reaction for CO> photoreduction, which makes it one of the most suitable
semiconductors to be used as a photoelectrode in PEC water-splitting and CO> photoreduction

Processes.

1.3. Strategies to improve the performance of the photocatalysts.

Ti0; is one of the most promising semiconductors for PEC water-splitting and CO» photoreduction
applications. In addition to its poor light absorption properties limiting its photocatalytic efficiency,
the photogenerated electron-holes pairs generated by the excited semiconductor tend to recombine
fast. The recombination process adversely affects a semiconductor's ability to drive the chemical
reaction because the recombination process limits the number of electron-hole pairs available for
chemical reaction. One of the most effective ways to address this issue is making a heterojunction
between the semiconductor and another material (usually another semiconductor or metal) to suppress
the recombination process. The heterojunction materials are known to inherit the properties of each
element or even exhibit new unique properties that make them suitable for many light-harvesting
applications.!!: 12 In general, there are three different types of heterojunction depending on the band
alignment of the two semiconductors, type-I heterojunction in which the band edges of one
semiconductor are located between the band edges of the other one, type-II semiconductor in which
the band edges of one semiconductor are higher than the other semiconductor and type-III in which
both band edges of one semiconductor are even higher than the conduction band of the other
semiconductor. There is no space charge region formed at the interface of the two semiconductors. In

addition to these conventional types of heterojunctions between different kinds of semiconductors, a



semiconductor and a metal can also form a heterojunction. Since the work function (the energy needed
to extract an electron to a point in vacuum) of the metals are usually at different energy level compared
to the semiconductors, when a heterojunction between the metal and the semiconductor forms, a
depletion region with an internal electric field forms to reach neutrality also for metal and the
semiconductor to reach equilibrium. This depletion region formation causes the genesis of a potential
barrier and band bending at the metal/semiconductor interface. If the semiconductor is n-type, the band
bending is upward (Figure 5d), and if the semiconductor is p-type, the band bending is downward
(Figure 5e¢).'*'* Conventionally, metals were considered a co-catalyst in photochemical reactions that
could facilitate the reaction either by providing an appropriate adsorption site for the reactants or by
providing a media for increasing the lifetime of the photogenerated electron-hole pairs via suppressing
the recombination process. Recently, a new family of metals called plasmonic metals attracted
attention for light-harvesting applications. The unique interaction of these metals with light, especially
in the visible light spectrum, made their role go beyond only an electron (hole) acceptor of a simple

co-catalyst.

(@)

Figure 5. Schematic illustration of type-I (a), type-II (b), and type-III (c) heterojunctions and the heterojunction between
an n-type semiconductor and metal (d) and a p-type semiconductor and metal (e). Reprinted from Su et al. under
Creative Commons Attribution Copyright 2019 Wiley.'?
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1.3.1. Plasmonic metals and their heterojunctions with semiconductors

In a plasmonic metal/semiconductor heterojunction, not only the plasmonic metal acts as a simple co-
catalyst but also affects the optical properties of the heterojunction. Plasmonic metal such as Ag, Au,
and Cu can interact with incident electromagnetic waves through a phenomenon called localized
surface plasmon resonance (LSPR). LSPR is the collective oscillation of the free electrons in the
metals (Figure 6a). When the plasmonic nanoparticles' size is smaller than the incident wavelength,
they can strongly interact with the incident light in specific frequencies known as plasmon frequency.
Light with a frequency below the plasma frequency gets reflected, and light with a frequency above

the plasma frequency gets transmitted by the metal nanoparticle.'®

This strong interaction with light made plasmonic metal nanoparticles an exciting research area with
applications ranging from surface-enhanced Raman spectroscopy, refractive index sensing,
photovoltaics, photocatalysis, etc. When a metal is being excited by its LSPR, there are several
mechanisms by which LSPR energy can decay. In general, these mechanisms can be divided into
radiative and nonradiative groups. Figure 6b-d exhibits the primary means by which excited plasmon
can decay, including radiative light scattering/trapping, nonradiative plasmon-induced energy transfer
(PIRET), and nonradiative hot carrier injection. Usually, light scattering/trapping happens for large
metal nanoparticles. The incident light gets scattered by the large metal nanoparticles, the plasmon’s
far-field scattering can penetrate the semiconductor, which enhances the photon flux in the

semiconductor (Figure 6b).!6

The plasmon can decay non-radiatively through Landau damping in hot carrier generation, including
interband and intraband transition of electron-hole pairs in the plasmonic metal. These energetic hot

carriers (they are called hot because usually, their energy is higher than their thermally excited
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counterparts) can get injected into the semiconductor’s conduction or valence band. The injected
electron to the semiconductor does not necessarily have an energy equal to the semiconductor's
conduction. In fact, these injected charge carriers exhibit energy distribution up to the plasma

frequency, so the injected carriers can still be considered hot.!®

In PIRET, the plasmon's energy can transfer to the adjacent semiconductor through dipole-dipole
interaction. Since the collective oscillation of electrons can make a significant dipole moment that
generates a concentrated strong near field, this near field can non-radiatively create electron-hole
pairs inside the semiconductor. Usually, when the semiconductor has a large bandgap (> 3.1 eV), the
dominant decay process is the hot carrier generation.'® Based on the previous section for PEC water-
splitting applications, the band edge position limitations imposed by photocatalytic water-splitting
reaction encourage us to use wide bandgap semiconductors such as TiO». That’s why in most of the

PEC water-splitting applications, the dominant mechanism is the hot-carrier injection.

Incident light Scattering
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Figure 6. LSPR excitation of a spherical metal nanoparticle. (a) The resonant electromagnetic field induces oscillation of
the electron gas. Reprinted with permission from Zhang et al. Copyright 2017 American chemical society.!” Different
mechanisms of LSPR decay, including light scattering (b), PIRET (c), and hot carrier injection (d). Reprinted with
permission from Wu et al. Copyright 2018 Royal Society of Chemistry. !¢
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Compared to conventional semiconductor photocatalysts, a plasmonic metal/semiconductor
heterojunction possess two distinct feature which makes it useful for light-harvesting applications. The
first one is Schottky's formation at the interface, which results in a built-in electric field in the contact
area of the metal and the semiconductor. This electric field forces the electron-hole pairs to go in a
different direction and facilitates the separation process.'® The other important feature of such a
heterojunction is that LSPR, the resonance wavelength of the plasmonic metal nanoparticles, can be
tuned and fall within the visible range. As mentioned above, a heterojunction between a semiconductor
can inherit both individual entities' optical properties. A plasmonic metal/semiconductor
heterojunction can bring the visible light interaction to the table for solely U.V. responsive
semiconductors such as TiO». The strong interaction of plasmonic metals with resonant light generates
an intensive electric field that favors a photocatalytic reaction in several ways, such as excitation of
excessive electrons and holes, heating the environment, and polarizing the absorbates for better

absorption on the surface.'®

Plasmonic photocatalysis

[
| |

Metal-semiconductor Localized surface
junction plasmon resonance
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Reduced e/h diffusion length
Enhanced local electric field
Local heating effect
Molecule polarization effect

| LSPR-powered e/h generation

Figure 7. The major benefits of a metal/semiconductor heterojunction + the added benefits a plasmonic metal can offer
for photocatalytic applications. Reprinted with permission from Zhang et al. Copyright 2013 IOP Science.'®
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Figure 7 briefly lists the significant benefits of a plasmonic metal\semiconductor heterojunction for
photocatalytic applications. It is worthy of mentioning that regardless of if the metal in a heterojunction
with a semiconductor is plasmonic or not, the metal itself can play several major beneficial roles such
as surface catalysis, passivation of surface, etc., so the photocatalytic enhancement resulted due to the
presence of a plasmonic metal in the heterojunction is a collective beneficiary effect of multiple

features of the metal which plasmonic properties are only a portion of it.

Multiple advantages offered by the plasmonic metal nanoparticles for driving photocatalytic reactions
made me investigate the effect of this interesting family of metals for driving complex light-induced
chemical reactions such as water-splitting and CO, photoreduction. More specifically, since the charge
transfer mechanism in a plasmon-coupled structure can be complicated, I decided to devise clever

experimental procedures to shed light on it, which will be discussed in detail in the following chapters.
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2. Materials and Methods

This chapter contains the details of the chemicals/devices used to conduct the experiments. Also,
apparatuses and software used for simulation, fabrication, and characterization of the photocatalysts,
analyzing the results, calibration of the devices, and conducting the photocatalytic reactions were

explained thoroughly in this chapter.

2.1. Materials

Titanium foils (99%, 0.89mm thickness) were purchased from Alfa Aesar. Ammonium fluoride,
ethylene glycol (EG, CAS 107-21-1), and methanol (CAS 67-56-1) were purchased from Fisher
Scientific. Silver acetylacetonate (Ag(acac), CAS 15525-64-1) was supplied by Sigma Aldrich, and
copper acetylacetonate (Cu(acac),, CAS 13395-16-9) was purchased from Acros. Potassium
hydroxide (CAS 1310-58-3) with the purity of 85 % and Sodium sulfate (CAS 7757-82-6) with the
purity of 99%were purchased from Sigma-Aldrich. Nitric acid (CAS 7697-37-2) with 70 % purity was
purchased from Fischer Scientific. The solvents used for sample rinsing and material synthesis were
deionized water and HPLC grade methanol purchased from Fisher Scientific. The CO» gas used for
photocatalytic studies had 99% purity. It was obtained from Praxair, while the '*CO, isotope gas used

for sanity tests had 99% purity and was obtained from Cambridge Isotope Laboratories, Inc. (USA).

2.2. Characterization

The morphologies of the samples were investigated using a field emission scanning electron
microscope (FESEM, Zeiss Sigma) operating at an accelerating voltage of 5 kV. The morphological

and structural properties of the samples were investigated using a high-resolution transmission
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electron microscope (HR-TEM, JEOL-2200 FS TEM) operating at an acceleration voltage of 200 kV.
A Helium Ion Microscope (Zeiss Orion) was utilized to investigate the morphology of some of the
samples in chapter 4. The samples' optical properties were analyzed using a UV-Vis
spectrophotometer (Perkin-Elmer, Lambda 1050). The UV-Vis spectrophotometer was set on
transmission mode for transparent and diffuse-reflectance spectra (DRS) mode for non-transparent
samples. The crystallinity of the materials was determined using x-ray diffraction (XRD, Bruker-D8
Discover instrument) equipped with a sealed Cu Ka X-ray source (40 kV 44 mA, A = 0.15418 nm) in
the 20 range of 10-80°. The vibrational properties of the samples were studied using a Raman
spectrometer (Nd:YAG laser Raman Microscope, Nicolet Omega XR). The Raman spectrometer
was equipped with a 532 nm laser source with an incident power of 10 mW, which was used to excite

the samples.

The surface binding energies and the oxidation states of the elements were investigated using x-ray
photoelectron spectroscopy (XPS) with Kratos Analytical-Axis-Ultra photoelectron spectrometer,
which was equipped with a monochromatic Al-Ka source (15 kV, 50 W) and photon energy of 1486.7
eV. Cls with binding energy of = 284.8 eV was chosen as the reference peak, and the binding energies
of all the elements were corrected based on the Cl1s reference point. The synthesized materials' valence
band positions and work functions were determined using ultraviolet photoelectron spectroscopy
(UPS) equipped with an excitation source consisting of a 21.21 eV He lamp. The XPS depth profile
was also measured using a PHI VersaProbe III Scanning XPS Microprobe equipped with an Ar" ion
sputtering gun. The surface potential measurements were conducted using a Kelvin probe force
microscopy (KPFM) equipped with an Atomic Force Microscope (Dimension FastScan, Bruker). The

KPFM had two diode lasers sources centered at 520 nm and 635 nm.
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2.3.CO; Photoreduction reaction and *CO; labeling tests.

Experiments measuring the photoreduction of CO, were conducted using a 32 ml cylindrical shaped
stainless steel flanged reactor equipped with a quartz window (Figure 8). The photocatalyst and a few
water droplets were placed at the bottom of the reactor, following which the reactor was purged with
99 % purity CO; gas three times to remove residual air inside the reaction chamber and the tubing.
The purged reactor was pressurized with 99% purity CO2 gas to 50 psi (344738 Pascal) and
subsequently placed on top of a hot plate set to 50 °C or 70 °C to evaporate the water droplets. To
investigate the photocatalytic activity of the samples, the reactor was subjected to light irradiation.
The light source used in these experiments was either a standard Class A solar simulator (Newport)
with an intensity of 1000 W m™ (one sun) or a U.V. lamp with its peak emission at 255 nm. The
duration of irradiation was 2 hours. After the irradiation step, the products of the reaction were
analyzed using a Shimadzu gas chromatograph (GC-2014, Figure 9) equipped with both Porapak Q
and a molecular sieve column and a pulsed discharge detector (PDD). The carrier gas used was
ultrahigh purity He. Each of the measurements was repeated three times, and the average of these three
measurements was reported as the final result. Since it is impossible to purge all of the air from the
GC after each run, the gas chromatogram always exhibits huge peaks for oxygen and nitrogen and a
tiny peak for carbon monoxide (originating from the lab’s atmosphere). Hydrogen or hydrocarbon
mixtures of known composition were used to calibrate the output of the GC. The examples of the
chromatogram of the products obtained from the GC measurements for each of the samples are shown
in Figure 10. In addition to regular gas chromatography tests, a GC-MS was used to identify the
products of the isotope labeling test using '*CO instead of regular '2CO, gas. These tests were
performed under identical reaction and illumination conditions, and their purpose was to verify that

the hydrocarbon products originated from the reactant (CO:) instead of carbon contamination.

17



Figure 8. Photograph of the high-pressure stainless still reactor used for the CO, photoreduction reactions. The volume
of the reactor was 32 ml. A4 paper underneath the reactor is used for the purpose of scaling.

Figure 9. Photograph of the Shimadzu gas chromatograph (GC-2014) used for measuring the amount of hydrogen and
hydrocarbons.
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Figure 10. An example of a gas chromatogram obtained by GC.

2.3.1. Conversion of GC peak areas to moles

The GC was calibrated with a standard cylinder with concentrations of 100 ppm methane and 100 ppm
ethane. As a result, the reported chromatogram results are the areas that correspond to the ppm levels
of the products. The ppm concentration of the product can be converted into mole fraction of product

using the following formula:

__ bPMproduct
Mproduct - 1016 (9)

Mproduct 18 the mole fraction of the product's product in the reactor, and ppmproauc: 1s the ppm value
reported by the GC. Considering that the total pressure (Puw) in the reactor was 50 psi (3.45 x 10°

Pa), using Dalton’s law, the partial pressure of the product can be calculated using equation (10). After
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the partial pressure is obtained, the product's moles can be obtained using the ideal gas law (equation

(1),

Pproduct = Protar X Mproduct (10.)
Dpr 4

Nproduct = £ (;d_;a (11.)

Where V is the volume of the reactor (32 ml), R is the ideal gas constant (8.314 J mol-1K-1), and T

is the reactor's temperature.

The selectivity toward production of methane or ethane were calculated using the following formula:

o Amount of ethane produced (umol)
Methane/Ethane Selectivity =

(12.)

