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Thesis Abstract

Noble metal nanoparticles (NPs) such as gold and silver, are of great interest due

to their unique optical, magnetic, and electronic properties based on the plasmon

resonance. The localized surface plasmon resonance (LSPR) is the collective

oscillation of the conduction band electrons at the surface of metal NPs which induces

significant electromagnetic field enhancement at the metal NPs surface. Recently, it

has been reported that the modal coupling between an LSPR and a Fabry-Pérot (FP)

nanocavity mode can enhance the photochemical reactions taking place near the metal

NPs. It is great interesting and critical to investigate the enhancement mechanism of

plasmon-induced photoelectrochemical (PEC) reaction under the plasmon-nanocavity

coupling. In this thesis, the effect of plasmon-nanocavity coupling on the near-field

distribution was investigated by a measure of surface-enhanced Raman scattering

(SERS). Besides, the plasmon-nanocavity coupling structure was applied to

investigate the plasmon-induced water oxidation reaction, which affected by the

plasmon-nanocavity coupling, using in situ electrochemical surface-enhanced Raman

scattering (EC-SERS) measurements.

A plasmon-nanocavity coupling structure consist of Au NPs/TiO2/Au-film (ATA)

was fabricated to investigate the spatial coherence effect by SERS measurements.

Compared to the Au NPs/TiO2 (AT) structures without FP nanocavity, the SERS

signal collected on ATA was enhanced by 11 times because of the dramatic near-field

enhancement causing by the coupling between LSPR of Au NPs and FP nanocavity

resonance. Besides the large near-field enhancement, a spatially homogeneous near-fi

eld intensity was observed on ATA, which can be attributed to the coherent coupling

between the LSPR of each Au NP and the FP nanocavity. Simulations also showed the

homogeneous near-field distribution under the plasmon-nanocavity coherent coupling,

which supports our experiment observations (Chapter 2).

To investigate the effect of plasmon-nanocavity coupling on the plasmon-induced
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water oxidation reaction, an Au-Ag alloy NPs/TiO2/Au-film (AATA) structure was

employed, and in situ EC-SERS measurements were performed to detect the

intermediate species of plasmon-induced water oxidation. The Au-Ag alloy NPs were

deposited on TiO2/Au-film to create a modal strong coupling between the LSPR of

Au-Ag alloy NPs and the FP nanocavity resonance. A large splitting energy was

observed on the AATA structure which was derived from the large oscillator strength

of the LSPR of Au-Ag alloy NPs. The Raman intensity of the Au-O and Au-OH

stretching vibrations, which are characterized intermediate species of the

plasmon-induced water oxidation on Au-based NPs, were systematically studied at a

wide range of electrochemical potentials. Compared with Au-Ag alloy NPs/TiO2

(AAT) structure without FP nanocavity, the in situ EC-SERS measurement of the

intermediate species on AATA electrode showed higher sensitivity. More interestingly,

the Raman signals on AATA showed a more negative onset potential than the AAT

structures, indicating a much more efficient charge separation on AATA structures that

facilitates water oxidation reaction. This enhanced water oxidation efficiency on

AATA is likely attributed to the quantum coherence between the Au-Ag alloy NPs

through the nanocavity, leading to the accumulation of a large number of holes

(Chapter 3).

In summary, the near-field intensity distribution, and the water oxidation reaction

intermediate on the plasmon-nanocavity coherent coupling structure were investigated

by means of SERS measurements. The SERS measurements revealed a large near-fi

eld enhancement and spatially homogeneous near- fi eld distribution under the

plasmon-nanocavity coherent coupling. Furthermore, the intermediates of

plasmon-induced water oxidation were investigated using the plasmon-nanocavity

coherent coupling structure by in situ EC-SERS measurement. From the EC-SERS

measurements, a more negative onset potential of the water oxidation intermediates

was observed on AATA, which was attributed the higher near-field enhancement and

the e ffi cient plasmon-induced charge separation in the coherent aera under the

plasmon-nanocavity coherent coupling.
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Chapter 1 Introduction

1.1 Background and Motivation

To ensure the efficient and sustainable production of the essential resources that

we heavily depend on, it is imperative to develop methods that harness energy and

resources readily available in nature.1 Visible-light-driven photoelectrochemistry

(PEC) has attracted heightened interest because of the capacity to harvest the solar

energy efficiently, which shows promising potential to solve the global energy

crisis.2-5 Certain semiconductors, particularly those wide bandgap oxide

semiconductors like TiO2 (with an energy bandgap of ~3.2 eV), exhibit limited solar

energy absorption abilities.6 Those limitations that cannot efficiently use visible and

near-infrared light hinder their performance in various applications. At present,

integrating semiconductors with plasmonic metal nanostructures has emerged as a

highly effective strategy for addressing these limitations. In recent decades, noble

metal nanoparticles (NPs), notably gold (Au) and silver (Ag), have garnered

significant interest in the field of PEC reactions. This interest is primarily due to their

remarkable optical, electronic, and magnetic properties. Nobel metal NPs, which

exhibit localized surface plasmon resonance (LSPR) and allows them to concentrate

and enhance the local electromagnetic field, can significantly improve the separation

of electrons from holes in semiconductor materials. 7-9 Moreover, these NPs exhibit a

wide range of colors in the visible spectrum, which can be probed using LSPR.

Among these noble metals, Au and Ag, in particular, exhibit outstanding LSPR

characteristics that enhance PEC performance in the visible light range.10-11As a result,

the combination of plasmonic metal nanostructures with semiconductors enhances

their light absorption and photoelectrochemical performance.12-15 Despite the

numerous studies that have explored the photoelectrochemical performance of metal

nanostructure-decorated semiconductor systems, the practical PEC efficiency is still
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limited because of its poor light harvesting properties, fast charge recombination and

low chemical stability. There is still a critical need to extend our understanding of the

mechanisms behind these physical phenomena. Thus, offers us a convenient and

promising approach to designing cost-effective, efficient, environmentally friendly,

and lightweight energy conversion systems.