Total amount of products (umol)

2.4. Photoelectrochemical water-splitting reaction, H; evolution, and Faradaic
efficiency measurements.

The photoelectrochemical measurements were conducted using an electrochemical working station
(CH Instruments, CHI660D) in a standard three-electrode electrochemical cell (Figure 11) containing
a working electrode, a counter electrode, and a standard reference electrode. The fabricated
photoelectrodes were used as working electrodes. Pt was chosen as the counter electrode, and a
standard Ag/AgCl (0.1 M KCI) was used as a reference electrode. The electrolytes used for the
experiments were an aqueous solution of 1 M Potassium Hydroxide (KOH) or Sodium sulfate
(Na2SOy4). The linear sweep voltammetry (LSV) measurements were conducted by sweeping the
applied potential from -0.8 to +1 V, and the dark photocurrent was collected for the comparison
purpose under the same condition. The photocurrent versus time (/- measurements) was conducted

either under the constant applied potential of +0.6 (photoanode) in a 1M aqueous KOH electrolyte or
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applied potential of -0.6 (photocathode) in a 1M aqueous Na>SOys electrolyte. The scavenger test was
conducted using the same procedure except that the solution was a 1M KOH in 10-volume percent
methanol in water for the hole scavenger test. The Solar simulator used in these experiments was a
standard Class A solar simulator (Newport) with an intensity of 100 mW cm 2. A set of LEDs were
also used as illumination light sources. The LEDs' output power intensity was calibrated to be 10 mW

cm 2.

Figure 11. Photograph of the three-electrode electrochemical cell used for the photoelectrochemical water-splitting
reaction.

The H; evolution was conducted in an H-Cell (Figure 12) made of borosilicate glass under standard 1
Sun illumination. The transmittance of borosilicate glass was calculated to be around 83 % at the
wavelength ranging from 280 nm to 400 nm and 91 % at wavelengths ranging from 1120 nm to 2500
nm." Based on these measurements, the loss associated with utilizing borosilicate glass instead of

quartz is calculated to be around 4 %.
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The electrolyte was a solution of 1 M KOH in water, the counter electrode was Pt, and the reference
electrode was a standard Ag/AgCl electrode, the applied potential was fixed at +0.6 V. The experiment
was conducted for 30 minutes after the experiments were finished the amount of H> produced at the
counter electrode was measured using GC. The Faradaic efficiency, which is the ratio between the
observed hydrogen in experimental condition to theoretical hydrogen evolution based on photocurrent

value, was measured using the following equation:

H, measured in actual reaction condition by GC(mol) 13
J(Acm=2).A(cm?2).T(Sec) ( )
2.e(C).N 4(mol~1)

Faradaic Ef ficiency = 100 X

Where J is the photocurrent density, A is the photoelectrode area, T is the irradiation time, e is the

standard charge of an electron (1.602 x 10°'° C), and Na is the Avogadro number (6.02 x 10> mol™).

Figure 12. Photograph of the H-Cell used for H» evolution reaction.

22



2.5. Electrochemical Cyclic voltammetry and electrochemical surface area
measurements

The cyclic voltammetry (CV) measurements were conducted in a standard three-electrode system.
The electrolyte was an aqueous solution of 0.05 M Na>SO4. The CV experiments contain sweeping
from 0 V to 1 V in the forward bias direction and sweeping backwardly in the reverse order; the scan

rate was set to 0.1 V/s.

For calculation of the electrochemical surface area (ECSA) and specific surface area (SSA), firstly,

roughness factor (RF) was calculated using the following formula:

RF = Usample _ ECSA (14)

Jreference Geometrical Area

Where qsample 18 the charge associated with the reduction of AuO from the samples and qreference 1S the
charge related to the reduction of the smooth sample as a reference. The charge related to the reduction
of each sample was calculated by integrating the area under the curve of the reduction of the sample
during the reverse bias sweep divided by the scan rate. After calculation of the RF for each of the
samples, the ECSA was calculated by multiplying it by the geometrical area of the sample, and SSA

was calculated using the following formula:

SsA = E54 (15.)

w

Where w is the estimated weight of the sample.
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2.6. FDTD Simulations

Finite-difference time-domain (FDTD) simulation is a powerful tool for investigating light/matter
interaction. Like every finite difference method, FDTD solves a partial difference equation (PDE)
called Maxwell’s equations (equations 16 and 17) on the tiny grid cells (known as the Yee grids) of

the structure.?®

AxE= -2 (16.)
0E
AXH= _EE (17)

In Maxwell’s equations, E is the electric field, H is the magnetic field, u is permeability, and ¢ is the
permeability of the structure. The electric field and magnetic field are discretized in FDTD simulation.
Each field component (Ex, Ey, E,, Hx, Hy, H,) will be simultaneously solved on the Yee grid, which
allows us to obtain the far-field and near-field optical response of the structure. The FDTD method, in
general, contains three major steps. The first step is the definition of the simulation environment and
setting the boundary conditions. The three main boundary conditions in FDTD are perfectly matched
layer (PML) to mimic the dissipation of the electric field, symmetric/antisymmetric boundary
condition for reducing the computational cost of an object which has symmetry in its structure, and
periodic boundary condition for simulation of a periodic structure. The second step is specifying the
electromagnetic source; the primary electro magnetic sources used in the FDTD method are total-field
scatter-field (TFSF) source, which comprises of two regions, the first region is called the total region,
which contains the sum of the incident electric field and scattered electric field and the second region
of it only contains the scatter electric field which is being called scatter region. TFSF is usually being
used to determine the scattering and absorption cross-section of nanostructures. The second ubiquity-

used electromagnetic source in the FDTD method is the plane wave representing the injection of a
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uniform electromagnetic wave inside the simulation environment. The plane wave is generally used
for the simulation of periodic structures. The last step in FDTD simulation is the definition of the
structure and setting of the materials. The materials are usually defined by their complex refractive

index (n,k) in FDTD.

Lumerical software was used to implement the FDTD simulations. Using the graphical user interface
(GUI) of lumerical, one can define materials with different shapes and structures even in nanoscale
sizes. The simulation starts with the definition of the structures in the simulation environment. Based
on the structure of the simulated object, if there was a symmetry in the structure in the X or Y direction,
symmetrical boundary conditions or anti-symmetrical boundary conditions were introduced in the X
and Y direction to reduce the computational cost of the simulations. Depending on the structure of the
materials, either a TFSF source with a 250-800 nm bandwidth or a TFSF source with a 500-1200 nm
bandwidth with 1000 frequency points was chosen as the light source. The far-field absorption cross-
section of the structures was recorded using the proper monitor. The near-field electric field intensity
was recorded using a frequency domain field and power monitor. The simulation was done using the
same TFSF source two times to simulate the near-field electric field under an unpolarized light. The
difference between these two simulations was the 90-degree difference in polarization of the TFSF
source, the electric field obtained by these two simulations was averaged and reported. The monitors
were set to obtain the electric field intensity at a single wavelength. Since TiO: is not a predefined
material in the built-in Lumerical database, its refractive index was extracted from the literature®' and
imported into Lumerical. A uniform mesh size of 1nm was introduced in the simulations to ensure

the results' accuracy.
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2.7. Deposition of Au, Ag, and TiO: thin films

Deposition of Au and Ag thin films were implemented in a DC magnetron sputtering system (Kurt J.
LeskerCo.) operating under a high vacuum (850 mTorr). Before the deposition, the Au or Ag targets
were pretreated for 60 seconds. The deposition duration was 30 seconds for Au film and 15 seconds
for Ag film. Deposition of amorphous TiO, layer was done on an ALD apparatus (Oxford Industries
ALD, FlexAl), Titanium isopropoxide was used as the Titanium precursor, and oxygen plasma was
the source of oxygen, the substrate temperature was set to 120 "C, the chamber was firstly cleaned for
50 cycles to ensure the removal of the contaminations then the actual deposition was done, the

deposition rate was 0.44 A’/cycle.
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3. A symmetric Multipole Plasmon-mediated Catalysis Shifts the
Product Selectivity of CO: Photoreduction Towards Cz+ Products.

In this chapter, the background information about the selectivity and activity of photocatalysts and
strategies to improve the photocatalytic activity of a photocatalyst is presented. Bimetallic AgCu
decorated TiO> nanotube array (TNTA) was fabricated and characterized, the results for the CO»

photoreduction reaction are presented.

3.1. Background and motivation

The photoreduction of CO to value-added products is currently a focus of tremendous research
interest. The primary work of Inoue et al. in 1979 showed that CO>?* can be converted into useful
products such as CO, CH4, Co;Hs, HCOOH, CH30H, efc., utilizing semiconductor photocatalysts such
as TiOz, ZnO, CdS, and GaP. The lack of product selectivity in CO, photoreduction is a major
challenge that limits practical applications and industrial adoption of this technology.?> The major
products of this reaction are typically C; products such as CO and/or CH4 and/or HCOO™ (formate),
but it has been reported that Ci+ products (such as C;Hg) can also be produced during the
photoreduction process.>*2” Cy+ products are more interesting since they have a higher energy density
and serve as precursors for a greater variety of industrial reactions thus generating more market value.
For instance, ethane can be transformed into liquid fuels more easily than methane.?® 2® The reaction
mechanism involved in producing Cr+ products is more complex and usually involves the C-C
coupling reaction, which has a high activation energy barrier. It is noteworthy that the success achieved
in the electrochemical CO; reduction reaction (CO2RR) field in generating C>+ products such as
ethylene and ethanol at yields of 60-90 % has not translated thus far into CO; photoreduction using

similar material systems. Strategies used in CO2RR to optimize C-C coupling and enhance the yield
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of Ca+ products such as higher alkali metal cation concentrations in the electrolyte, higher pH near the
electrode, higher electrolyte concentration of CO», running the reaction at higher overpotentials, etc.
do not have direct counterparts in photocatalytic CO> reduction.?®-!

The presence of a cocatalyst (mostly nanoparticles of transition metals such as Au, Ag, Cu, Pt, Pd,
etc.) in a photocatalyst system offers several benefits, including increasing the light-harvesting ability
of the photocatalyst through interband and intraband transitions in the metal nanoparticle, improving
the separation of photogenerated charge carriers through the formation of a heterojunction interface,
providing new sites for adsorption of reactant molecules on the surface of the photocatalyst, efc.
Transition metals are known for improving the hydrogenation reaction rather than C-C coupling. The
decoration of semiconductor photocatalysts with transition metal nanoparticles favor the production
of methane compared to Ca+ hydrocarbons.?® Carbon dioxide anion radical (CO>-"), electronically
excited state of carbon monoxide (CO*), formyl radical (:CHO) and carboxyl radical (COOH) figure
prominently as reaction intermediates in multiple pathways proposed for CO» photoreduction.®? 33
Inter-adsorbate steric and dipole repulsion forces hinder the adsorption and C-C coupling of these
reaction intermediates on adjacent reaction sites of metal atoms.** The interplay between attractive
long-range forces and short-range Pauli repulsion and repulsive dipole-dipole coupling is well-studied
for CO monolayers of various coverages on Cu(100), Cu(110), and Cu(111) surfaces.’>?’
Nanoparticles of Ag, Au, Cu, and Al exhibit strong localized surface plasmon resonances at visible
wavelengths, consisting of coherent and collective charge density oscillations of conduction band
electrons. Nanoparticles smaller than ~ 50 nm primarily exhibit a symmetric dipole resonance wherein
optical excitation displaces the center of negative charge with respect to the center of positive charge

due to the polarization of the electron cloud by the incident field.*® The combination of adsorbate-

adsorbate repulsion between reaction intermediates and symmetric distribution of surface charge due
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to dipolar LSPR excitation makes C-C coupling more unlikely on such metal nanoparticle surfaces.

This may be why vapor phase CO> photoreduction on TiO2 nanotubes surface-decorated by < 10 nm-
sized nanoparticles of Cu, Pt, Ru, Au, Pd, AuPd, ZnPd, Ag, etc. has primarily been reported to result
in the dominant formation (> 95% of all product molecules formed) of C; products such as methane,
carbon monoxide, methanol, and formaldehyde, with C, products such as ethane and ethylene formed
as minor by-products (<5% of all products).**-*¢ In metal particles larger than 50 nm in size, the
quasistatic approximation is no longer valid. The quadrupole plasmon mode becomes significant,
which produces an antisymmetric distribution of charge density oscillations on the surface of the metal
nanoparticle when excited.*”-*® In even larger nanoparticles and aggregates of dissimilar nanoparticles,
multipole plasmon excitations with rapidly alternating surface charge density oscillations dominate.*’
Multipolar plasmon resonance modes and symmetry breaking in heterodimers®® 3! afford the
possibility of closely-lying reaction sites having opposite charge, thus enabling a reduction in the
dipole repulsion of adsorbed C; reaction intermediates and facilitating their C-C coupling to form C;
products.

There are few reports on the production of Cy+ hydrocarbons (more specifically ethane) in the CO>
photoreduction process. Recently Sorcar et al. reported the production of ethane with 28% selectivity
at a rate of 77 pmol gr'! over a Pt-sensitized graphene-wrapped titania photocatalyst. Yu et al. reported
a C-C coupling reaction on Au NPs with almost 40% selectivity for ethane production®*. Our previous
work in Angew. Chem. Int. Ed. on a Cu-Pt nanoparticle supported titania nanotube array photocatalyst
exhibited a maximum 14% selectivity towards ethane formation. In all the reported literature so far,
the cocatalyst typically consists of one or more precious metals such as Pt, Au, Ru, and Pd.* ** 52
Herein, we successfully synthesized large-sized, less expensive Ag, Cu, and AgCu nanoparticles, and

successfully hosted these nanoparticles on a TiO; nanotube array (TNTA) scaffold. Our experiments
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demonstrate that the synergetic effect of large (> 80 nm) Ag and Cu nanoparticles as cocatalysts in
CO: photoreduction increases both the efficiency and selectivity of CO2 photoreduction, a C; product,
namely ethane, is generated with an unprecedented selectivity as high as 60%. The critical conceptual
innovation consists of the use of hybrid quadrupolar and multipolar plasmon resonances in large
plasmonic nanoparticles and their aggregates to achieve an asymmetric photoexcited charge

distribution on the photocatalyst surface.

3.2. Synthesis of TiO2 nanotube arrays (TNTA), Ag-TNTA, Cu-TNTA, and Ag-
Cu-TNTA

Figure 13 schematically depicts the fabrication process used to synthesize metal nanoparticle
decorated TiO> nanotube arrays. Electrochemical anodization of Ti foils was used to obtain TNTA.
Titanium foils were cut into smaller pieces (1 cm x 2.5 cm) and washed with methanol, water, and
acetone thoroughly before the anodization process. An EG-based electrolyte containing 4% v/v water
and 0.3 wt% NH4F was used for anodization. The anodization was performed at room temperature
under 40 V applied bias between the anode and the cathode (another Ti foil) for 3 hours. The anodized
foils were washed with methanol and water and dried with nitrogen. The obtained TNTA were
subsequently annealed at 450 °C for 3 hours to induce crystallinity.>

Two standard 2 mM solutions of Ag(acac), and Cu(acac), in methanol were prepared for
depositing the metal nanoparticles. The prepared TNTA were immersed in a 2 ml solution of Ag(acac)>
or Cu(acac); (for preparing the Ag-TNTA and Cu-TNTA samples, respectively) and subjected to UV
(365 nm) irradiation of a 4 W lamp for 3 hours. The synthesis procedure for preparing the AgCu-
TNTA was similar except that the irradiated solution was 3 ml in volume consisted of a combination
of 2 ml of Ag(acac),and 1 ml of Cu(acac); standard solutions (the molar ratio between Ag to Cu was

adjusted to 2/1).