1.2 Localized Surface Plasmon Resonance (LSPR)

Surface plasmons have garnered considerable attention due to their widespread

applications in fields such as light generation, electronics, optical sensing, and

biomedicine. Noble metal nanostructures, known for their distinct optical properties,

provide effective manipulation and guidance of light at nanometer scales. Plasmonic

is intimately connected to the fundamental principles and practical applications of

surface plasmon resonance (SPR), which arises from the interaction between

electromagnetic radiation and conduction electrons in noble metals. This interaction

leading to both localized optical near-field and far-field scattering effects. The

utilization of optical properties exhibited by noble metal NPs can be dated back to the

ancient times and boasts a remarkable historical background. A striking illustration of

this phenomenon is evident in the Lycurgus Cup, an ancient artifact displaying

plasmonic effects. When the cup is illuminated from the front or back, the glass shows

different colors due to the SPR phenomenon in the Au NPs embedded glass, as

illustrated in Figure 1.1. Over recent years, significant advancements in

nanotechnology have led to fresh insights into controlling diverse properties of

nanomaterials, thus enabling the tailoring of their support for surface plasmons,

catering to specific applications. As a result of these advancements, the potential for

harnessing surface plasmons in modern technologies has expanded considerably,

making plasmonic research a promising avenue for future technological innovations.
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Figure 1.1 The Lycurgus Cup viewed in reflected (left) and transmitted (right) light.16

1.2.1 Basis of LSPR

When a photon of incident light strikes an electrically conducting surface, the

surface plasmon resonances (SPRs) could be excited at a certain condition. There are

two types of SPRs—propagating surface plasmon polariton (SPP) and localized

surface plasmon resonance (LSPR), as shown in Figure 1.2. The SPPs are

electromagnetic excitations that propagate along the interface between a dielectric and

a conductor. This interaction occurs at a specific angle of incidence, enabling a

fraction of the light energy to couple with the electrons present in the metal surface

layer. The excitation of these electrons induces their collective motion, giving rise to

what is known as plasmon. These plasmons are evanescently confined in the

perpendicular direction to the interface and propagate parallel to the metal surface.17

The LSPR on the other hand are non-propagating excitations, which constitutes an

optical phenomenon that occurs when a light wave is confined within conductive NPs

smaller than the wavelength of light. This unique phenomenon emerges due to the

interactions between surface electrons and incident light within a conduction band.
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Figure 1.2 Schematic diagrams illustrations of (a) propagating plasmons (SPPs) and (b) a

localized surface plasmon (LSPR).

The LSPR effect can be described by employing a simplified model known as the

quasi-static approximation, as depicted in Figure 1.3.17

Figure 1.3 Schematic illustrations of mental sphere model into electrostatics field.

In this model, � � represents the dielectric function of the metal sphere; a

stands for the radius of the homogeneous sphere; ��( cos � ) corresponds to the

Legendre Polynomials of an order of �, and θ is the angle between vector � at point
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�� and the z-axis. In line with the principles of electrostatics, the solution for the

Laplace equation (∇²Φ = 0) can be expressed as follows:

Φ �, � =
�=0

∞
���� + ���− �+1� ��( cos � ) (1.1)

To ensure that the potentials remain finite at the origin, the solutions for the

potentials inside Φ�� �, � and outside Φ��� �, � the sphere can be expressed as

follows:

Φ�� �, � =
�=0

∞
����� ��( cos � ) (1.2)

Φ��� �, � =
�=0

∞
���� + ���− �+1� ��( cos � ) (1.3)

The coefficients �� , �� , and �� can be determined by applying the boundary

conditions at � → ∞ and at surface of the sphere � = �. When these conditions are

applied, it leads to �� = �� = 0 for � ≠ 1. Through the calculation of the remaining

coefficients �� and ��, the potentials are evaluated as follows:

Φ�� =−
3��

� + 2��
�0� cos � (1.4)

Φ��� =− �0� cos � +
� − ��
� + 2��

�0�3
cos �
�2

(1.5)

To provide a physical interpretation for equation 1.5: Φ��� describes the

superposition of the applied field and the field generated by a dipole located at the

center of the particle. This can be expressed by rewriting Φ��� with the introduction

of the dipole moment � as follows:

Φ��� =− �0� cos � +
� ∙ �

4��0���3
(1.6)

P = 4��0���3
� − ��
� + 2��

�0 (1.7)

Hence, we observe that the applied field induces a dipole moment within the

sphere, and its magnitude is directly proportional to �0 . To formalize this

relationship, we introduce the polarizability �, which is defined as P = �0����0. We

could then obtain the polarizability from the solution equation that:

� = 4��3
� − ��
� + 2��

(1.8)

Consequently, we obtain the Frohlich condition, which signifies the circumstances

under which the polarizability experiences a resonant enhancement, as follows:
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�� � � =− 2�� (1.9)

In this scenario, when metal NPs are treated as electric dipoles, they exhibit a

significant influence on the absorption and scattering of incident light. It’s important

to note that the LSPR frequency of these NPs is inversely related to the dielectric

constant of the surrounding medium. This fundamental principle allows for the design

of plasmonic systems tailored to achieve specific LSPR frequencies.

Figure 1.4 Schematic of radiative and non-radiative decay processes for LSPR energy.18

The damping processes affecting the LSPR energy of noble metal NPs can be

categorized into two main types: radiative and non-radiative processes, as illustrated

in Figure 1.4.19

Radiative Decay (Scattering): This process primarily dominates in larger particles

and involves the direct transformation of the plasmonic energy into photons. As

particle size increases, this radiative decay or scattering process becomes more

prominent. This is why the dipole resonance tends to weaken with larger particle

sizes.

Non-Radiative Decay (Landau Damping): This process primarily dominates in

smaller particles and results from absorption, which generates electron-hole pairs

through Landau damping.20 The plasmonic energy is rapidly transferred to the “hot

carriers” within a timescale ranging from 1 to 100 femtoseconds.21 During the
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absorption process, single-electron states are initially excited by the surface plasmons.

There are two channels for electron excitation: intraband transitions within the

conduction band and transitions from the � band to the �� band, known as

interband excitation. These excited electrons can be elevated above the Fermi level as

hot carriers.22 Understanding these non-radiative decay mechanisms is crucial for

various applications of LSPR in noble metal nanoparticles across optical and

photoelectric fields. These processes have a significant impact on the efficiency and

behavior of plasmonic systems.23

Figure 1.5 (a) Generation of plasmonic hot electrons: electrons on the d-band are excited and

come across the Fermi level via a non-radiative process. (b) Injection of hot electrons into the

conduction band of semiconductors.23

The emission of radiation and non-radiative damping by Landau leads to the

creation of high-energy electrons and holes, known as hot electrons and hot holes,

respectively. When incident photons with sufficient energy are absorbed by the free

electrons within metal nanostructures, these electrons are excited to higher energy

levels �� + ℎ� (Figure 1.5a). However, the majority of these high-energy electrons

lose their energy rapidly, typically within about 100 fs, due to electron-electron

scattering interactions (Figure 1.5a). Simultaneously, a small fraction of these
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high-energy electrons can be transferred to neighboring species, such as organic

molecules or semiconductors (Figure 1.5b). This transfer process is crucial in various

applications, as these hot electrons can participate in chemical reactions, drive charge

carrier dynamics, or contribute to energy conversion processes.

1.2.2 Fabrication of LSPR Nanostructures

Numerous techniques, such as chemical synthesis and physical preparation, have

been investigated to produce noble metal-NPs or nanostructures with diverse sizes

and shapes. The fabrication techniques of nanostructures can be categorized into two

fundamental methods: top-down and bottom-up methods.24 The top-down technique is

based on physical participation approaches, such as lithography, physical vapor

deposition (PVD), and thermal evaporation pyrolysis. The bottom-up technique

consists of chemical and biological approaches, where the fine particles are assembled

through co-precipitation or self-assembly methods to fabricate the nanomaterials. The

chemical vapor deposition (CVD), sol-gel method, chemical co-precipitation, and

hydrothermal method pertain to the bottom-up chemical approaches.