30



A -

Anodization
+.
Annealing

Photodeposition

Figure 13. Schematic diagram of the fabrication process of AgCu-TNTA samples.

3.3. Results and Discussions

Electrochemical anodization was used to synthesize TiO» nanotube arrays (TNTA)>* % and

13,56 \was used to form monometallic and

photodeposition from Ag(acac) and Cu(acac). solutions
bimetallic nanoparticles (NPs) decorating and infiltrating the TNTA. The morphologies of TNTA were
investigated using high-resolution transmission electron microscopy (HR-TEM) and field emission
scanning electron microscopy (FESEM). The cross-sectional images of the TNTA (Figure 15a, Figure
15b, and Figure 14a) clearly show an array of hollow, vertically oriented nanotubes with an average
length of ~ 6 um and an average outer diameter of 110 nm. The top view of the AgCu-TNTA sample
(Figure 14b and Figure 15a,b) shows 80-200 nm polydispersed nanoparticles of Ag and Cu
agglomerated on the top of the TiO2 nanotube arrays. From Figure 15a,b, it is evident that in addition
to the aggregates of larger Ag and Cu nanoparticles on top of the nanotubes, there are smaller
nanoparticles with diameters 25-80 nm compared to the inner diameter of the nanotubes, which

penetrate along the length of the TNTA. Previous studies reported that bulk Ag and Cu exhibit lattice

d-spacings of 0.208 nm and 0.240 nm, respectively, and the alloy of AgCu exhibits a d-spacing in the
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range 0.210 nm < d < 0.240 nm.*’ d-spacings of 0.350 nm and 0.240 nm were determined from selected
area electron diffraction (SAED) patterns collected from higher magnification HR-TEM images
(Figure 15c, d), and correspond to the (101) plane of anatase TiO, and FCC Ag(111). In some cases,
a d-spacing of 0.22 nm was observed, indicative of the formation of AgCu bimetallic alloy through
galvanic replacement.’’ The elemental map analysis of the area of interest in AgCu-TNTA sample is
shown in Figure 15e which further confirms infiltration of the TiO> nanotubes with both Ag and Cu

nanoparticles.

Figure 14. FESEM images of (a) TNTA and (b) AgCu-TNTA samples
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Figure 15. TEM analysis of AgCu-

nanoparticles and corresponding d-spacings (e) Elemental mapping of AgCu-TNTA sample.
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The X-ray diffractograms of TNTA, Ag-TNTA, and AgCu-TNTA are shown in Figure 16. The bare
TNTA sample exhibited reflections corresponding to the pure anatase phase (JCPDS No. 21-1272).
This is in agreement with prior reports that show the dominance of the anatase phase when anodic
TiO, nanotubes are annealed at temperatures lower than 550 °C. The temperature of 450 “C used to
crystallize the nanotubes is not high enough to induce the anatase-to-rutile phase transition. In addition
to anatase peaks, other peaks originating from pure Ti could be detected in the XRD pattern of TNTA
samples which corresponds to the portion of the titanium foil substrate that was not anodized. For the
Ag-TNTA and AgCu-TNTA samples, additional peaks located at 26 values of 44.08" and 64.3" are
present in the diffractograms, which were indexed to face-centered cubic silver (JCPDS No. 04-0783).
No peaks related to Cu could be detected in the XRD patterns of AgCu-TNTA and Cu-TNTA samples,
indicating that the Cu nanoparticles were highly scattered. The amount of Cu was extremely small
compared to Ag, Ti, and anatase Ti02.2° Consequently, it is reasonable to assume that the aggregated
layer of large metal NPs seen in Figure 15 consists of a mixture of monometallic Ag and bimetallic

AgCu NPs. However, the UV-vis spectra (to be discussed later) strongly suggest bimetallic AgCu

NPs.
85
AgCu-TNTA
eil — Ag-TNTA
55 —— Cu-THNTA
sod4 -FF& g ——TNTA
s "1 88 gz §
45 < — o T = o
I < T g -

40 4 |
35—\
304
25 4

f: ' _..aiI g__JJHL_JL_Efu__.A__._n

Intensity (a.u.)

20 30 40 50 1] T0

20 (degree)

Figure 16. XRD patterns of TNTA, Cu-TNTA, Ag-TNTA, and AgCu-TNTs samples.
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The Raman spectra of the TNTA, Cu-TNTA, Ag-TNTA, and AgCu-TNTA samples (Figure 17)
exhibit one intense and three less intense peaks, which confirm phonon modes in tetragonal anatase
TiO». The prominent peak at 145 cm™ is due to the Eg mode, while less intense peaks at 395 cm™, 516
cm™ and 640 cm™! correspond to Blg, A2g, and Eg modes, respectively.'> An expected shift and
broadening for the main Eg modes in Raman spectra of Cu-TNTA, Ag-TNTA, and AgCu-TNTA has
been observed, which is related to the changes induced in the structure of TNTA by the presence of

Ag and Cu nanoparticles.'?
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Figure 17. Raman spectra of TNTA, Cu-TNTA, Ag-TNTA, and AgCu-TNTA samples.

The chemical composition of the catalyst surface and sub-surface was determined using X-ray
photoelectron microscopy (XPS) (Figure 18). The signature peaks of Ti, O, Ag and Cu are present in

the XPS elemental survey scan (Figure 18a), confirming the successful photodeposition of Cu and Ag
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on the surface of the TNTA. The deconvoluted core-level high-resolution XPS (HR-XPS) spectra of
TNTA and AgCu-TNTA samples in the Ti2p region exhibited two symmetric peaks located at binding
energies (BE) of 458.96 and 464.84 eV, assigned respectively to the Ti2ps3» and Ti2pi» peak
components of Ti*' ions present in TiO: crystal lattice (Figure 18b).>*®" The obtained peak splitting
between Ti2ps. and Ti2pi peak components was found to be 5.88 eV, suggesting O* coordinated
Ti*" in TiO; lattice structure.’!- © The HR-XPS of TNTA in the Ols region can be deconvoluted into
two chemically shifted components centered at BEs of 530.33 and 532.17 eV. The strong peak
component at BE ~ 530.33 eV originated from the T1 bonded oxygens present in the crystal lattice (Ti-
O-T1), while the weak shoulder peak at 532.17 eV was attributed to surface bounded -OH and non-
lattice adventitious oxygens (Figure 18¢).%3-% The binding energy of O1s peak components in AgCu-
TNTA remains almost identical to TNTA, demonstrating that decoration of Ag and AgCu
nanoparticles on TiO nanotubes does not induce chemical changes on the surface. Two well-resolved
Cu2p peaks for AgCu-TNTA at BEs of 932.63 and 952.65 eV (Figure 18d) originated due to Cu2ps,
and Cu2pi,2 peak components of metallic Cu(0).%* " The absence of any shoulder or satellite peak
indicates the absence of any Cu'* or Cu®" oxides. The Ag3d spectra (Figure 18¢) of AgCu-TNTA
showed two peaks at 368.08, and 374.13 eV with 6.08 eV peak splitting corroborated to Ag(0), and

the absence of shoulder peaks verified phase-pure metallic silver.%® ¢
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The optical properties of the TNTA, Cu-TNTA, Ag-TNTA, and AgCu-TNTA samples were
investigated by diffuse-reflectance UV-Vis spectroscopy (DRS), as well as finite difference time
domain (FDTD) electromagnetic simulations. The DRS spectrum of the TNTA sample (black line in
Figure 19) exhibits a band edge around 380 nm, which is in accordance with its calculated band gap
using Kubelka-Munk function (Figure 19b).”% The band gap of Cu-TNTA, Ag-TNTA and AgCu-
TNTA was calculate to be 3.27 eV, 3.75 eV and 3.7 eV respectively (Figure 19c,d,e). In comparison
with the bare TNTA sample, the band-edge(s) for Ag-TNTA, Cu-TNTA, and AgCu-TNTA samples
were blue-shifted to lower wavelengths. This blue shift is due to the Mie scattering of ultraviolet
photons by metal nanoparticles.”! In Figure 19, the optical spectra of Ag-TNTA and AgCu-TNTA
samples resemble each other to some extent. For the Ag-TNTA sample, there is a broad, featureless
localized surface plasmon resonance (LSPR) peak centered at 475 nm, which agrees with the
polydispersed nature of Ag NPs fabricated in this study. The AgCu-TNTA sample exhibits two LSPR
peaks at 425 nm and 525 nm. The 425 nm peak is due to the hybrid quadrupolar resonance of larger
Ag NPs of size > 75 nm*® 3! that is likely redshifted by 50 nm from Ag nanoislands' corresponding
resonance to the higher permittivity of the TiO, nanotube array scaffold.”? The 525 nm peak
corresponded to the dipolar resonance of AgCu NPs in the vicinity of TiO, and weakened in amplitude
by the interband damping of Cu.*® The optical spectra indicate the AgCu-TNTA samples to be less
polydispersed than the Ag-TNTA samples, which we attribute to the nucleation of Cu on Ag NPs and
the etching of already agglomerated particles by galvanic replacement. The much lower scattering
amplitude for AgCu NPs (green curve in Figure 19) due to damping provides persuasive evidence for

the dominant presence of bimetallic AgCu nanoparticles over monometallic Ag NPs. The galvanic
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Figure 19. (a) DRS spectra of TNTA, Cu-TNTA, Ag-TNTA, and AgCu-TNTA samples and the calculated band gaps of
(b) TNTA, (c) Cu-TNTA, (d) Ag-TNTA, and (¢) AgCu-TNTA samples using Kubelka-Munk function.

We used finite-difference time domain (FDTD) electromagnetic simulations to study the interaction
of light with TiO> nanotubes decorated with a single layer of Ag@Cu NP homodimers perched on top
of the pore openings. The simulated optical properties of the dimers were used to obtain more general
insight into the behavior of the aggregated nanoparticles on the surface of TNTAs. The diameter of
the silver core was kept constant at 100 nm, and the thickness of the copper shell was set to 5 nm.
Figure 20a exhibits the simulated electric field intensities of the AgCu-TNTA sample under broadband
excitation (250 nm — 800 nm). Due to the strong interband damping-mediated absorption of Cu,
TNTAs decorated with Ag@Cu homodimers exhibit significant visible light absorption. The strong
damping due to the presence of Cu also ensures that the highest electric field intensities are found not

in-between the two particles constituting the dimer but rather at Ag—TiO; and Ag—air interfaces. In
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addition, since the electric field was measured for a broad range of wavelengths from UV (250 nm)
all the way to the visible (800 nm), electromagnetic radiation could couple with both TNTA and AgCu
nanoparticles. The top view and cross-sectional profile electric field intensities at two chosen
wavelengths on- (525 nm) and far from- (350 nm) LSPR resonance were also simulated; the results
are shown in Figure 20b,c,d,e. For the excitation under LSPR (525 nm, Figure 20b,d), a strong electric
field right at the interface between the two plasmonic nanoparticles is generated. This intensified
electric field known as hotspot provides multiple benefits for a photocatalytic system, including LSPR-
powered electron-hole generation, local heating effect, polarization of the reactants, and enhanced

light absorption.

In comparison, the excitation under 350 nm (of resonance) did not produce a strong electric field which
evidences the contribution of LSPR on the generation of hot spots at the interface. In addition, the
electric field profiles in Figure 20d,e clearly shows that the electromagnetic wave did not couple with
the TNTA at these two wavelengths. This is a well-studied phenomenon in TNTA. The TNTA can
accommodate waveguide modes only when their diameter is bigger than the wavelength of the incident
electromagnetic wave; also, when the wall thickness of the TNTA is significantly smaller than the
wavelength of the light, its walls act as Rayleigh scattering elements.”® In both of the simulations
reported here, the TNTA (100 nm) diameter and the wall thickness (20 nm) are smaller than the

wavelength of the light, so such a coupling did not happen.
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Figure 20. Electric field profile for a TNTA/100 nm Ag core—5 nm Cu shell homodimer with a 3 nm edge-to-edge
spacing (a) ZY plane under broadband excitation (b) XY plane under 525 nm excitation (c) XY plane under 350 nm
excitation, (d) ZY plane under 525 nm excitation and (¢) ZY plane under 350 nm excitation. For comparison, the electric
field profile on the XY plane at the interface between a 3umx3 um slab of Ag on TiO, under 525 nm excitation is shown

(®.

To prove the validity of our simulations, I have compared these results with the simulations reported
in the literature. Figure 21a exhibits the calculated absorption spectra for Au, Ag and Al heterodimers
with 1 nm spacing in medium with different refractive indices. For the refractive index of 1.5 which
is close to the refractive index of TNTA, the simulation shows two peaks one centered at 430 nm and
the other one centered at 530 nm which is comparable with the UV-vis spectra obtained for AgCu-
TNTA sample (Figure 19a) which exhibited two plasmonic peaks one centered at 425 nm and the
other one at 525 nm. Figure 21b,c exhibits the near-field electric field at a plasmon resonance
wavelength in XZ-plane for Au and Ag homodimers respectively, these simulations exhibit an intense

electric field right at the interface which is consistent with my simulations in Figure 20b,d.
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Figure 21. (a) Simulated absorption spectra of Au, Ag and Al homodimers (with 20 nm particle size and the interparticle
spacing is 1 nm) in medium is with different refractive indices. Reprinted from Katyal et al. Advanced Electromagnetics
(2018) with permission under Creative Commons Attribution.” (b) The near-field electric field profile at plasmon
resonance wavelength in XZ-plane for Au homodimer. Reprinted from Katyal et al. Advanced Electromagnetics (2018)
with permission under Creative Commons Attribution.” (c) electric field profile and surface charge distributions for a
D=60 nm silver nanoparticle homodimer excited at its plasmon resonance. Reprinted from Chen et al. AIP Advances
(2011) with permission under Creative Commons Attribution.”

Surface plasmons occur at metal-dielectric interfaces and are coupled to electromagnetic waves with
both transverse and longitudinal components.’® Due to the presence of the longitudinal component,
both energy (i.e., finding photons or electrons of the right energy to excite the electron plasma) and
tangential momentum conservation conditions need to be satisfied for the excitation of surface
plasmons. Therefore, surface plasmon polaritons in metallic thin films cannot be simply excited with
conventional illumination from an adjacent dielectric.”® Unlike thin metal films, the conditions for
plasmon excitation are easily met in the visible and near-infrared (NIR) spectral bands for < 100 nm-
sized nanoparticles made of Ag, Au, Cu, Al, conductive transition metal nitrides, quasi-metallic
degenerate oxides, and select degenerate chalcogenides (e.g., CuzS).*® 7778 Surface plasmons undergo
various ultrafast damping processes, including Landau damping, surface scattering, chemical interface
damping and radiative damping.”3° For nanoparticles in the 10-40 nm size range, Landau damping
is the dominant mode of plasmon dephasing. Two regimes of Landau damping can be distinguished

for surface plasmons®!: (i) An interband damping regime wherein the bulk of the plasmon energy is
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transferred to hot holes and the hot electrons have energies < 1 eV above Er. The produced hot
electron-hole pairs are short lived with mean free path of < 5 nm. Interband damping is associated
with a d—s electronic transition, and (ii) An intraband damping regime wherein longer-lived hot
carrier pairs are produced with mean free paths as high as 40 nm and energies of 1-2 eV above Er.

Intraband damping is associated with s—s electronic transitions.

The strong electric field generated at the interface of AgCu and TNTA can be attributed to LSPR
excitation.®? To rule out the contribution of light absorption in the hot spot generation, we decided to
simulate the electric field distribution at the interface between a slab of Ag and Ti0O». In this simulation,
the sizes of the Ag and TiO> slabs were intentionally chosen in micrometers to negate the effect of the
LSPR since LSPR happens only when the size of the structure is smaller than the wavelength of the
incident irradiation. As shown in Figure 20f, the electric field intensities at the interface of Ag and
Ti0O; are almost six times lower than the electric field intensities at the interface of AgCu and the
TNTA structure. In addition to that, the production of hot carriers in metal films and nanoparticles
cannot be separated from the collective (plasmonic) interaction of the free electron gas in the metal
with the electromagnetic field of incident light. The frictional dissipation during the acceleration and
deceleration of the electron gas in the metal by the applied oscillating electromagnetic field of light
manifests itself as optical absorption. Landau damping is a mechanism guaranteed to occur in matter-
waves that, in the case of metals, results in the plasmon (bulk or surface) losing its coherence to the

electron-hole continuum.®> %4

The photocatalytic activities of Cu-TNTA, Ag-TNTA, and AgCu-TNTA samples were investigated
under identical conditions involving two hours of illumination by AM1.5G simulated sunlight at 50°
C. Immediately following illumination, the reaction products were analyzed by gas chromatography.

The amounts of reaction products are reported in this work as micromoles of gas products per gram of
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photocatalyst per duration of the test (umol gr! hr!). The results of the photoreduction tests are shown
in Figure 22a, whose inset shows the total hydrocarbon production by the samples. The main reaction
product was ethane (C2Hs) for AgCu-TNTA samples, while methane was the main product for the Ag-
TNTA and Cu-TNTA samples. The total rate of hydrocarbon production (methane + ethane) of 23.88
pumol gr! hr! was highest for AgCu-TNTA samples. The CxHax+2 production rate for Ag-TNTA and
Cu-TNTA samples were 6.54 and 1.8 umol gr'! hr'!: respectively. The ethane selectivity for these three
samples is shown in Figure 22b. The selectivity was highest for the AgCu-TNTs sample (60.7%),
while the ethane selectivity was calculated to be 15.9% and 10% for Ag-TNTA and Cu-TNTA,
respectively. The highest selectivity of ethane for the AgCu-TNTA sample and the fact that ethane
was the primary product of CO» photoreduction for this sample indicates the synergistic effect between

the Cu and Ag cocatalysts was responsible for the dominant production of ethane.
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Figure 22. Reaction products under irradiation with AM1.5G one sun simulated sunlight (b) Comparison of the ethane
selectivity using Cu-TNTA, Ag-TNTA, and AgCu-TNTA photocatalysts (c) Reusability test of AgCu-TNTA sample for
CO; photoreduction reaction under standard condition.
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Figure 22c exhibits the reusability of the best performing photocatalysts (AgCu-TNTA) during three
consecutive runs; AgCu-TNTA photocatalyst still maintained a high level of photocatalytic activity
during the 2" and 3™ run with around 7 % decrease in performance.

A comparison between the photocatalytic activity of AgCu-TNTA with some of the previously
reported literature on TiO; photocatalysts decorated with Ag or Cu nanoparticles was made (Table 1).
It is evident from this table that the AgCu-TNTA sample reported in this work outperforms most of

the previously reported Ag or Cu decorated TiO; photocatalysts.

Table 1. Comparison between the photocatalystic performance of AgCu-TNTA sample with previous literature

Sample Light Source Products (umoles/gr hr) Reference
Ag-TiO; Xe lamp (300 W) 1.4 Methane 8
Ag-TiO; 365nm -UVA lamp (8 W) 2.64 Methane 86
Ag-TiO; Solar Simulator (AM 1.5) 4.93 Methane 87
Cu-TiO; Xe lamp (200 W) 5.4 CO 88
8.7 Methane
Cu-TiO; Xe lamp (300 W) 13.6 CO 8
1 Methane
Cu-TiO; UV Light 2.35 Methane %0
AgCu-TNTA Solar Simulator (AM 1.5) 9.38 Methane This Work
14.5 Ethane

The causes for the higher selectivity toward ethane compared to methane can be explained by looking
into the carbene reaction pathway, which is widely agreed to be the mechanistic route for CO»
photoreduction on nanoporous/nanotubular TiO, surfaces.”® °!- > Depending on the CO; adsorption
mode and the amount of energy provided by the charge carriers, CO> reduction can go through two
different reaction pathways — the carbene pathway, in which the main product is methane and/or ethane
and the formaldehyde pathway which formaldehyde itself is one of the main reaction
5,93, 94

products/intermediates.

The carbene pathway can be written as follows:
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The overall reaction for methane and ethane can be written as:
CO, +8H" + 8¢~ -» CH, + 2H,0 (17.)
2C0, + 14H* + 14e~ - C,Hy + 4H,0 (18.)

The photocatalytic conversion of CO» to hydrocarbons through the carbene pathway is a complex
reaction with several intermediates. The methyl radical (- CHz,) plays an important role in the
selectivity of the reaction. It requires 14 electrons to produce ethane from CO», while it requires 8
electrons to produce methane, thus making the ethane production significantly more complicated. A
photocatalyst that can stabilize methyl radicals and provide many electron hole pairs is more
successful in ethane production. If a - CH;, reacts with a proton, the product is methane. On the other
hand, ethane can be formed by the dimerization of two - CH;, radicals. It has been suggested that the
Cu’ sites on a photocatalyst can stabilize the - CH;, radicals and make the formation of ethane more
favorable.”" 9% % Interestingly, our results show that ethane can be produced with higher selectivity
through CO; photoreduction by Ag-TNTA samples compared to Cu-TNTA samples, which provides
empirical evidence that Ag also enables the production of ethane by stabilizing the methyl radical.
Since the selectivity is higher (Figure 22b), we deduced that the Ag cocatalyst could stabilize methyl
radicals even better than Cu. Here, we note that Ag co-catalyst is known to lower CH4 production and
increase C»+ selectivity in the Fischer-Tropsch reaction.”” The highest selectivity of ethane for AgCu-
TNTA samples proves that the synergistic effect between the Ag and Cu in AgCu bimetallic cocatalyst
can boost methyl radical stabilization and pave the way for the dominant production of ethane in the

CO: photoreduction process.
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To gain insight into the electronic band structure and charge migration mechanism, work
function (WF) and valence band (VB) spectra of TNTA and AgCu-TNTA were investigated using
ultraviolet photoelectron spectroscopy (UPS) (Figure 23 and Figure 24). The work function value was
estimated from work function spectra using the expression WF (@) =21.21—FEcutofr, Where 21.21 eV is
the energy of the incident, He I line of a He discharge lamp, and Ecueofr is the cut-off energy of
secondary electrons. After extrapolating the linear region of the graph on horizontal and vertical
regions, the intersecting points give the cut-off energy of secondary electrons (Ecutoff). The Ecutoft
values for compact TNTA and AgCu-TNTA were calculated to be 17.06 and 16.41 eV, and the
associated WF values (¢) were determined to be 4.15 and 4.80 eV, respectively (Figure 23). Since the
work function represents the position of the Fermi level with respect to vacuum, we found that the
Fermi level of TiO, was downshifted following decoration of Cu, Ag nanoparticles on TiO2 nanotube
arrays, demonstrating the formation of a Schottky junction. Further, valence band maxima calculated
from the intersecting point of the extrapolated linear region of the graph for TNTA and AgCu-TNTA
were found to be 3.20 and 1.43 eV below the Fermi level (Figure 24).

To understand the mechanism of charge separation, the band diagram of the AgCu-TNTA
sample is schematically depicted in Figure 25. The formation of a Schottky junction at the interface
of the TNTA and the AgCu nanoparticles creates a depletion region in TiO2 concomitant with an
upward bending of the bands. I estimate the magnitude of the band-bending to be at least 1.2 V, in line
with prior reports. In addition, considering a 10 nm space charge region between the AgCu and TNTA,
the magnitude of the internal electric field intensity between the AgC u nanoparticles and the TNTA
was estimated to be around (4.6-4)/(10x10°) = 6x107 V/m. Many reports have previously measured
the electron density in anodically formed TiO> nanotube arrays to be 10'8-10?° cm™,*® indicating the

titania to exhibit near-degenerate n-type semiconducting behavior. The valence band maximum
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confirms this in Figure 23 to be 3.2 eV below the Fermi level, almost equal to the bandgap of anatase
TiO2, thus implying that the Fermi level in TiO> coincides with the conduction band edge (implying
degenerate n-type doping). Taken together, the combination of high built-in potential and a large
electron density TiO> indicate a powerful interfacial electric field. The formation of the Schottky
junction at the interface and a strong internal electric field is beneficial for the photocatalytic activity
of the sample as the internal electric field can increase the charge separation. In the Schottky barrier
band alignment, the electrons from metal nanoparticles can get injected into the semiconductor leaving
the holes behind inside the metal nanoparticles.' !

Even though the UPS measurements suggest an upward band bending at the interface, there is
another widely accepted hypothesis in the literature which indicates that the metallic nanoparticles can
act as an electron sink (trap). The conventional belief is that the metallic nanoparticles can accept the
electrons from the TiO> semiconductor. The CO, photoreduction occurs on the reactants adsorbed on
the metallic nanoparticle surface, a phenomenon termed ‘Schottky Barrier Electron Trapping’ in the
literature (Figure 25b).!3 However, the metallic electron sink explanation is unlikely to be true for our
AgCu-TNTA photocatalyst since the presence of the internal electric field in the direction implied by
Figure 25a would direct photogenerated electrons toward TiO», and holes toward the bimetallic
nanoparticles.

The resulting determination of the interfacial band structure confirmed the presence of a Schottky
junction in AgCu-TNTA with a concomitant depletion region and built-in potential exceeding 1.2 V
(Figure 25a and Figure 25b). Since the number of electron transfer steps required for ethane formation
is almost double that required for methane generation, carrier recombination losses are known to
cripple ethane production and shift the product selectivity toward C; products.?® The strong built-in

electric field at the interface reduces recombination losses by facilitating photogenerated charge
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carriers' separation.'®* This, in turn, enables the high photocatalytic activity observed in this work
and preserves the selectivity for ethane formation (i.e., C> product). Hot electrons produced in the
metal NP by plasmon decay are injected over the Schottky barrier into TiO», where they possess
unusually long lifetimes due to the long dielectric relaxation time and low hole concentration of
TiO,.38: 100. 101

The resulting positively charged metal NP (due to the residual hole) is a powerful stabilizer of the
methyl radical.'” The Cu-CH;" metal ion stabilized methyl radical has a measured lifetime of at least
50 us. Metal-carbon bond dissociation energies of 288 kJ mol™! and 177 kJ mol ™! have been calculated
for Cu-CHs, and Ag-CHj; respectively.!” 19 Hot spots with a high local electric field have been
suggested to favor the formation of Ca+ products in CO2RR.?° The plasmonic architecture of AgCu-
TNTA samples enables such hot spots where intense local electric fields can polarize CO> molecules.

We surmise that these hot spots favor Ca+ products in CO: photoreduction as well.
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Figure 23. UPS work function spectra of TNTA and AgCu-TNTA. The inset shows the cut-off energy (Ecut-ofr) of
secondary electrons. The value of work function (WF) was determined using the expression WF (¢) =21.21 — Ecut-ofr,
where 21.21 eV is the energy of the incident, He I line of He discharge lamp
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Figure 24. UPS valence band spectra showing the position of the valence band maxima (VBmax) below the Fermi level

Figure 25. (a) Schematic diagram of the proposed band diagram at the AgCu-TNTA interface showing upward band
bending due to the formation of a Schottky barrier and concomitant interfacial depletion region and (b) Schematic
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diagram of an accumulation-type heterojunction at the metal/semiconductor interface where metal nanoparticles play the
role of an electron sink.

To confirm that the reaction products stem from CO> and not from any source of carbon contamination,
a series of sanity tests were conducted. The sanity tests performed included conducting the reaction in
a reactor filled with nitrogen gas (instead of CO3), running the reaction in the dark (with and without
photocatalyst), conducting the experiment without heating the reactor, illuminating the reactor filled
with only water and CO> (no photocatalyst), and conducting the reaction using a Titanium foil instead
of the photocatalyst. In all these sanity tests, no product could be detected by the gas chromatograph,
which provides direct evidence that the simultaneous presence of photocatalyst, water vapor, heat, and
light (solar simulator) are essential for driving the chemical reaction. In addition, we performed *CO,
isotope labeling test in which instead of introducing the regular '>)CO» gas into the reactor, '*CO> alone
was introduced into the reactor while keeping all other reaction conditions identical. The gaseous
products of the isotope labeling test were analyzed by gas chromatography-mass spectrometry (GC-
MS), and the resulting ion chromatogram is shown in Figure 26. The isotope labeling test confirmed

the presence of '*CH4 at an m/z value of 17 and '3C,Hg at an m/z value of 32.
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Figure 26. GC-MS ion chromatogram showing the results of '*C isotope-labeled CO, photoreduction experiment for the
AgCu-TNTA sample (a) The peak at m/z = 17 confirms the presence of *CHa, and (b) The peak m/z = 32 confirms the
presence of *C,Hs.
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3.4. Conclusion of chapter 3

The next frontier in CO; photoreduction research is improving product selectivity. The research focus
is shifting from larger yield numbers to higher purity and more valuable products. A gamut of
chemicals, including C; products (CO, CHs4, and CH30H) and heavier C, hydrocarbons (C;Hs,
C,HsOH), can be produced during the CO: photoreduction process. Heavier hydrocarbons are
preferred because of their higher energy density and higher economic value. Obtaining heavier
hydrocarbons is extremely difficult due to lower yields (recombination and other losses in more
numerous electron transfer steps), poorer selectivity (more intermediates and by-products), inter-
adsorbate repulsion inhibiting C-C coupling, and less kinetic and thermodynamic preference. Herein
we presented a method toward the preferential formation of C, products during CO» photoreduction
using TiO> nanotube arrays (TNTA) decorated with large-sized (80-200 nm) photo deposited AgCu
nanoparticles (NPs). Large, close-lying plasmonic NPs exhibit an asymmetric surface charge
distribution following photoexcitation due to antisymmetric quadrupole resonances and hybrid
multipole plasmonic modes with electric fields that vary rapidly in space. AgCu-TNTA exhibited
higher absolute product yields (14.5 umol gr! hr! of ethane and 9.38 umol gr! hr! of methane) and
higher selectivity (60.7% selectivity toward ethane production) for C, product compared to TNTA
decorated with monometallic Ag or Cu NPs. We attribute the superior performance to (i) Improved C-
C coupling due to lowered dipole repulsion between adsorbed reaction intermediates, (ii) Schottky
barrier-mediated long-lived charge separation following excitation and plasmon decay, (iii) Local
electric field enhancement at hot spots, and (iv) Enhanced stabilization of methyl radicals by hole-rich
AgCu NPs. Until now, the best selectivity for ethane reported in the literature was achieved through
expensive cocatalysts such as Pt and Au, with the highest reported selectivity of ~40% using Au NP

co-catalysts. In this report, we utilized a relatively cheap cocatalyst consisting of AgCu NPs with an
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unprecedented selectivity of 60% towards ethane. Our results show that bimetallic co-catalysts made
of relatively inexpensive materials can replace the typical expensive cocatalysts used in the literature

and even outperform them in selectivity.
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4. Au-amorphous TiO: heterojunction: Plasmon coupled ultrathin hot
carrier photoanode and photocathode for high-performance
photoelectrochemical water-splitting

In this chapter, ultrathin, core-shell Au@a-TiO, was fabricated using a thermal dewetting method
followed by ALD deposition. The fabricated photoelectrodes were characterized thoroughly and their
photoelectrocatalytic performance were investigated for photoelectrochemical water-splitting
reaction. A novel charge transfer mechanism based on injection of holes to the structure of a-TiO; is

justified using characterization techniques and presented.