Here, some frequently used techniques for creating metal NPs and nanostructures

will be introduced in the section.

1. Lithography

In the realm of nanotechnology, lithography draws its fundamental principles from

traditional printing lithography but adapts them to the intricate demands of fabricating

structures at the nanoscale.25 In its contemporary application,

nanotechnology-oriented lithography entails the meticulous formation of intricate

patterns on a substrate, often composed of a thin film of semiconducting materials,

like silicon. Typically, this substrate is coated with a light-sensitive substance known

as a photoresist. Through precise control of where the photoresist is exposed to light

or alternative forms of energy, like electrons or ions, specific patterns can be

meticulously crafted. These patterns serve as the foundational elements for a myriad

of micro- and nanoscale structures, which find utility across a diverse spectrum of
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devices.26 Various types of lithography are employed for surface patterning, including

photolithography,27-28 UV-lithography,29-31 electron beam (EB) lithography,32-36 soft

lithography,37-38 scanning probe lithography,39-41 and nanosphere lithography

(NSL).42-44

EB lithography offers meticulous control over size, shape, and spatial distribution,

facilitating the creation of highly monodisperse NP populations exceeding 99% due to

its exceptional resolution (less than 100 nm).32 The EB lithography process, as shown

in Figure 1.6, entails applying an electron-sensitive photoresist, such as poly(methyl

methacrylate) (PMMA), onto a glass substrate that supports a conductive film such as

indium tin oxide (ITO). Subsequently, an electron beam is deployed to selectively

remove the polymer in the desired pattern, followed by chemical development of the

exposed surface. For finalization, Au or Ag is deposited via thermal evaporation at a

controlled rate of 1–2 nm/s, and then the PMMA is eliminated using acetone, leaving

behind the intended pattern.33

Figure 1.6 EB lithography technique used to fabricate Au nanostructures on an ITO glass

substrate.

NSL technique stands out because of its cost-effective, yielding 2D periodic arrays

and metal films-over-nanosphere (FON) structures. FON structure, renowned for its

substantial roughness, serves as remarkably effective substrates for surface-enhanced
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Raman spectroscopy (SERS). The NSL process, depicted in Figure 1.7, relies on the

self-assembly of polymer nanospheres that are arranged in a tightly compressed

hexagonal pattern. This assembly is subsequently coated with a metal layer.45

Following the removal of the mask, the metal deposited with a thickness ranging from

15 to 100 nm generates honeycomb lattices comprising triangular islands. The size of

these islands can be fine-tuned by adjusting the gap size of the spheres. 46

Figure 1.7 NSL lithography technique used to generate FON with 200 nm thickness Au deposition

and NP arrays with 20–100 nmAu deposition.

2. Physical vapor deposition (PVD)

PVD is a method employed in the creation of extremely thin films and surface

coatings. As shown in the Figure 1.8, the PVD technique involves generating metal

vapor that is subsequently deposited onto a conductive layer as ultra-thin films and

alloy coatings. The entire process is conducted within a vacuum environment,

maintained at a pressure of about 10-6 torr, within a vacuum chamber featuring a

cathodic-arc source. In an air-free setting, vacuum deposition occurs within the

chamber, resulting in the deposition of metals over a specific area through either

condensation or sputtering.47-49 The PVD method encompasses both evaporation and

sputtering procedures for thin film fabrication. This includes a sputtering process

where the vapor phase is maintained under supersaturation conditions. Within an inert

atmosphere, metal vapors are encouraged to condense, subsequently undergoing
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thermal treatment to yield nanocomposites.50 The PVD techniques offer several

advantages, including: (i) enhanced properties relative to the substrate material; (ii)

utilization of primarily inorganic and some organic materials, rendering it an

environmentally friendly alternative compared to electroplating methods.51-52

Figure 1.8A schematic illustration of physical vapor deposition (PVD) process.

3. Chemical Vapor Deposition Method (CVD)

CVD technique emerges as a vacuum-based deposition technique employed to

yield solid materials of superior quality and enhanced performance.53As shown in the

Figure 1.9, this approach involves the deposition of thin films onto a substrate,

engaging in chemical reactions among various species, including organometallic and

other gases.54 Notably, CVD possesses a distinctive feature that it employs a

multidirectional deposition approach for coating substrates, diverging from the

line-of-sight impingement method of PVD.55 CVD finds widespread use in depositing

materials in diverse forms such as amorphous, crystalline, and epitaxial growth within

microfabrication processes.56 In CVD, a mixture of gases engages in chemical

interactions across the surface of bulk materials, leading to chemical decomposition

and the creation of a dense coating on the material’s surface.57 The advantages of the
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CVD process encompass the generation of high-purity thin films and the creation of

abrupt junctions. However, drawbacks encompass the dependence of the final product

on precursor properties and issues regarding uniformity.53

Figure 1.9A schematic illustration of chemical vapor deposition (CVD) process.

4. Sol-Gel Method

The sol-gel method stands as a widely employed approach for NP fabrication,

involving condensation and hydrolysis reactions. During the NP fabrication process,

depicted in Figure 1.10, an intermediate synthesis step incorporates heat treatment,

crucial for achieving nanoparticle crystallinity.58 Oxide NPs are derived from

alkoxides, serving as precursors. These alkoxides interact via molecular forces, such

as van der Waals forces or hydrogen bonding, and are dispersed within a sol through

processes like evaporation or condensation.59 The alkoxide precursor undergoes

hydrolysis in the presence of either a base or an acid, leading to the formation of a

polymeric gel. The end product characteristics are governed by the kinetics of both

condensation and hydrolysis reactions.60 An illustrative instance is that the hydrolysis

rate diminishes as the size of nanoparticles reduces. This method aptly produces

oxides, composites, and ceramic nanoparticles with a homogenous distribution of high

purity.61-62 The sol-gel method boasts high purity, yielding a smooth nanostructure

under the influence of a capping agent ligand and at low temperatures. Nonetheless, a

key drawback lies in the heightened presence of impurities stemming from reaction

by-products, necessitating post-treatment.63
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Figure 1.10 Schematic of different stages of sol-gel process: from precursor to aerogel.

1.2.3 Applications of LSPR

1. LSPR Spectroscopy

LSPR spectroscopy in metal NPs is a potent technique for conducting biological

sensing and chemical experiments and has significant applications in various areas

particularly in enhancing the sensitivity of surface-enhanced techniques, such as

surface-enhanced Raman scattering (SERS) and surface-enhanced fluorescence

(SEF).64

SERS is a powerful analytical technique for sensing trace molecules in the field of

biochemical and chemical analytics.65 When plasmonic NPs are excited at their LSPR

frequency, strong localized electromagnetic fields near the NPs surfaces generated,

which can substantially enhance the Raman signal of nearby molecules.66-67 By

precisely tuning the LSPR wavelength of nanoparticles to match the excitation laser,

SERS can provide ultrasensitive and label-free detection of molecules, even at low

concentrations.68 For instance, W. Lee and his team outlined a procedure of

fabricating SERS substrates through the self-assembly of Au NPs, guided by a

chemically-modified PS-b-P4VP block copolymer template. The plasmon resonances

of the substrate were adjusted by controlling the size of the anchored nanospheres.

The SERS substrate enhancement factor was optimized for a specific input laser.69As

shown in Figure 1.11, SERS intensity observed from the substrate with a 7-minute

overgrowth period was the highest. This could be attributed to the fact that the
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wavelength of the LSPR peak closely matched both the incident light wavelength and

the Stokes Raman shift of 4-aminobenzenethiol, resulting in enhanced SERS signal

intensity.70

Figure 1.11 (a) Schematic diagrams illustrating the procedures used to fabricate a block

copolymer‑assisted SERS substrate. (b) SEM images of gold nanoparticle arrays prepared with

different overgrowth times of 1, 3, 7, or 15 min. (c) SERS spectra of 4‑aminobenzenethiol,

obtained from gold nanoparticles with different overgrowth times.69

SEF is quickly emerging as a primary spectroscopic technique for detecting a

wide range of biomolecules and biomarkers.71 This trend is primarily driven by the

exceptional sensitivity, selectivity, durability, and rapid analytical capabilities of SEF

technique.72 LSPR can enhance the fluorescence emission of nearby fluorophores.

When fluorophores are placed in the vicinity of plasmonic nanostructures, the

enhanced local electromagnetic fields lead to increased fluorescence intensity and

improved detection limits. LSPR spectroscopy plays a key role in optimizing the

wavelength and intensity of excitation light to maximize SEF effects.73 For example,

Dr. Knoll’s research group successfully detected E. coli O157:H7 (Figure 1.12).74

They employed a Au surface that had been modified with a mixed thiol self-assembly

monolayer of carboxylic acid terminated thiol and Poly(ethylene) glycol thiol as a
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substrate and measured by using the long-range SEF spectroscopy. They have

achieved a detection limit below 10 CFU/ml, the detection time of 40 minutes, and the

analyte concentration range from 10 to 106 CFU/ml. Overall, their work highlighted

the capabilities of this innovative biosensor, showcasing a 3~4 orders of magnitude

lower detection limit and a higher specificity for the detection of specific strains of E.

coli bacteria, compare with other methods.

Figure 1.12 (a) Optical setup of a LRSP-SFS biosensor, surface architecture, and detection assay.

(b) The angular reflectivity (left axis) and fluorescence (right axis) spectra measured after the

analysis of E. coli O157:H7 at the concentrations between 101and 106 CFU/mL (curves clearly

indicated in the graph).74

LSPR spectroscopy serves as the foundation for surface-enhanced techniques like

SERS, SEF, and MEF. It’s ability to enhance the interaction between matters and light

at the nanoscale has revolutionized analytical chemistry, enabling highly sensitive and

specific detection of molecules and biomolecules. These techniques find applications

in fields such as materials science, biology, and environmental monitoring.

2. Photovoltaic devices

The remarkable light-trapping and electromagnetic field-concentrating

characteristics of surface plasmons have paved the way for diverse applications in the

realm of plasmonic.75 LSPR can occur in meticulously engineered nanostructures and

generate powerful, extremely enhanced electromagnetic fields. Consequently, such
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nanostructures have garnered attention as effective light-trapping elements, which can

be seamlessly integrated into photovoltaic cells to substantially enhance the efficiency

of conventional designs,76 such as organic solar cells,77 silicon solar cells,78

dye-sensitized solar cells (DSSC),79 Perovskite Solar Cells,80 and so on.

Researchers for example Spyropoulos et al. and collaborators have shown that the

addition of surfactant-free Au NPs in the active layer of organic photovoltaic (OPV)

devices can significantly increase the device performance by up to 40%, thanks to the

LSPR and scattering effects, as shown in Figure 1.13. It has been determined that the

spectral range in which there is an increase in photon-to-electron conversion

efficiency (IPCE) aligns with the theoretically predicted extinction spectrums of Au

NPs present in the active medium. The results imply that the LSPR effect is the

primary reason for the efficiency increase.81

Figure 1.13 (a) J-V characteristics of the OPV devices with Au NPs embedded in the

active layer. (b) Corresponding IPCE curves of these OPV devices. (c) Comparison

between the curve of the increase in IPCE after incorporating Au NPs and the

calculated extinction spectrum of the Au NPs.81
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3. Photoelectrochemical water splitting

The integration of plasmonic nanostructures with nanostructured photoactive

semiconductors has proven highly advantageous in the context of

photoelectrochemical water splitting.82-83 Plasmon-enhanced photoelectrochemical

water splitting was first experimentally proposed by Yoko et al. in 1996.84 This

phenomenon arises due to LSPR, which occurs within nanostructures at a specific

wavelength determined by their geometry, metal composition, and surrounding

dielectric environment. Additionally, the LSPR induces several beneficial effects,

such as hot carrier generation and near-field enhancement, which can greatly improve

charge generation and transfer processes during the photoelectrochemical water

splitting reaction. This distinctive behavior is absent in bulk metals and underscores

the advantages of using nanostructured metals. notably, recent theoretical studies have

indicated that plasmons have the potential to surpass the maximum classical

theoretical efficiency for water splitting.85

TiO2 has emerged as a highly appealing semiconductor material for PEC water

splitting over the past few decades. This is primarily resulted from the strong

interaction between the noble metals and TiO2, resulting in a phenomenon known as

LSPR that enhances light absorption properties of the TiO2, extending the range from

the ultraviolet to the visible light region.86-87 Recent studies have demonstrated the

effectiveness of plasmonic metal NPs, such as Au and Ag, in enhancing the PEC

water splitting capabilities of TiO2.