4.1. Background and motivation

Hydrogen produced by photoelectrochemical splitting of water is a clean energy carrier with a zero-
carbon footprint directly produced from sunlight through the photoelectrochemical (PEC) water-
splitting reaction. Consequently, PEC water-splitting is being actively researched as a promising
approach for utilizing freely available solar energy to build out the hydrogen economy and address
future energy demand. '™ For splitting of the water to happen, the bonds between hydrogen and oxygen
should break. In PEC water-splitting, the energy needed for breaking this bond can be supplied by the
photo-generated charge carriers provided by the photoelectrode.!'?® Titanium dioxide (TiOz) is one of
the most extensively used semiconductor materials as a photoelectrode in PEC water-splitting. Since
TiO2 is a wide bandgap n-type semiconductor, it can only utilize 5% (ultraviolet) of the solar light

spectrum, limiting its efficiency for driving the water-splitting reaction.'%

In search of an efficient photoelectrode for PEC water-splitting, the fabrication of a heterojunction
between TiO2 and a plasmonic noble metal has been reported to be a versatile approach to push the

efficiency of TiO2 beyond its limits.'®” When the size of noble metal nanoparticles such as Au and Ag
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are small enough, the light can interact with them through localized surface plasmon resonance
(LSPR).'"® The LSPR effect results in the intense interaction of plasmonic nanoparticles with incident
electromagnetic waves, especially under visible light excitation. The LSPR can decay through
radiative and nonradiative processes. In radiative mode, the plasmons damp through photon emissions,
while nonradiative leads to the formation of energetic electron-holes known as hot electron-hole
pairs.'” Since TiO> can absorb the light in the ultraviolet (UV) region and LSPR excitation of
plasmonic noble metals happens in the visible light region, a carefully devised heterojunction between
Au and TiO; can potentially be utilized as an efficient photoelectrode in PEC water-splitting with

photo-response in the whole solar light spectrum.

The fabrication of a heterojunction between TiO> and Au has already been investigated for water-
splitting applications. Almost all of these investigations were specifically focused on devising a visible
light-responsive photoelectrode that works based on hot electron injection into the conduction band of
highly crystalline TiO», in which TiO2 was exploited as an electron-accepting material.!?’> 110-113
Recently, amorphous TiO> (a-TiO2) has gained more attention both as a protective layer for a
photoelectrode and a charge transport layer. Due to amorphous materials' defective structure, they tend
to have energy states between the conduction band and the valance band, acting as a trap or
acceptors.!!* Recent studies suggest that under certain conditions, a-TiO> can work as a leaky hole
transport material as well; the injection of holes into leaky amorphous TiO> structure can happen
through mid-bandgap energy states exist because of the presence of defects,''™ "7 Oxygen

vacancies,'!® and dopants such as Carbon, Boron, and Nitrogen in the structure of a-TiO,.!"

In this chapter, we devised and fabricated a heterojunction between Au (core) and thin amorphous
TiO: (a-TiO, shell) using core-shell architecture, in which the a-TiO> shell in the architecture acts

both as the hole transport material and protective layer, which increases the stability of the samples.
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Owing to this unique architecture and defective structure of the ultra-thin a-TiO> layer, the fabricated
samples exhibited remarkable photocurrent density both under standard solar light illumination and
visible light excitations, the charge transfer mechanism studies in this report reveals that the fabricated
photocathodes work based on the injection of holes from the Au core to the band structure of the a-

TiO> shell.

4.2. Synthesis of TiO2 and Au@a-TiO: photoelectrodes

Figure 27 exhibits the fabrication process of Au@a-TiO> photoelectrodes. All the photoelectrodes
were fabricated using fluorine-doped tin oxide (FTO) glass as a substrate. First, the FTO was washed
using soap, acetone, and methanol under strong sonication. After that, FTO substrates were loaded
into a DC magnetron sputtering system, and a thin layer of Au film with a thickness of 10 nm was
deposited on top of the FTO substrates (details of the deposition process can be found on chapter 2).
Next, the photoelectrodes were subjected to annealing for 1 hr under an air atmosphere at 550 “C. After
this step, spherical-shaped gold islands were formed on top of FTO through spontaneous dewetting of
the Au film. Then the photoelectrodes were loaded into an atomic layer deposition system (ALD). A
thin (10 nm) layer of amorphous TiO» layer was deposited on top of the photoelectrodes to fabricate
the Au@a-TiO> core-shell films (refer to chapter 2 for details about the ALD deposition). Figure 28
exhibits photographs of the fabricated Au and Au@a-TiO> samples. a-TiO> photoelectrode was

fabricated by directly ALD deposition of amorphous TiO: layer on top of a bare FTO electrode.
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Sputtering Au

Figure 28. photograph of the Au (a) and (b) Au@a-TiO, samples.

4.3. Results and Discussions

The morphology of the Au nanoparticles and Au@a-TiO, were investigated using Helium ion
microscopy (Figure 29a,b). Figure 29a provides evidence that annealing at 550 °C was successful in
dewetting the sputtered gold film. The images of annealed Au samples show nearly spherical gold
nanoparticles. The clear distinction between the Au (core) and TiO; (shell) in the core-shell structure
of the fabricated photoelectrode is also clearly shown in the Helium ion images of Au@a-TiO; (Figure

29b). Figure 30 shows the field emission scanning electron microscopy (FESEM) image of the Au and
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Au@a-TiO2 samples. As it can be seen from Figure 30a, after the annealing step, the spherical gold
island formed at random places with a size distribution that ranges from 10 nm to 100 nm with an
average size of 50 nm (inset of Figure 30a). After the dewetting, the surface of fluorine-doped tin
oxide (FTO) was exposed in places where gold islands did not form. Since ALD is a cyclic, conformal,
and precise deposition process, after deposition of a-TiO> on the gold islands using the ALD technique,

it completely covered Au nanoparticles' surface and the exposed surface of FTO in the Au@a-TiO>

sample (Figure 30b).

(b)

AU core
a-Tio, shell

Figure 29. Helium ion images of (a) Au and (b) Au@TiO> on FTO substrate.
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Figure 30. FESEM images of (a) Au nano particles and (b) Au@a-TiO,.
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The fabricated samples' optical properties were investigated using UV-Vis spectroscopy and finite
difference time domain (FDTD) simulations. The UV-vis spectra and FDTD simulated absorption
cross-section of the Au, a-TiO2, and Au@a-TiO> samples are shown in Figure 31 and Figure 32,
respectively. The UV-Vis spectrum of the Au sample (indicated by a solid black line) exhibits a peak
at around 560 nm, which is the characteristic LSPR peak of gold nanoparticles, FDTD simulation of
bare gold nanoparticles (solid red line in Figure 32) exhibit the LSPR peak at the same wavelength
(560 nm). The UV-vis spectrum (solid red line in Figure 31) and simulated absorption cross-section
of the Au@a-TiO: (solid blue line in Figure 32) sample exhibits a redshift in the plasmon resonance,
the LSPR peak of Au shifts from 560 nm to 650 nm after deposition of a-TiO2 shell which can be
attributed to the higher refractive index of a-Ti0, compared to air. It has been reported that the LSPR
peak of gold nanoparticles is extremely sensitive to the refractive index of its surrounding
environment. In this case, since the refractive index of TiO; is higher than air, a significant redshift to
higher wavelengths occurs, the same trend can be seen from the FDTD simulated absorption cross-
section of the Au@a-TiO> sample where the LSPR peak of the simulated structure was shifted from
560 nm in bare Au to 650 nm in the Au@a-TiO structure.!'* 2% Also, the UV-vis spectra reveal that
the absorption of wavelengths shorter than 420 nm for Au@a-TiO; increased compared to Au, which
shows the contribution of a-TiO> in light absorption at the shorter wavelengths. The UV-vis spectra
of the amorphous TiO: layer (a-TiO2) exhibits absorption in the UV region with negligible light
absorbance in the visible light spectrum. The visible light absorbance of the a-TiO suggests the
presence of defects and mid bandgap energy states in its structure.'?! The electric field enhancement
at the plasmonic metal/semiconductor interface plays an essential role in generating hot carriers. !>
Figure 33 exhibits the FDTD simulated cross-section of electric field distribution for a single Au@a-

TiO; particle on (at 650 nm) and of resonance (at 500 nm), Figure 33a demonstrates the generation of
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a strong electric field at the interface between the gold nanoparticles and the a-TiO> shell at 650 nm

such strong electric field enhancement was not observed of resonance.
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Figure 31. UV-Vis spectrum of Au, a-Ti0,, and Au@a-TiO, photoelectrodes.
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Figure 32. FDTD-simulated absorption cross-section of Au and Au@a-TiO- structures.
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Figure 33. Top view FDTD-simulated electric field profile of Au@a-TiO: on (at 650 nm) and of resonance (at 500 nm).

The X-ray diffraction (Figure 34) of the Au and Au@a-TiO: reveals the presence of the Au (111) at
26=39, no peaks related to Anatase or Rutile TiO, can be detected, which proves that the ALD
deposited TiO, is primarily amorphous. An ALD deposited TiO2 on a glass substrate sample was
annealed at 450 °C for 2 hours to confirm this. The XRD pattern of this sample (blue line in Figure
34) proves that the annealing can change the structure of TiO» from amorphous to crystalline
(Anatase). One of the most powerful tools for investigating the ordered/disordered TiO; structures is
Raman spectroscopy.'?* The Raman spectra of the annealed crystalline Anatase TiO, and Au@a-TiOa
samples are shown in Figure 35. The Anatase TiO; sample exhibited an intense peak around 145 cm’
I which belongs to E; mode with three less intense peaks at 395 cm™, 516 cm™ and 640 cm™ related
to Big, Azg, and Eg modes, respectively. Compared to the annealed sample, the Au@a-TiO; exhibited
less intense peaks at the same wavenumbers, which evidences that the structure of a- TiO; is half

crystalline-half amorphous, and disordered.'**
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Figure 34. The XRD spectra of Au, annealed TiO,, and Au@a-TiO, on FTO.
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Figure 35. the Raman spectra of annealed TiO, and Au@a-TiO; on FTO.

The chemical composition and corresponding binding energies of the Au@a-TiO, sample were
investigated by X-ray photoelectron spectroscopy (XPS). The results of the XPS are shown in Figure
36. XPS elemental survey scan confirms the presence of Ti2p, Ti2s, Ols, Au 4f, and Au 4d (Figure

36a), which evidences all the common main elements of Au and TiO». Deconvoluted peaks of the
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high-resolution XPS scan in the Ols region exhibits three peaks centered at 530.2 eV,531.1 eV, and
532.4 eV. These peaks correspond to Ti-O, Oxygen vacancies (Vo), and surface chemisorbed Oxygen
(Co).'>1?7 Similarly, the decomposition of the peaks at the Ti2p region exhibits two major peaks
centered around 459 eV and 465 eV, which can be attributed to Ti2ps» and Ti2pi» of Ti4" in TiO;
crystal structure, respectively.!?® 2 Also, the presence of gold in the Au@a-TiO, sample was
confirmed using two deconvoluted peaks at 84 eV and 87.6 eV, which can be assigned to Au4f7, and
Audfs) respectively.!*® Figure 36e exhibits the XPS depth profile of elements of interests (Ti, Au, and
Sn) of the Au@a-Ti0O> photoelectrode to track the presence of a-Ti0», Au, and SnO> respectively, for
depth profile scan, the Ti2p3 has been used to track the abundance of a-TiO», Au4fs;, has been used
to track the abundance of Au and Sn3q has been used to track the FTO. The core@shell architecture of
the Au@a-TiO; heterojunction is evidenced by this profile scan in which the depth profile exhibits
that the outer surface is completely covered with ALD deposited amorphous TiO,. As the sputtering
continues, the abundance of the Au increases, the depth profile also indicates the ALD deposition of
amorphous TiO; layer was successful in covering the area of the FTO surface, which got exposed after
annealing (dewetting) of the sputtered Au film as Ti could be found even near the surface of FTO
(shown by the abundance of the Sn in the XPS depth profile). With core-shell architecture, the Au
nanoparticles are not in direct contact with the electrolyte. In this case, the Au core solely acts as an
optical antenna and does not act as an active phase for water-splitting reaction.!'? As a result, the
amorphous ALD deposited TiO; plays the dual role of a charge carrier acceptor and a protective layer

for increasing the charge carrier separation benefiting from the core-shell architecture.!'?!
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Figure 36. Core-level high-resolution XPS analysis of Au@a-TiO,, (a) Survey scan (b) Ols (c)Ti 2p and (d) Au 4f
regions. (¢) The XPS depth profile of Au@a-TiO by Argon etching.
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Based on the UV-Vis spectrum of Au@a-TiO;, this photoelectrode exhibits appreciable light
absorption in the visible light region (>420 nm). As a result, the photocurrent response of Au@a-TiO>
in comparison with the a-TiO> layer was investigated using linear sweep voltammetry (LSV) mode
under excitation of 1 sun and visible light (under 1sun with a UV cut-off filter (>420 nm)). Figure 37
exhibits the LSV measurements for Au@a-TiO; and a-TiO; samples. The photocurrent generated in
milliampere per square centimeters was almost zero under dark (no illumination) condition for both
samples. Interestingly, under both 1 sun and 1 sun with UV filter illumination, the Au@a-TiO>
photoelectrode exhibited superior photo response in all applied voltages compared to a-TiO:

photoelectrode.
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Figure 37. The linear sweep voltammetry (LSV) curves of Au-a-TiO; and a-TiO; using the solar simulator and solar
simulator with UV cut-off illumination under applied potential vs. NHE reference electrode in a IM KOH electrolyte.
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The stability of the photoelectrode is an essential factor for PEC water-splitting applications. To this
end, the photocurrent measurement as a function of time (/-¢ curve) can be used as a figure of merit
for a photoelectrode's stability.!!! The I-¢ curves of the Au@a-TiO> and a-TiO: photoelectrodes at an
applied bias of +0.6 V versus the Ag/AgCl reference electrode are shown in Figure 38, the superior
photoresponse of Au@a-TiO, sample compared to a-TiO> sample under both 1 sun and 1 sun with UV

cut-off illumination is evident in the /-¢ curves.