For example, Zhang et al. investigated a TiO2/Au photoanode for PEC water

splitting reaction, as is shown in Figure 1.14. Their results indicated that the LSPR

effect of Au NPs significantly increased the PEC activity of TiO2, especially in the

visible light region.88 The achievement can be attributed to the strategic alignment of

the LSPR wavelength of Au NPs with the photonic band gap of the photonic crystal

layer. This alignment enhances the intensity of the LSPR significantly, leading to a

substantial improvement in PEC performance.
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Figure 1.14 (a) PEC performance of the TiO2 nanotube photonic crystal (TiO2 NTPC) and

Au/TiO2 NTPC under entire solar light irradiation: (a) linear-sweep voltammograms under

chopped illumination, collected with a scan rate of 5 mV/s; (b) photoconversion efficiency as a

function of applied potential.88

Singh et al. reported on a TiO2 photoanode supported by plasmonic Ag NPs, as

shown in Figure 1.15. In this investigation, effective plasmon-induced hot-electron

production and subsequent transfer have been witnessed in a solution processing

system encompassing the real-time development of an Ag-TiO2 thin films. This

innovative approach has been successfully employed to enhance the production of

solar H2. This study revealed that this configuration exhibited a substantially higher

photo response in the visible light spectrum compared to a pristine TiO2 electrode for

PEC water splitting, owing to the LSPR effect of the Ag NPs.89

Figure 1.15 (a) Schematic diagram of the PEC water splitting mechanism by the Ag-TiO2-based
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photoanode due to the LSPR effect of Ag NPs. (b) IPCE data for different photoanodes in the

range of 350 ~ 800 nm under −1.0 V external bias with 1 mol/L KOH electrolyte solution. The

inset shows the magnified IPCE data in the wavelength range of 390 ~ 510 nm.89

1.3 Modal Strong Coupling

Plasmonic photocatalysis has received considerable attention over the past few

decades due to the attractive plasmonic enhancement effects in improving the visible

light absorption. However, the light-harvesting capability of a single layer of metal

NPs remains limited. To enhance the light harvesting efficiency of metal

nanostructures, considerable attention has been directed towards the utilization of

advanced nanofabrication technologies. 90-94 This has led to the exploration of coupled

plasmon systems characterized by tunable spectra and intensified near-fields, aimed at

achieving improved performance. Among these strategies, the utilization of plasmonic

in metal nanostructures be coupled with optical modes, for instance, waveguide and

cavity, 95-99 have demonstrated remarkable effectiveness in achieving efficient light

absorption. Notably, this approach has been recently extended to applications

involving photocurrent generation and water splitting.100-101

The development of a strong coupling system between the LSPR of metal NPs

and an optical cavity has been devised to achieve a highly responsive and adaptable

optical behavior.102-103 These optical nanocavities consist of a thin absorber layer

(approximately several tens of nanometers in thickness) positioned atop a transparent

spacer layer, with a highly reflective layer situated at the rear. When specific

conditions are met, particularly for a specific wavelength, the thicknesses of these

layers can be chosen to achieve optical impedance matching. This leads to complete

elimination of overall reflectance through the destructive interference of partially

reflected waves. With rearward transmission being obstructed, virtually all incident

light is directed into the absorber layer.104-109 Such nanocavities possess the capability

to sustain an antisymmetric FP resonance. This resonance is characterized by being
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spectrally broadband and relatively insensitive to variations in the angle of

incidence.104-105 This strategy shows great potential in integrating plasmonic

nanostructures with FP nanocavities, resulting in plasmonic photocatalysis systems

with substantial and extensive absorption capabilities.102-103

For example, Yinsheng Guo and the coworkers103 experimentally investigated the

sandwich structure, which consist of Au NPs/TiO2/Ag-film, can harvest light across a

broad wavelength range with highly efficient to achieve a signal enhancement of the

limited Raman photons. (Figure 1.14).

Figure 1.14 (a) Schematic of the F-P cavity substrate. The F-P cavity is fabricated by depositing

stacks of thin films on a flat solid support. The bottom mirror is fully reflective, with its thickness

larger than the optical skin depth. The cavity spacer is made of a transparent dielectric material of

predetermined thickness. The top mirror is semitransparent for coupling the cavity mode to the

incidence and scattered light. Sample molecules are deposited onto the top mirror just outside of

the F-P cavity. Raman excitation laser is focused onto the sample surface at an angle θ. Collection

of Raman scattered light is done using the same focusing optics at the identical angle θ. (b)

Experimental observation of the enhanced Raman scattering of BPE. The enhancement factor (EF)

on the F-P cavity substrate was typically ∼12 times larger than on glass, bringing the overall EF

into the 109 regime.

In the previously mentioned Au NPs/TiO2/Ag-film nanostructures, Au NPs are

placed on the surface of the TiO2 film, contributing to a weak interaction between the
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LSPR and cavity mode. To overcome the limitation, our research group exploited an

Au NPs/TiO2/Au-film nanostructure that capitalizes on the modal strong coupling

between LSPR of Au NPs and FP nanocavity within TiO2/Au-film to achieve efficient

broad-spectrum light absorption and enhance the water splitting reaction (Figure

1.15). To reinforce the interaction between the LSPR and FP nanocavity, Au NPs are

partially embedded within an additional thin TiO2 film. This structural design enables

the absorption of over 98% of visible light and significantly improves the IPCE

compared to structures without any strong couplings.

Figure 1.15 (a) Schematic and (b) Photographs of Au NP/TiO2/Au-film (ATA) with partially

inlaid Au NPs.85

The coupled harmonic oscillator model,111-112 usually employed to illustrate the

fundamental principle of strong coupling between a nanocavity modes and an emitter,

could be utilized to compute the energy separation of those plasmon and cavity

systems. When applied to the coupled LSPR-cavity system, the strength of field

coupling in the LSPR is linked to both the dipole moment of LSPR and the cavity

electric field. This system can be represented by the Hamiltonian equation as follows:

��
ℏΩ
2

ℏΩ∗

2 ��
(1.10)

where �� is the resonance energy of the LSPR, and �� is resonance energy of the

the cavity mode. ℏΩ, which determines the energy splitting of an observed resonance,

is a potential describing the strength of the coupling between the two oscillators.
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We excluded the consideration of cross-damping terms, which factor in the

incoherent transfer of energy between the subsystems that are not coupled. The

solution to the equation is as follows:

�� =
��

ℏΩ
2

ℏΩ∗

2 ��

��
��

= �
��
��

(1.11)

The polariton’s eigenstate, which composed of the eigenstates of the LSPR and

the cavity, results in the dispersing of the coupled system:

�±(�) =
�� + ��

2
±
1
2

(�� − ��)2 + |ℏΩ|2 (1.12)

When EC = EP, the coupling system will lead to the mode splitting of ℏΩ, as shown in

Figure 1.16.

Figure 1.16 (a) Energy-level diagram of the strong coupling between the cavity mode in the TiO2

film and the plasmon resonance of the Au NPs. The ��� and ������� are the resonant frequencies

of plasmon and FP nanocavity modes, respectively. (b) A representative absorption spectrum of

the Au -NP/TiO2/Au-film structure with an inlaid depth of 7 nm and its spectral separation by a

Lorentz fitting.

Moreover, the conditions of the strong coupling, as determined by the splitting

energy and the linewidth, can be depicted as follows:

ℏΩ >
���2 + ���2

2
=

������2 + �����2

2
(1.13)

where ℏΩ is the splitting energy. ��� and ��� are the linewidths of the upper and
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lower branches, respectively. ������� and ����� are the linewidths of the nanocavity

and LSPR modes, respectively.85 For example, Figure 1.16b exhibits the absorption

spectrum of the Au NPs/TiO2/Au-film structure with the Au NPs inlaid of 7 nm, the

separation of which is determined by a Lorentz fit. In this context, the values ���

and ��� in Figure 1.16b are calculated to be 0.20 eV and 0.16 eV, respectively.

Consequently, the calculation of ���
2 +���

2

2
yields 0.18 eV, which is found to be

smaller than the splitting energy of 0.22 eV. This result validates that the Au

NPs/TiO2/Au-film structure examined in this study indeed meets the criteria for strong

coupling conditions.85

Hence, to advance the creation of efficient plasmonic photocatalysis systems

integrating nanocavity and LSPR modes for enhanced visible light performance,

Equation 1.6 can be utilized to assess whether the structures satisfy the criteria for

strong coupling.

Recently, there have been significant advancements and breakthroughs in the field

of strong coupling. Researchers have been particularly focused on achieving strong

coupling between optical cavities and emerging materials like semiconductors113-117,

two-dimensional materials118, and quantum dots119. These investigations have led to

exciting applications, such as resonance-enhanced Raman and infrared spectra, the

development of nanolayers, and the enhancement of cavity-based sensing

technologies. Moreover, the field holds great potential for the future development of

quantum information and quantum optical devices, making it an area of intense

interest and exploration.

1.4 Outlook of this Thesis

In this thesis, the monodispersed metal NPs decorated on TiO2/Au-film have been

applied to investigate the effect of the coherent coupling between nanocavity and

LSPR on the near-field distribution. Moreover, the plasmon-nanocavity coupling

structure have been regulated by means of controlling the NPs component, NPs size
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and film thickness, to apply to investigate the effect of LSPR-nanocavity coupling on

the plasmon-induced water oxidation reactions using in situ electrochemical

surface-enhanced Raman scattering (EC-SERS) measurements. Those studies will

provide valuable insights into the exploitation of the plasmon-induced photochemical

reactions with high efficiency, contributing to advancements in renewable energy

technologies.

This doctoral thesis consists of four distinct chapters. In Chapter 1, an overview is

provided, encompassing the fundamentals and practical applications of surface

plasmon resonance, along with an exploration of the associated plasmon-induced

charge separation process. Chapter 2 mainly narrated the investigation of the spatial

coherence effect on the near-field distribution by SERS measurements under the

plasmon-nanocavity coupling condition. The SERS spectra of the crystal violet (CV)

decorated plasmon-nanocavity structure at series of CV concentrations are explored.

And the spatial homogeneity of the near-field intensity is investigated through SERS

mapping. Chapter 3 mainly narrated the study of the impact of LSPR-nanocavity

coupling on the plasmon-induced water oxidation reactions by in situ EC-SERS

measurements. A LSPR-nanocavity coupling structure consist of Au-Ag alloy

NPs/TiO2/Au-film (AATA) was regulated and employed to investigate the

intermediates of plasmon-induced water oxidation. The intensities of the SERS

signals of ν(Au-O) and ν(Au-OH), which represent the reaction intermediate species

of water oxidation, were methodically examined over a wide-ranging electrochemical

potential. Chapter 4 serves as the concluding section of this thesis. It summarizes the

key findings and insights presented throughout the research, discusses their

implications within the broader context of the study, and offers a comprehensive

conclusion based on the outcomes of the investigations conducted.
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Chapter 2 Plasmon-Nanocavity Coherent Coupling

2.1 Introduction

The unique LSPR in metal NPs is the collective oscillation of the conduct band

electrons on the metal NPs surface which makes the electromagnetic field

significantly enhanced, leading to SERS and further surface-enhanced spectroscopic

processes.1-6 Great advances have been made in SERS through the development of

various SERS-active substrates, which involve modifications in both nanoparticle

materials and geometrical parameters with the purpose of improving the

near-fields.7-15 However, developing a chip for SERS measurement that can achieve

significant amplification and homogeneity across larger areas continues to be a

formidable challenge.

Based on to the findings presented in chapter 1.3, a significant interaction occurs

between the FP nanocavity mode and the LSPR of Au NPs, resulting in a pronounced

phenomenon known as strong coupling.16 This unique strong coupling model leads to

a notably enhanced and broadened absorption within the visible light wavelength

range.16-19 Notably, apart from the substantial near-field enhancement, this coupling

between LSPR and FP nanocavity resonance, which can coherently interact and

organize a coherent area in a finite two-dimensional area nearby the Au NP, is

reported to have contributed to spatially homogeneous near-field intensity.20 The

estimated coherence area, equivalent to a 1 μm-diameter area,16 offers exciting

possibilities for achieving high spatial homogeneity in SERS intensity, thereby

advancing practical applications in sensing and analytical technologies. Overall, the

combination of F-P nanocavities and LSPR in the strong coupling structure holds

great promise for achieving highly efficient SERS enhancement and promoting

photochemical reactions, offering exciting possibilities for various applications in

sensing and renewable energy technologies.

In this chapter, the effect of LSPR-nanocavity coupling on the near-field
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distribution was investigated by a measure of SERS. Herein, a novel

plasmon-nanocavity coupling structure, consisting of a monolayer Au NPs, a several

nanometers TiO2 thin film and a Au-film (ATA), was developed to amplify the

intensity of the SERS signals and achieve spatial homogeneity simultaneously.

Crystal violet (CV) dye molecules, which is intensively used as an analyte for Raman

measurements especially the single molecule detection,21-24 adhered on the Au NPs of

ATA structures were used to validate the effectiveness of this approach and certify the

significant intensity enhancement and spatial homogeneity of the SERS signals. Our

findings emphasize the crucial role played by the coherent coupling between the

LSPR and FP nanocavity in determining the near-field distribution of the ATA

structure. Furthermore, understanding the interplay between plasmon-nanocavity

coupling and the spatial distribution of the SERS signals paves the way for designing

and fabricating SERS substrates to investigate the effects of LSPR-nanocavity

coupling on plasmon-induced water oxidation reactions.

2.2 Experimental Section

2.2.1 Fabrication of Au NPs/TiO2/Au-film (ATA) Structures

Figure 2.1 shows the fabrication of the ATA structure, which was carried out on a

silex glass substrate measuring 10×10×1.0 mm3. To prepare the substrate, thorough

cleaning was performed using an ultrasonic bath with acetone, methanol, and

deionized water for 5 minutes each, and then dried with pure nitrogen flow. The next

step involved depositing a Au-film layer (~100 nm) on the silex glass substrate by a

Helicon sputtering system (ULVAC, MPS-4000C1/HC1), in which a 3-nm titanium

adhesion layer was added for better adhesion. Additionally, a titanium layer (3 nm)

was introduced onto the Au-film surface for facilitating the subsequent deposition of

the TiO2 thin film. A 30-nm TiO2 film was then deposited onto the Au-film using the

atomic layer deposition system (ALD) (Picosun, SUNALETM R series) at

temperature of 300°C. The precursors used for the deposition were titanium
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tetrachloride (TiCl4) and water. To complete the ATA structure, a Au thin film, with

the thickness of 3 nm, was evaporated onto the TiO2 film sequentially using an

electron-beam (EB) evaporator (EIKO, EB-580) with the deposition rate of 0.1 Å/s.