It is also worthy of mentioning that both of the samples exhibited stable photo response during 3-
minute irradiation. Under 1 Sun illumination, Au@a-TiOx revealed a remarkable photoresponse of 2.5
mA Cm~ while photoresponse of a-TiO, was only 0.3 mA Cm™. Under visible light illumination, the
Au@a-TiO; and a-TiO; exhibited photocurrent of 0.5 mA Cm and 0.1 mA Cm™* respectively. Based
on these results, the photoresponse of Au@a-TiO; is almost 8.3 and 5 times higher than the a-TiO;

photoelectrode under the 1 Sun and 1 Sun with UV cut-off illumination.

These results also indicate that even though the Au@a-Ti0O, sample considerably absorbs the light in
the visible region, excitation under UV light contributes a lot to generating electron-hole pairs in this
sample. The remarkable photo-response of the Au@a-TiO, photoelectrode encouraged us to conduct
the hydrogen evolution reaction using H-Cell (details of the experiments are explained in chapter 2),
the results are shown in Figure 39. Under 1 sun illumination, the Au@a-TiO; exhibits a remarkable
H, production rate of 22.8 pmol.h™! corresponding to Faradaic efficiency of 78.9 % while the H,

production rate of a-TiO photoelectrode was only 2.6 umol.h™! with Faradaic efficiency of 65.5%.
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Figure 38. Photoelectrochemical measured it curves of Au@a-TiO, and a-TiO> using the solar simulator and solar
simulator with UV cut-off illumination under +0.6 V applied potential vs. Ag/AgCl reference electrode in a 1M KOH
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Figure 39. Corresponding H; evolution and Faradaic efficiency of Au@a-TiO, under solar simulator illumination.
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Investigation of the visible light photocurrent generation of Au@a-TiO> sample has been done using
a set of LEDs with wavelengths centered at 460 nm, 520 nm, 620 nm, 640 nm, and 730 nm with 10
nm bandwidth. The /-¢ curves using this set of LEDs are shown in Figure 40. From these results, the
photocurrent was anodic under the excitation of all of these LEDs. Au@a-TiO; showed the highest
photoresponse under the 460 nm excitation. As the LED's wavelength increased further to the visible

light region (excitation under less energy), this sample's photoresponse gradually decreased.
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Figure 40. Photoelectrochemical measured I-t curves of Au@a-TiO» using visible LEDs illumination under +0.6 V
applied potential vs. Ag/AgCl reference electrode in a 1M KOH electrolyte.
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To investigate the charge transfer mechanism in Au@a-TiO> photoanodes, a series of scavenger tests

were conducted. Scavengers are the materials that can react with electrons (electron scavengers) or

holes (hole scavengers) and prevent the recombination of photo-generated electron-hole pairs at the

photoelectrode/electrolyte interface.'*! To this end, methanol, a known hole scavenger, was used in

the electrolyte (see experimental procedures section in chapter 2). Figure 41 exhibits the /-f curves of

Au@a-TiO, photoanode using methanol as the hole scavenger. An apparent photocurrent

enhancement effect has been seen when methanol was used in the electrolyte as a hole scavenger under

the excitation of 1 Sun and visible light (using the UV cut-off filter). This further proves that the

fabricated Au@a-TiO, photoelectrode providing holes to the electrolyte during the water-splitting

reaction.
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Figure 41. Comparison between the photoelectrochemical measured I-t curves of Au@a-TiO, using the solar simulator
and solar simulator with UV cut-off illumination under +0.6 V applied potential vs. Ag/AgCl reference electrode ina 1M

KOH electrolyte with and without hole scavengers (MeOH).
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Another figure of merit for evaluation of plasmon-induced PEC water-splitting is the photocurrent
measurement as a function of excitation wavelength, also known as action spectrum.''* 132 Figure 42
exhibits the corresponding visible light action spectrum of the Au@a-TiO; photoanode using the /-
curves (the absorption spectrum of Au@a-TiO:> in the visible light region is also shown by a dotted
blue line to guide the eyes). Previous reports claim that the action spectrum of a plasmonic photoanode
should usually follow the absorption spectrum and shows a peak around the photoanode's plasmonic
peak, which is an indication of hot electron injection.!*> The action spectra of the Au@a-TiO
photoanode did not follow the LSPR peak and showed a gradual decrease as the wavelength increased.
It has been reported that when the photoresponse of the photoelectrode does not follow the LSPR, the
measured photoresponse can be attributed to the injection of holes from the plasmonic material to its
surroundings which in this case is an a-TiO> shell.!!% !*3 To investigate this, we utilized one of the
most robust techniques to elucidate the charge transfer mechanism in plasmonic materials: the Kelvin
probe force microscope (KPFM), with the capabilities to measure the surface potential of a sample in
nanometer resolution.'3* 13° To analyze the viability of the injection of holes to the outer a-TiO shell,
the surface potential of Au@a-TiO: photoelectrode was measured using KPFM under two illumination
sources of 520 nm and 635 nm. The results are shown in Figure 43. Since the a-TiO; Shell is the outer
layer in Au@a-TiO; sample, the KPFM result represents the shell's (a-Ti0's) potential. According to
Figure 43, when Au@a-TiO; is under both 635 nm and 520 nm excitations, the surface potential is
shifted to positive side compared to the dark condition. Interestingly, the 520 nm excitation resulted
in the most positive surface potential compared to 635 nm and dark condition, which is in good
agreement with the action spectrum graph. The photocurrent generation was higher for excitation

under wavelengths with higher energy.
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Figure 42. Corresponding action spectrum of Au@a-TiO, under LEDs illumination.
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Since the work function (the energy needed to extract an electron to a point in vacuum) of the metals
are usually lower than the semiconductors (Figure 44), formation of a heterojunction between the
metal and the semiconductor, creates a depletion region at the interface of the metal/semiconductor.
The depletion region acts as a potential barrier and bends the band at the metal/semiconductor

interface.'® '* The ultraviolet photoelectron spectra (UPS) of the Au, a-TiO», and Au@a-TiO> are

shown in Figure 44, the work function (¢s) of Au, a-TiO2, and Au@a-TiO2 photoelectrodes were

calculated to be 4.61 eV, 3.5 eV, and 3.81 eV using ¢s= hv-Esg formula in which hv is the energy of

the photons used to investigate the band structure (21.21 eV) and Esk is the secondary electron cut-off
energy '°, the measured work functions are in good agreement with the band diagram of a plasmonic
noble metal and TiO> heterojunction which after the formation of the heterojunction and equilibrium
in Au@a-TiO; the work function settled on 3.81 eV (a value between 3.5 eV and 4.61 V). The valence
band spectrum (Figure 45) shows that the valence band maximum of the a-TiO, and Au@a-TiO; is
located at 3.5 eV and 3.27 eV, respectively. The decrease in the valence band maximum for the Au@a-
Ti10; photoelectrode compared to a-TiO> suggests forming a Schottky junction and an upward band
bending at the Au/a-TiOz interface.!® Further proof for the formation of the Schottky junction between
the Au nanoparticles and a-TiO> comes from the Mott-Schottky (MS) plots of a-TiO2 and Au@ a-TiO>
(Figure 46). The MS plot for a-TiO» exhibits a typical steep positive slope of an n-type semiconductor.
The carrier concentration for a-TiO> was estimated to be 10%°- 10*! cm™ which is relatively high. This
can indicate the presence of oxygen vacancies in a-TiO2. Au's presence caused an increase in the slope
of the MS plot of Au@a-TiO», which corresponds to lower carrier concentration and formation of a

depletion region in the a-TiO; side with an estimated 3-10 nm length.
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Figure 44. UPS work function of Au, a-TiO,, and Au@a-TiO- photoelectrodes.
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Figure 45. Valance band spectra of Au@a-TiO, and a-TiO» photoelectrodes.
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Figure 46. Mott-Schottky plots of Au@a-TiO; and a-TiO, photoelectrodes.
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So far, the /-¢ curves, scavenger tests, and KPFM suggest that under visible light irradiation, Au
nanoparticles can inject holes to the a-TiO; shell, probably through mid-gap defects, the presence of
oxygen deficiencies were already suggested by XPs and MS analysis. To further analyze the defected
structure of the a-T10: shell in Au@a-TiO», the UV-Vis spectra of the Au@a-TiO: from ultraviolet to
near-infrared (NIR) region were recorded before, and after 1 hour of visible light illumination (Figure

47), the illumination with visible light excites the LSPR of Au nanoparticles.

As suggested by the results so far, the concentration of holes in the outer a-TiO> should significantly

135

increase, since free carriers exhibit enhanced absorption in the NIR region '~°, it is expected that the
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visible light excitation would increase the absorbance of Au@a-TiO: in NIR, which is clearly shown
in Figure 47. The inset of Figure 47 exhibits the difference between the LSPR peak-normalized UV-
vis spectra of Au@a-TiO; before and after visible light illumination. Interestingly the normalized
difference spectra show a dip around 1750 nm which is pertinent to the absorbance of Ti** defect states
136 the absence of this dip in the UV-vis spectra of Au@a-TiOx can be attributed to the fact that when
Au is getting excited with the visible light, the holes from Au gets injected to the a-Ti0O; shell and heal

the Ti*" defects so this dip also disappears in the normal UV-vis spectrum.
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Figure 47. Long-range absorption spectra of the Au@a-TiO, before and after visible light irradiation (the NIR
absorption corresponds to absorption related to the free charge carriers), the inset exhibits the difference between LSPR
peak normalized absorption spectra of Au@a-TiO», before and after visible light irradiation.
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When the size of the plasmonic nanoparticle is small enough (< 100 nm) in an LSPR excited plasmonic
metal /semiconductor heterojunction, there are two possible ways that the charge can transfer between
the excited plasmon and the semiconductor, the first way is the plasmon resonance energy transfer
(PRET), and the second one is hot-carrier injection.!!% *7-138 [n PRET, the plasmon energy transfers
to the nearby semiconductor and makes electron-hole pairs inside the semiconductor's band structure.
The main prerequisite for the PRET is the spectral overlap between the absorption band of the
semiconductor.'*® Based on the UV-vis spectra, such overlap does not exist in the Au@a-TiO, sample;
the PRET mechanism is not valid in the Au@a-TiO; case, narrowing the possible mechanism of charge
transfer to hot-carrier injection mechanism. The hot-carrier injection mechanism's precondition is the
direct contact between the metal and the semiconductor, which is valid for the fabricated Au@a-TiO>

sample.!*’

To provide evidence that a-TiO, is an integral entity in Au@a-TiO, photoelectrode, two
supplementary experiments were conducted. In the first measurement, the a-TiO, shell was replaced
with AlO3 (Au@ALO3). Figure 48 exhibits /-t curves of the Au@AIl>O3 under 1 sun and 1 sun with
UV filter illumination. It is evident that coating the surface with an insulator dramatically decreased
the photocurrent. In the next experiment, the Au@a-TiO, was annealed to reach crystallinity. This
sample was named Au@TiO». I-t curves of this sample for 1 sun and 1 sun with UV filter illumination
are shown in Figure 49. The Au@TiO; exhibited 1.75 mA Cm™ and 0.25 mA Cm which is almost
half of the photocurrent values obtained by Au@a-Ti0O.. These experiments verify that the a-TiO; is
an essential component in the Au@a-TiO». Its amorphous nature helps the electron-hole separation in

Au@a-TiOz photoelectrode and dramatically enhances the photo response of this electrode.
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Figure 48. Photoelectrochemical measured I-t curves of Au@ Al>O; photoelectrode using the solar simulator and solar
simulator with UV cut-off illumination under +0.6 V applied potential vs. Ag/AgCl reference electrode in a 1M KOH
electrolyte.
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Figure 49. Photoelectrochemical measured I-t curves of Au@TiO, photoelectrode using the solar simulator and solar

simulator with UV cut-off illumination under +0.6 V applied potential vs. Ag/AgCl reference electrode in a 1M KOH
electrolyte.
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In the hot carrier injection mechanism, depending on the generated hot electrons and hot holes' energy,
both of them can get injected into the suitable host semiconductor. When Au nanoparticles are under
visible light excitation, Au's holes can get excited both from the d band (interband transition) or within
the s band (intraband transition) of Au. Usually, when holes are generated from the s band, the resulting
electrons are energetic enough (hot electrons) to pass the Schottky barrier formed between the
Au/semiconductor interface and get injected into the conduction band of the semiconductor. This well-
studied process is known as hot electron injection. For Au nanoparticles, since excitation of charge
carriers between the occupied energy levels of 6sp (near Fermi level) to unoccupied energy states of
6sp (intraband transition) is dominant under the excitation in resonant with LSPR '*°, the action spectra
of the photoelectrodes which work based on the hot-electron injection should usually follow the

plasmon spectra, 20> 132 141

On the other hand, when the d band transition happens, the electrons' energy is not high enough to
pass the Schottky barrier and get injected into the conduction band of TiO». In turn, the resulted holes
generated from the d band transition are energetic enough to get injected into the defect states or
valance band of a host semiconductor. This process is known as the hot hole injection process.!'> 3%
142,143 The hot hole injection model predicts that as the energy of the incident photon decreases (from
460nm to 730 nm), the photocurrent should also decrease since the higher energy of the incident
photon results in the formation of holes deeper in the d band states below the Fermi level of the Au.
As the incident photon's energy decreases, the formed holes are less energetic, resulting in lower
photocurrent density. Overall, the action spectrum trends of Au@a-TiO: photoelectrode suggest the

injection of holes from the Au into the defect states or valance band of a-TiO, and KPFM result

provides solid evidence for this theory.
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Additionally, two sets of complementary experiments were conducted to study the charge transfer
mechanism in the Au@a-TiO, photoelectrode. Firstly, instead of using the Au@a-TiO, as a
photoanode (applying positive +0.6 V bias to the photoelectrode), this photoelectrode has been used
as a photocathode by applying a negative bias to it (-0.6 V), Figure 50 exhibits the 1 sun photocurrent
response of this photoelectrode under negative bias. Interestingly, the results again show a weak
anodic photocurrent which means that even under applied negative bias to the Au@a-TiO»
photoelectrode, Au nanoparticles are still injecting the holes to the outer a-T10; shell. Secondly, the
architecture of the Au@a-TiO> was reversed by changing the sequence of deposition of a-TiO; and
Au (the thin amorphous layer of TiO2 was deposited on the FTO substrate at first, and then the Au
film were sputtered on top of it). This photoelectrode was named as a-Ti02-Au Photoelectrode. In this
case, the Au nanoparticles are only in direct contact with the thin amorphous TiO2 layer and not with
the FTO. Interestingly, when the applied voltage was -0.6 V against the reference electrode, the a-
Ti10,-Au photoelectrode exhibited cathodic photocurrent (Figure 51), which indicates the injection of
holes into the a-TiO> layer and deriving the reduction reaction at the interface of the a-TiO2-Au and
the electrolyte, these results again confirm the possibility of the injection of holes into the thin
amorphous TiO, layer. Overall, the action spectrum measurement, electron/hole scavenger tests,
KPFM, NIR UV-vis spectra, and changing the architecture of the Au@a-TiO, photoelectrode are well

aligned with each other and suggest the injection of hot holes to the outer a-TiO> shell.
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Figure 50. Measured it curves of Au@a-TiO> using solar simulator under -0.6 V applied potential vs. Ag/AgCl reference
electrode in a 1M Na,SO; electrolyte.
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Figure 51. Measured it curves of a-TiO,- Au photoelectrode using solar simulator under -0.6 V applied potential vs.
Ag/AgCl reference electrode in a 1M Na,SOj electrolyte.
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Based on all these explanations, the charge transfer mechanism under visible light illumination for
both Au@a-TiO; and a-TiO2-Au configurations is depicted in Figure 52. Regardless of the positive or
negative applied potential to the electrode, when Au@a-TiO- is under visible light excitation, it results
in holes in the d band of Au nanoparticles which can get injected into the a-TiO; shell through defect
states (Figure 52a). From there, these holes can participate in oxidation reaction at the
photoelectrode/electrolyte interface. The electrons in this process will form near the Au's fermi level,
which then can get injected to FTO and from there from the external circuit can reach the counter
electrode (Pt electrode) to drive reduction reaction. For the a-T102-Au architecture (Figure 52b), under
visible light irradiation and negative applied potential, almost the same process will happen. The holes
will form in Au's d-band. The holes get injected into the thin a-TiO; later. From there to the FTO and
the counter electrode, electrons accumulated in Au participate in the reduction reaction at the a-T10;-

Au/electrolyte interface.
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Figure 52. The proposed charge transfer mechanism of (a) Au@a-TiO, and (b) TiO»-Au photoelectrodes.
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4.4. Conclusion of chapter 4

In conclusion, we demonstrated that contrary to what is conventionally believed about the TiO> to be
an excellent electron-accepting material, a thin amorphous layer TiO2 (a-TiO2) could act as a hole
accepting material and a protective layer in PEC water-splitting photoelectrodes. Highly stable
ultrathin Au@a-TiO> photoelectrode was fabricated by sputtering followed by ALD deposition
methods. The photocurrent measurements were done on KOH and Na,SO4 aqueous electrolytes. The
results show an outstanding photocurrent of 2.5 mA.cm™ under 1 Sun illumination, which is almost
8.3 times higher than an ALD deposited amorphous TiO; (a-TiO») layer. In addition, the Au@a-TiO»
photoelectrode exhibited strong absorption in the visible part of the solar spectrum and enhanced
photocurrent generation compared to the a-TiO layer under visible light irradiation. Substantial
experimental and theoretical evidence of injection of holes from the decay of plasmon resonance of
Au nanoparticles to the defects and mid bandgap energy states of a-TiO, was presented using action
spectrum, hole scavenger test, NIR UV-vis spectra, and KPFM measurements. In the end, an

unconventional mechanism of charge transfer in Au@a-TiO> based on hole injection was proposed.
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5. Sponge shaped Au nanoparticles: A stand-alone photocatalyst for
driving light-induced CO: reduction reaction via interband transition

In this chapter, background information about one of the essential attributes of a catalyst, porosity, is
discussed. Highly porous gold nanoparticles (Au-Sponge) and spherical gold nanoparticles (Au-
Island) were fabricated using thermal dewetting and subsequent acid etching process. Thorough
characterization of the fabricated samples and measurement of the activity of the samples for CO,

photoreduction reaction were also discussed.

5.1. Background and Motivation

Owing to their highly porous structure, supported metal catalysts are an essential family of
heterogeneous catalysts with a wide range of applications in oxidation and reduction reactions.'* In
heterogeneous catalysis, the substrate is a highly porous material (usually made of metal oxides) that
helps the reactants' adsorption and provides a platform for dispersing the metal nanoparticles. Metal
nanoparticles made of materials such as Au, Pt, Pd, etc., act as the active phase where chemical
reactions can happen.!** %5 Unlike metals such as Pt and Pd, which lose their activity at low
temperatures, Au remains active even at low temperatures, making it an attractive, active phase for
catalytic applications. Au has been used to drive different chemical reactions such as CO
hydrogenation, CO oxidation, CHs4 Oxidation, and C-C coupling.'** 146 Spherical gold nanoparticles
with various sizes are the most common structure of the active phase, which have been utilized in
different reports. Being metal, gold has the flexibility to deform into various shapes; gold nanoparticles
with different shapes, including cubes, triangles, and sponge shapes, were fabricated using clever
approaches such as the dealloying technique.'*"'#’ Because of its highly porous nature, the sponge

shaped Au nanoparticles is of great importance for catalytic research as it has the potential to prevent
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the need for a highly porous substrate to operate as a catalyst in a catalytic process. Surprisingly, Au
nanosponges have drawn little attention for catalytic applications so far; only a few reports
successfully utilized this unique structure for purely catalytic CO oxidation and oxidative coupling of

Methanol. 46> 130

In addition to these properties, Au belongs to a family of metals known as plasmonic materials.
Plasmonic materials can interact with incident visible light through excitation of localized surface
plasmon resonance (LSPR) as well as incident UV-light through interband tranistion.'>! 152 These
interesting attributes of gold nanoparticles further increased the interests to utilize them for driving

modern chemical reactions such as light-driven water-splitting or CO> photoreduction.”: 131153

While most of the studies were focused on the utilization of LSPR energy to drive chemical reactions,
little attention was given to the utilization of hot electron-hole pairs generated by the interband
transitions.'>? Interband transition is essential for photocatalytic applications as thermodynamic
limitations of important photocatalytic reactions such as water-splitting and CO, photoreduction
impose minimum energy for both the electrons and holes. For example, in a CO> photoreduction
reaction, only electrons with energies higher than the reduction potential of CO> and holes with
energies lower than the water's oxidation potential can participate in the overall reaction.!>! 154

Electron-hole pairs generated by interband transitions can meet these essential minimum energy

requirements.

The unique physical (porousness) and optical properties (LSPR and interband transition) of sponge-
shaped gold nanoparticles render them a suitable catalyst for light-driven CO; photoreduction reaction.
Herein, we successfully fabricated nanosponge Au nanoparticles and successfully utilized them to

reduce CO> using water under UV light excitation. The results of this work open a new door in the
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field of plasmonic catalysis, where unsupported porous plasmonic metal nanoparticles can facilitate

complicated chemical reactions such as CO2 photoreduction.

5.2. Plasmonic Catalysts preparation

Two different catalysts were fabricated. The first one was hemispherical-shaped gold nanoparticles
which were named Au-Island, and the second one was sponge-shaped gold nanoparticles which were
named as Au-Sponge. The Au-Sponge sample's fabrication process is similar to previous reports with
minor modifications where Ag was used as a sacrificial metal.!*” Reports suggest that submerging a
metallic alloy in an acidic environment dissolves the less-noble metal.'*> Figure 53 exhibits the
schematic diagram of the fabrication process of Au-Sponge samples. Fluorine doped tin oxide glass
(FTO) was used as the substrate. The substrates were cleaned with soap, methanol, and acetone first.
Then the substrates were loaded inside a DC magnetron sputtering apparatus (Kurt J. Lesker Co.).
After reaching the base pressure of 7 mtorr, the sputtering of the gold was done for 30 seconds with
an applied potential of 75 W. The thickness of the sputtered Au film was 10 nm. After this step, the
samples were unloaded, the target was replaced with an Ag target, the Ag sputtering was done for 15
seconds under the same pressure and applied potential of 300 W. After the sputtering step, the samples
were placed inside a tube furnace (STF55666C-1, Thermo Scientific), the tube furnace had three
controllers for accurately ramping up the temperature to 450 °C, the ramping up duration was 2 hours.
Then the samples were annealed at 450 °C for 1 hour. Annealing of the samples resulted in
hemispherical nanoparticles made of Au or Au-Ag alloy.!*® The annealed Au-Ag alloy nanoparticles
(Figure 54a) were submerged inside the HNO; aqueous solution for 5 minutes to completely remove
the Ag (sacrificial metal) the obtained transparent sample was named as Au-Sponge (Figure 54b). The
fabrication process for Au-Island samples was the same without the sputtering deposition of the Ag

and the subsequent acid treatment.
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Figure 53. Schematic diagram of the fabrication process of the Au-Sponge sample.

Figure 54. Photograph of the (a) Au-Ag alloy nanoparticles and (b) Au-Sponge sample (right after acid etching step).
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5.3. Results and Discussion

The morphology of the fabricated samples were investigated by field emission scanning electron
microscopy (FESEM). Figure 55 exhibits the FESEM images of the Au-Island sample. The successful
dewetting of the sputtered gold film, and formation of the hemispherical-shaped gold nanoparticles is
evident from this image. The fabricated Au nanoparticles had different sizes from 20 nm to 140 nm
with an average size of 100 nm, shown by the particle size distribution in Figure 55. Figure 56a exhibits
the morphology of the Au-Sponge sample. The porous structure of the Au-Sponge sample is
conspicuous from the SEM image. The particle size distribution is also shown in the inset of this
figure. The nanoparticles' size varied from 20 nm to 180 nm with a mean particle size of 100 nm. The
Energy-dispersive X-ray spectroscopy (EDS) elemental mapping of the Au-Sponge sample indicated
the presence of O, Sn, and Au (Figure 56b), no peak related to Ag was detected, which confirms the

successful removal of the sacrificial Ag layer by acid treatment.
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Figure 55. Scanning electron microscopy (SEM) images of Au-Island sample.
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Figure 56. (a) Scanning electron microscopy (SEM) images of Au-Sponge sample and (b) SEM image of the selected
region of Au-Sponge sample for energy-dispersive x-ray spectroscopy (EDS) mapping along with elemental mapping of
O, Sn, and Au.

The interaction of nanomaterials with an incident electromagnetic wave can provide helpful
information for plasmonic and photocatalytic applications. To investigate this, the UV-vis-NIR
spectroscopy and finite difference time domain (FDTD) simulations were conducted. Figure 57a
exhibits the UV-Vis-NIR spectra of the Au-Island and Au-Sponge samples and Figure 57b displays
the corresponding absorption cross-section of these two structures obtained from FDTD simulation.
Au-Island sample exhibited LSPR at 550 nm, which is the intrinsic LSPR peak of gold; this is also

supported by the FDTD simulation (dashed red lines in Figure 57b).!>!

The presence of holes inside the Au-Sponge structure makes its refractive index different from pure

gold. The different refractive index of Au-Sponge renders its structure to interact differently with the
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incident electromagnetic wave. Compared to the Au-Island sample, the Au-Sponge nanoparticles'
LSPR peak shifted to 825 nm as a result.'*” The FDTD simulated absorption cross-section of the Au-

Sponge (dashed black lines in Figure 57b) also exhibits the same trend.
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Figure 57. UV-Vis spectra of Au-Sponge and Au-Island samples. (b) FDTD simulated absorption cross-section of Au-
Sponge and Au-Island samples.

The XRD pattern of Au-Island and Au-Sponge samples are shown in Figure 58. These samples' XRD
pattern exhibit a sharp peak at 26 = 38 corresponding to Au (111) plane. Smaller peaks related to Au
(200) and Au (311) at 20 = 44 and 20 = 77 were also detected.'>! 37 Other peaks related to FTO could
also be found in the XRD pattern of these samples.'* 1% The XRD could not observe any peak related

to Ag, which again suggests that the sacrificial Ag layer was completely removed during the HNO3

acid treatment.
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The nature of bonds and the chemical composition of atoms at the surface of the Au-Island and Au-
Sponge samples were investigated using X-ray photoelectron spectroscopy (XPS) (Figure 59). The
long-range survey scan of both samples revealed Sn, Au, O, and carbon impurities (Figure 59a). To
further confirm Au's presence, higher resolution XPS spectra at the Au4f region were collected for
both Au-Island and Au-Sponge samples (Figure 59b,c). The collected spectra exhibited two peaks
centered at BE= 83.87 eV and BE= §87.64 eV, which correspond to Au4f;, and Au4fs,, respectively

which further proves that the chemical state of Au did not change during the fabrication process. '
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Figure 58. The XRD pattern of Au-Island and Au-Sponge samples, gray box shows the peaks related to FTO.
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Figure 59. (a) XPS survey scan of Au-Island and Au-Sponge, high-resolution XPS spectra of (b) Au-Island and (c) Au-
Sponge sample in Au 4f region.

The performance of fabricated samples for CO> photoreduction was investigated using the high-

pressure stainless-steel reactor using CO> and water vapor as the reactants. After 2 hours of irradiation
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using the 255 nm U.V. lamp (Figure 60 exhibits the emission spectrum of the U.V. lamp), the
headspace gas was analyzed with the GC, which reported the product in ppm, the amount of products

was converted into pmol. g-1.hr'! using ideal gas law (refer to chapter 2 for the conversion process).
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Figure 60. The emission spectrum of the U.V. light source used for CO, photoreduction reaction.

The rate of methane production under UV lamp irradiation is reported in Figure 61. The superior
performance of Au-Sponge photocatalyst for CO, photoreduction is evident from these results as the
rate of methane production was 153 pmol. g-1.hr! and 582 umol. g-1.hr"! for the Au-Island and Au-
Sponge samples, respectively. This is a remarkable 3.8-fold increase in photocatalytic performance as
the structure changes from regular hemispheres to porous nanosponges, proving that the shape of the

nanostructure has a major effect on their photocatalytic activity. A few sanity tests were conducted to
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confirm that the methane was produced due to the photoreduction process. The sanity tests were
including using high-pressure nitrogen instead of CO: inside the reactor, conducting the CO:
photoreduction reaction without the photocatalyst, and conducting the reaction under dark conditions
(without U.V. light illumination). No methane could be detected in all these sanity tests, which proves
CO», photocatalyst, and light are vital for the successful photoreduction of CO». To rule out any carbon
contamination effect on the production of observed products, a labeling test using '*CO> instead of
12C0O;, was done under identical conditions. GC-MS was used to analyze the product of the labeling
test. Figure 62 exhibits the labeling test result, which shows a peak at m/z = 17, related to *CHa. The

result of the labeling test rules out the contribution of Carbon contaminations in the observed product.
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Figure 61. CO, photoreduction product yields of Au-Sponge and Au-Island samples.
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Figure 62. GC-Ms ion chromatography at ion m/z = 17 obtained from labeling test, which confirms the presence of
3CHa.

The outstanding performance of the Au-Sponge sample compared to Au-Island raises this critical
question that what would the possible reason/mechanism for this exceptional performance? To answer
this question, a few complementary investigations were conducted. As previously mentioned in the
introduction, one of the essential features of a potent catalyst is its porosity; porosity helps the catalyst
bring the reactants to close contact at the surface (adsorption of the reactants) of the catalyst more
efficiently. While SEM images clearly show Au-Sponge's porous structure, it also shows the lack of
porosity in the Au-Island sample. Cyclic voltammetry (CV) measurements were conducted to estimate
the surface area of the Au-Island and Au-Sponge samples (refer to chapter 2 for details about the
procedure).'%%162 Figure 63 exhibits the oxidation and successive reduction of Au-Island and Au-

Sponge samples during the CV measurements. The CV of an unannealed Au Film (Au-Film) was also
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measured as a reference. The forward bias oxidation of the Au-Sponge sample exhibits three peaks
(Figure 64) corresponding to the AuO formation. The first two peaks are related to the following

reaction:

Au+ H,0 - Au—OH+ H*+ e~ (19.)
While the third peak is related to the reaction:

Au—0OH - Au—0+ H*+ e~ (20.)