Lastly, the samples were then annealed under a N2 atmosphere at temperature of

300°C for 2 hours, resulting in the appearance of Au NPs on the surfaces of the TiO2

film.

Figure 2.1 (a) Schematic fabrication of ATA structure.

2.2.2 Characterizations

The reflectance (R) and transmittance (T) spectra were measured using a photonic

multichannel analyzer (Hamamatsu Photonics, PMA C7473) assembled with an

optical microscope (Olympus, BX-51). To calculate the absorption spectrum as a

function of wavelength, the formula 1-T-R was utilized, in which T demonstrate the

transmittance and R demonstrate the reflectance.

The morphology of the surface was examined using high-resolution scanning

electron microscopy (HITACHI, SU-8230) operating with the electron acceleration

voltage of 10 kV, providing the maximum resolution of 1 nm.

2.2.3 Raman Measurements

For SERS measurements, the Raman microscope system (Renishaw, inVia Reflex)
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equipped with a 50× objective lens (0.75 NA, Leica) was utilized. The wavelength of

the excitation source laser is 532 nm. Raman spectra were acquired with a

wavenumber range between 200-2000 cm-1, of which the resolution is 1.5 cm-1. The

Raman mappings were conducted over the area of 20×20 μm2 with Raman shift of

1617 cm-1. The laser beam’s spots size during mappings was calculated to be about

800 nm. Each mapping comprised a total with 625 measurements, and the exposure

time used for all Raman mapping measurements was 0.5 s.

2.2.4 Simulations

The finite-difference time domain (FDTD) simulations were conducted by

Lumerical, Inc. software to analyze the far-field spectra, near-field spectra, and the

near-field intensity distribution of both the ATA and AT substrates. FDTD simulations

were implemented on an incontiguous and homogeneously spaced mesh of which the

size is 0.1 nm. The specific FDTD simulation models were created to match the

dimensions of the ATA and AT substrates. The optical properties of Au were derived

from Johnson and Christy’s data.25 The average refractive index of the TiO2 was n=2.4,

which served as the dielectric material in this study.26

The finite element method (FEM) simulations were conducted by the COMSOL

Multiphysics software package to analyze near-field enhancement and deviation. The

models of Au NPs in the simulations were partially truncated spheres with the radii of

10 and 15 nm, arranged on the surface of TiO2 substrate and a nanocavity comprising

a TiO2 film with thickness of 30 nm on top of the Au-film. The gap distances between

two Au NPs were varied from 2.5 to 30 nm. The simulations were conducted in air

with periodic boundary conditions. The mesh size was 0.2 nm. The average refractive

index of the TiO2 was n=2.4, which served as the dielectric material in this study. 26

The enhancement and deviation of the near-field distribution were recorded under a

excitation wavelength of 532 nm, which corresponds to the wavelength used for the

Raman measurements. To capture the near-field characteristics, a circular ring-shaped

near-field monitor, which the diameter is 2 nm larger than the cross-section of the Au
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NPs at that plane, was positioned at the interface plane of Au NPs/TiO2.

2.3 Results and Discussions

2.3.1 Structural Optimizations and Characterizations of ATA

1. Size distribution of the Au NPs

Figure 2.2 (a) Schematic of the ATA structure. (b) cross-section view STEM image of ATA

structure, which consist of Au NPs, TiO2 film (~30 nm) and Au-film. (c) SEM image of Au NPs

on the ATA substrate. (d) Particle size distribution histogram and Gaussian fitting of Au NPs from

the SEM image.

Figure 2.2a illustrates our SERS substrates, which consist of a single-layer Au

NPs fabricated on the TiO2/Au-film with a nanocavity made. The several tens of

nanometers-thick TiO2 film enables the formation of a cavity mode, with the

lowest-order, in visible range of light. This phenomenon was attributed to the phase

change of reflected light at the boundary surface of the TiO2/Au-film and the high

refractive index of TiO2 (~2.4 at 600 nm).22 Figure 2.2b,c presented the cross-section
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and top view images of ATA substrate, depicting the surface morphology of the Au

NPs and the structure of the ATA. The size distribution histogram of the Au NPs,

obtained from the SEM image and its Gaussian fit, are displayed in Figure 2.2d. The

average size of the Au NPs is 16.0 ± 5.4 nm, and the surface coverage is

approximately 31.3%, calculated by dividing the covered area of Au NPs by the entire

substrate area.

2. Optimization of the TiO2 thickness

Figure 2.3 FDTD simulation of the electromagnetic near-field of TiO2/Au-film. (a)-(e)

Cross-sectional near-field distributions of TiO2/Au-film structures at wavelength of 585 nm with

TiO2 thickness of 21, 25, 30, 34 and 40 nm, respectively. (f) Electromagnetic near-field spectra at

the surface of TiO2 with various thickness. The LSPR of Au NPs was marked by the green dash

line. (g) Near-field intensity at the LSPR wavelength of 585 nm as a function of TiO2 thickness.

To achieve an optimal coupling between nanocavity resonance and LSPR, it is

essential to ensure that their resonance wavelengths are closely matched. we

conducted FDTD simulations to calculate the electromagnetic near-field of

TiO2/Au-film. The cross-section view of the electromagnetic near-field distribution at

the LSPR wavelength of 585 nm with various TiO2 thicknesses is presented in Figure

2.3a-e. Remarkably, a enhanced near-field at the TiO2 surface was observed for the

30-nm TiO2 thickness. Further analysis of the near-field spectra at TiO2 surface with
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different thicknesses (Figure 2.3f) and the plot of near-field intensity at LSPR

wavelength as a function of TiO2 thickness (Figure 2.3g) revealed that the

TiO2/Au-film nanocavity substrate with 30 nm TiO2 exhibits the highest near-field

intensity at LSPR wavelength. For this reason, we focused on the ATA with 30 nm

TiO2 for our study.

Figure 2.4Absorption spectra of ATA and AT structures calculated by 1-T-R. R and T represent the

reflectance and transmittance, respectively.