The first two peaks in the CV of Au-Sponge are related to the preferential adsorption of OH™ on step
and terrace adsorption sites.!®® The absence of such a peak in the CV of Au-Film and Au-Island
samples shows the lack of such adsorption sites on these samples. The surface RF, ECSA, and SSA
of the samples were calculated using equations 14 and 15 (chapter 2), and the results are reported in
Table 2. The SSA of the Au-Sponge sample is almost 2.6 times higher than the SSA of the Au-Island
sample. The higher SSA of Au-Sponge results in this sample's higher ability to absorb the gaseous

reactants and enhance its ability to catalyze a chemical reaction. 6
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Figure 63. CV measurements of Au-Island, Au-Sponge, and Au-Film sample.
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Figure 64. Peaks related to oxidation of Au in forward bias scan of the Au-Sponge sample.

97



In heterogeneous catalysis, a catalyst's overall activity is the sum of different active sites'
contributions.!®* The presence of low coordinates surface sites such as steps, terraces, and kink atoms
is highly beneficial for a heterogeneous catalyst's catalytic activity.'%

For instance, the low coordinate surface sites can enhance the adsorbate-catalyst adsorption energy,
which enhances the catalyst's catalytic activity.'®> The density functional theory (DFT) calculations
also suggested that the catalytic activity of Au atoms with the lower coordinate number are
significantly higher.'% 7 The CV peaks related to the oxidation of Au-Sponge in the forward bias
sweep already suggest the presence of such low coordinate surface atoms in the Au-Sponge sample.
Besides, curved shapes of the ligaments and high surface to volume ratio of the Au-Sponge also
increase the chance of the presence of low coordinate Au atoms at the surface of the Au-Sponge.'*®
166 Overall, the SSA measurement of the Au-Sponge is suggestive of the fact that this sample possess
all the traditional attributes of an efficient heterogeneous catalyst such as high surface area and high

density of low coordinate surface active sites.

Table 2. The calculated RF, ECSA and SSA of Au-Island and Au-Sponge.

Sample name RF ECSA (cm2) SSA (m2/g)
Au- Island 2.83 0.89 14.6
Au-Sponge 7.28 2.30 37.76

For a light-induced reaction such as CO» photoreduction, in addition to porosity, the interaction of
light with the catalyst is of most significant importance. The interaction of the Au-Island and Au-
Sponge sample with UV light was investigated by obtaining their visible to near-infrared (NIR) light

absorbance before and after irradiation with the UV light (Figure 65).
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It is well-known that the free charge carriers exhibit light absorption in the NIR."! It is evident from
Figure 65 that both Au-Island and Au-Sponge samples showed enhanced light absorption after UV
light irradiation which suggests the excitation of electron-hole pairs in both of these samples.
Interestingly, the enhancement of NIR light absorbance for Au-Sponge is more pronounced compared
to the Au-Island sample, which suggests that interaction with UV light resulted in more concentration
of free carriers in the Au-Sponge sample. To get an insight into the interaction of UV light with these
samples, FDTD simulations were carried out. Figure 66a,b,c,d exhibits the top and cross-sectional
view of the simulated electric field profile of Au-Island and Au-Sponge samples under 255 nm
excitation. The electric field profiles suggest the strong interaction of the Au-Sponge sample with
incident UV light at areas in the vicinity of the pores known as hot spots.'%® Compared to Au-Sponge,

the Au-Island exhibit the hot spots only on the gold/air interface edges.
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Figure 65. Vis-NIR absorption spectra of Au-Sponge and Au-Island samples before and after UV light irradiation.
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Figure 66. Top view (a,b) and cross-sectional view (c,d) of FDTD-simulated electric field intensity of Au-Sponge (b,d)
and Au-Island (a,c) samples under 255 nm excitation. (¢) Top view of FDTD- simulated electric field intensity of Au-
Sponge under LSPR (825 nm) excitation.

The simulations were checked with literature and found to agree. Figure 67 replicates the simulations

of Au-sponge nanoparticles under LSPR excitation reported in the literature.'® As seen from these
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simulations, hot spots can be seen right at the pores (Au/air interface). My simulations (Figure 66¢)
close to the resonance frequency (825 nm) also show the same behavior. However off resonance (255
nm) simulations show the hot spots at the Au/glass substrate interface and the Au/air interface. In
contrast, the Au/glass substrate exhibited a higher density of hot spots, probably due to the higher

refractive index of the glass substrate.
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Figure 67. Simulated near-field electromagnetic field distributions of 60 nm diameter porous AuAg NPs in air medium
irradiated by an incident plane wave with wavelength of (a) 532 nm, (b) 633 nm, (c) 785 nm, and (d) 818 nm (on-resonance
condition), respectively. Reprinted with permission from K. Liu et al. Nano Letters (2014). All simulations were performed
in Lumerical FDTD Solutions.'®

The field outside the Au-sponge looks relatively high (the green area surrounding the Au-Sponge

nanoparticles); this is probably because of the reflection of light by glass and the size of the monitor.
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Carrier confinement effects cannot be ignored in Au and Ag nanoparticles while they play a minor
role in thin films of Au and Ag.'” One of the effects of carrier confinement is a heightened interaction
between electrons and holes, which results in a much stronger interband-type Landau damping (hot
carrier pair creation) effect in nanoparticles.!”” In very high surface area, porous metallic
nanostructures (e.g., Au-sponge), it is conceivable that a substantial fraction of the hot carrier
population produced by Landau damping is created within a mean free path of the surface, where
reactant or adsorbed species are present. Therefore, a much higher efficiency of utilization of even
short-lived hot carriers produced by interband damping, can be expected in an Au-sponge even in the
absence of built-in electric fields such as those afforded by a heterojunction. The differences between
the energy distribution of electron-hair pairs produced by interband and intraband damping could
explain the high product yields observed solely in UV photon-initiated CO> photoreduction using Au-
sponge. When photoexcited by visible photons close to the localized surface plasmon resonance, CO»
photoreduction was not observed. While broad spectrum visible light harvesting is desired, this was
not achieved for isolated Au-sponge nanoparticles on glass substrates. The main reason for this is that
hot d-band holes generated by interband damping of the bulk and surface plasmon modes in Au have
1.5-2.5 eV available to them to drive CO» photoreduction (more thermodynamic driving force). On
the other other hand, s-band holes formed by intraband damping of the surface plasmon are close to
the Fermi level and have < 1 eV of excess energy available to drive chemical reactions. These facts
are well-established by the work of Atwater and others.!”! It is expected that well-designed Z-scheme
heterojunctions of the Au sponges with suitable semiconductors will enable higher reaction rates
driven by visible photons through the use of energetic valence band holes of the semiconductor

working synergistically with the energetic hot electrons of Au to perform CO> photoreduction.
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Overall, the investigation of the NIR light absorption of the Au-Island and Au-Sponge sample along
with the FDTD simulated electric profile of these two samples suggest the strong interaction of Au-
Sponge with incident UV light and generation of electron-hole pairs because of UV light excitation.
These results with the results obtained from the SSA calculations in the previous section evidence that
the porosity prizes the Au-Sponge sample with multiple valuable attributes that help Au-Sponge

outperform the Au-Island sample in CO, photoreduction reaction.

Ultraviolet photoelectron spectrum (UPS) of Au-Sponge was acquired to understand the charge
transfer mechanism (Figure 68). The work function value was estimated using WF (@) =21.21—FEcu
off, Where 21.21 eV 1is the energy of the incident, He I line of a He discharge lamp, and Ecutofr 1s the
cut-off energy of secondary electrons.!”? The ionization potential (the equivalent of the position of the
d-band in Au containing structure) was estimated by subtracting the width of the UPS spectrum from
the energy of the excitation source (21.21 eV).”* 5% The values calculated for the WF and d-band
position was 4.8 eV and 7.8 eV respectively which is well aligned with the values reported in the
literature.'”> Based on the experimental findings and the WF's calculated values, and the d-band
position of Au-Sponge, a proposed charge transfer mechanism is deduced and illustrated in Figure 69.
For CO; photoreduction reaction, the energy of generated electrons and holes should meet a specific
threshold to drive the oxidation and reduction half-reactions. The photo-generated electron's energy
should be more negative than the reduction potential of CO2/CH4(-0.244 V vs. NHE). The energy of
the photo-generated hole should be more positive than the oxidation potential of H2O/O (0.82 V vs.
NHE).”%-93: 151 Based on the calculated values for the WF and d-band position, the energy of the UV
lamp (255 nm =4.86 eV) will result in an interband transition from d-band to s-band of the Au-Sponge,
both electron, and holes produced by this transition meet the thermodynamic criteria needed for CO»

photoreduction.
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Figure 69. The proposed charge transfer mechanism of CO; photoreduction on the Au-Sponge sample.
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5.4. Conclusion of chapter S

Conventionally, gold alone was not considered as a suitable catalyst for driving a complex chemical
reaction due to its inertness, but gold nanoparticles supported on top of highly porous substrates were
proven to be potent catalysts. Highly porous gold nanoparticles are the new generation of
heterogeneous catalysts where gold nanoparticles themselves are porous. Therefore, they obviate the
need for a highly porous scaffold to drive the chemical reaction. Porosity can increase reactants'
absorption ability and bring them in the close vicinity to increase the chance of the chemical reaction
to occur, so highly porous gold nanoparticles possess the main attribute of a potent catalyst. Besides,
since gold nanoparticles are a member of plasmonic metals, they can themselves act both as the light-
absorbing material and the activation site for driving a light-induced chemical reaction. All of these

attributes potentially make porous gold a powerful catalyst for plasmonic photocatalysis applications.

Plasmonic materials can interact with light through interband and intraband transitions and
continuously supply reactive electrons and hole pairs to activate chemical species. While this novel
family of catalysts shown promising results for several applications so far, their catalytic applications
are still limited to drive simple chemical reactions. To further investigate the caliber of these materials
in driving a chemical reaction, we fabricated highly porous sponge-shaped plasmonic Au nanoparticles
(Au-Sponge). We utilized them to accelerate the complex light-induced CO; reduction reaction vis
interband transition. Our results indicate that the Au-Sponge sample exhibits a 3.8-fold increase in
methane production compared to the non-porous Au-Island sample. Furthermore, FDTD simulations
of the Au-Sponge sample suggest that in addition to the benefits mentioned above, the porousness can
increase the Au-Sponge sample's interaction with an incident electromagnetic wave which is a crucial

step in a light-induced catalytic reaction.
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6. Conclusion

There is a growing need for finding alternative sources of energy to meet the energy demands globally.
Since solar energy is freely available worldwide, solar energy conversion is considered a promising
solution for addressing the increasing energy demands. Solar energy can be utilized to produce
hydrogen from water through water-splitting reaction. Also, it can be used to convert CO> into fuels
such as methane or ethane through CO> photoreduction reaction. In this thesis, we utilized plasmonic
nanoparticles with various shapes and structures for solar energy conversion applications. Ag and Au,
the most common plasmonic materials, were chosen as the case studies for CO2 photoreduction and
water-splitting applications.

In the first step, we utilized bimetallic AgCu nanoparticles. We made heterojunctions between these
nanoparticles and TiO; nanotube arrays (TNTA) using a photo deposition method. We reported the
dominant formation of a C; product, namely, ethane, from the gas-phase photoreduction of CO» using
TiO, nanotube arrays (TNTA) decorated with large-sized (80—200 nm) Ag and Cu nanoparticles
without the use of a sacrificial agent or hole scavenger. Isotope-labeled mass spectrometry was used
to verify the origin and identity of the reaction products. Under two-hour AM1.5G 1-sun illumination,
the total rate of hydrocarbon production (methane + ethane) was highest for AgCu-TNTA with a total
CxHax+2 rate of 23.88 pmol g—1 h—1. Under identical conditions, the CxHax+2 production rates for Ag-
TNTA and Cu-TNTA were 6.54 and 1.39 umol g—1 h—1, respectively. The formation of C2+ products
such as ethane and ethanol rather than methane is more attractive due to their higher energy density
and economic value, but the formation of C—C bonds is currently a major challenge in CO>
photoreduction. For future works, a rational design of heterojunction between AgCu nanoparticles and
TNTA, including careful investigation of the effect of the particle size and TNTA surface coverage by

AgCu nanoparticles on the photocatalytic activity, can be investigated. In addition, improving the
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selectivity of CO; photoreduction reaction toward production of C>+ products should be investigated
in the future steps.

Next, we fabricated ultrathin core-shell Au@a-TiO> nanoparticles for photoelectrochemical water-
splitting reaction. To fabricate these samples, Au nanoparticles were fabricated on top of FTO
substrate using a thermal annealing dewetting process. A thin layer of amorphous TiO; was deposited
on top of them using the ALD deposition method. Under AM1.5 one sun illumination, photoanodes
consisting of a single layer of ~50 nm diameter Au NPs coated with a shell of amorphous TiO2 (Au@a-
TiO») generate 2.5 mA c¢cm™ of photocurrent in 1 M KOH under 0.6 V external bias. Under the same
conditions, the photoresponse of a-TiO, was only 0.3 mA Cm™. These results indicate that making a
heterojunction between a plasmonic metal nanoparticle with a semiconductor is an efficient method
for increasing the efficiency of a photoelectrode for photoelectrochemical water-splitting reaction. The
next step in this project should focus on stacking multiple layers of Au@ a-TiO> on top of each other
and investigating the ability of the gap-plasmon architecture to drive the photoelectrochemical water-
splitting reaction. Also, the effect of the size of the Au nanoparticles on the photoresponse of the
samples should be investigated and efforts should be focused on improving the visible-light response
of the Au@a-Ti0O> photoelectrode.

In the last step, we fabricated sponge-shaped Au nanoparticles (Au-Sponge) using a combination of
thermal dewetting and subsequent acid etching technique. Ag was chosen ad a sacrificial metal in the
fabrication process of Au-Sponge. These samples were utilized CO> photoreduction reaction. Under
the irradiation of a UV lamp, the rate of methane production was 582 pumol. g-1.hr™! for the Au-Sponge
samples, which was 3.8 times higher than the methane production rate using regular spherical-shaped
Au nanoparticles (Au-Island) sample. These results indicate that due to their unique structure

(porousness), the Au-Sponge sample can be utilized as standalone plasmonic catalysis for driving
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complex chemical reactions without the need to be hosted into the structure of a semiconductor
material such as TiO: or a highly porous substrate. The next step in this project should be focused on
investigating the effect of incorporation of a co-catalyst such as small-size Pt nanoparticles on the
activity of Au-Sponge plasmonic catalysis for driving the CO» photoreduction.

In general, the future works in solar energy conversion should focus on increasing the efficiency of
these processes. While the results of our works are promising, there is still a long way to
commercializing these processes, specifically in the CO; photoreduction case where conversions are
still below 1%. Increasing the efficiency of CO: photoreduction can be pursued in two different
directions. The first direction should focus on fabrication of more efficient photocatalysts and the
second direction should focus on the design and optimization of a reactor for CO; photoreduction

reaction.
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