The AT substrates without FP nanocavities were also fabricated in this work for

investigating the impact of the nanocavity mode on light absorption. Figure 2.4

displays the absorption spectra of both ATA and AT substrates. The absorption spectra

were calculated using 1-T-R, in which R and T represent the reflectance and

transmittance, respectively. On the AT substrates without cavities, a distinct plasmonic

band of Au NPs appears at around 585 nm with an absorption of approximately 0.2. In

contrast, the ATA sample exhibits a significant enhancement in absorption, nearly

reaching 1.0, and a broadened absorption band width. This remarkable increase in

absorption efficiency close to the plasmon resonance is because of the coupling

between the LSPR of Au NPs and the nanocavity resonance of the TiO2/Au-film,

demonstrating the beneficial effect of the nanocavity structure.

3. Effects of inlaying Au NPs
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Figure 2.5 (a, b) Absorption spectra, calculated by 1-T-R, of ATA (a) and AT (b) structures with

the inlaid thickness from 0 to 11 nm. (c) SERS spectra of ATA structures with the inlaid thickness

from 0 to 11 nm. (d) Raman peak intensity as a function of inlaid depth calculated from the Raman

spectra in (c).

In the previous study, we successfully demonstrated a strong coupling between the

LSPR of Au NPs and the nanocavity resonance by employing the ATA structure,

which the Au NPs was partially inlaid in the TiO2, resulting in the generation of

hybrid states.17-19 To investigate the impact of partially inlaid Au NPs on the coupling

condition and near-field distribution, absorption spectra and SERS spectra of ATA

structures with varying inlaid depths were measured and subsequently illustrated in

Figure 2.5. Figure 2.5a and b depict a notable trend where the LSPR bands show a

progressive red shift and the absorption divide into two distinct peaks as inlaid depth

of Au NPs increases. Intriguingly, as partial inlaid depth of Au NPs is heightened, the

bandwidth of the absorption spectra of ATA experiences augmentation. Notably, the

absorption spectra with distinct dual-band distinctly appear when the inlaid depth
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surpasses 7 nm. Furthermore, a noteworthy observation is made for the ATA

configuration featuring 7 nm inlaid Au NPs, where over 99% of incident light is

effectively absorbed within the visible light spectrum.

However, the SERS intensity, which can be seen from Figure 2.5c and d, exhibits

an attenuation trend as the inlaid depth increases. When utilizing the partially inlaid

Au NPs, the near field is primarily confined to the surface boundary between

nanocavity of the TiO2 and the Au NPs, resulting in limited presence in the contact

surface between the Au NPs and TiO2. Consequently, when dye molecules are

adsorbed on such partially inlaid Au NPs, they cannot enjoy an enhanced near field.

This phenomenon was also confirmed by FDTD simulation, as shown in Figure 2.6.

Figure 2.6 (a) Integrated near-field enhancement of ATA and ATA with 7-nm inlaid Au NPs

substrates calculated by FDTD simulation. Near-field monitors were set at the interface between

air and the TiO2 film (TiO2-inlaid film, if present). The wavelength of the excitation laser and

Raman scattering wavelength region are indicated by the blue vertical line and green shaded area,

respectively. (b-e) show the cross-sectional near-field distributions of ATA and ATAwith inlaid Au

NPs substrates at wavelengths of 532 nm and 600 nm.

Hence, in this research we introduced the ATA structure without partially inlaid Au
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NPs for our coupling-enhanced SERS measurements.

4. Coupling condition between the LSPR and nanocavity resonance

Figure 2.7 Absorption spectra calculated by -log(T+R) of the ATA structure decorated by CV (10-6

mol/L) with various TiO2 film thicknesses.

In our investigation, we conducted absorption spectrum measurements of ATA

decorated with CV under plasmon-nanocavity coupling conditions with varying TiO2

thicknesses, as depicted in Figure 2.7. The obtained absorption spectra exhibited two

distinct bands at wavelengths shorter than 700 nm. However, for the thin TiO2 film

with a thickness under 23 nm, the two absorption peaks were not attributed to the

model weak or strong coupling between the nanocavity and LSPR. The absorption

band below 550 nm could be put down to the cavity-enhanced interband transition of

Au, as reported by our previous study.16

According to Figure 2.7, we did not observe any anti-crossing behavior in the

absorption spectra. Although peak-fitting method could separate the spectra into two

absorption peaks, these separated peaks did not meet the strong coupling criterion as

shown in equation 1.13.16

These results suggest that the model coupling of the cavity and LSPR in this study

is not in strong coupling regime. Despite exhibiting relatively weak coupling with a

small coupling strength, as illustrated in Figure 2.7, we can still anticipate coherent



47

coupling between the FP nanocavity and LSPR due to the presence of the same phase

on the cavity.

2.3.2 SERS Enhancement Effect

Figure 2.8 Raman spectra of CV (10-4 mol/L) at a laser power of 30 µW obtained from the ATA

substrate (red line) and AT substrate (blue line).

The SERS performance of the substrates was evaluated using CV molecules,

which are known for low fluorescence quantum yield and distinct Raman bands.

Figure 2.8 illustrates the Raman spectra of CV molecules on ATA and AT substrates

(without Au-film). Control samples, including TiO2/Au-film without Au NPs and TiO2

film substrates, were also assessed (data not shown). To load CV molecules, we

immersed the samples in the CV molecules solution with the concentration of 10-4

mol/L, then subsequently dried them using an air flow. Without Au NPs, the SERS

signals were barely detectable due to the diminutive Raman scattering cross-section of

the substrate. In contrast, the SERS spectra of CV on AT substrate displayed distinct

Raman peaks, consistent with previous reports.21,27-28 The Raman bands assignments

of CV can be found in Table 2.1. Notably, the SERS spectrum on the ATA substrate

exhibited an 11-fold enhancement in peak intensity compared to that on the AT

substrate, showcasing a significant SERS enhancement effect arising from the weak

coupling between the LSPR of Au NPs and the nanocavity resonance.
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2.3.3 Excitation Intensity Dependence

Figure 2.9 (a, b) SERS spectra of CV (10-4 mol/L) on ATA (a) and AT (b) substrates under series

of excitation power. The results represent the average of 5 measurements, and the signals are

normalized by the laser power and acquisition time. (c, d) Characteristic Raman signal intensity on

ATA (c) and AT (d) structures plotted as a function of laser power, calculated from (a) and (b),

respectively.

Figure 2.9 shows the excitation power-dependent SERS spectra of ATA and AT

substrates decorated with 10-4 mol/L CV solution. The excitation power was adjusted

from 50 μW to 0.25 μW by an optical attenuator. Low laser power was used in this

experiment to avoid heating in the nanostructure. To show the relationship between

the SERS and the laser power, the SERS intensities of several Raman peaks were

plotted as a function of the excitation power, as shown in the Figure 2.9c and d. The
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SERS intensity increased linearly with increasing the excitation laser power, which

indicates it possible to carry out quantitative analysis.

2.3.4 Concentration Dependence and Limit of Determination

Figure 2.10 (a, b) SERS spectra of CV with different concentrations on ATA (a) and AT (b)

substrates, measured under an excitation laser power of 30 μW. The results represent the average

of 5 measurements, and the signals are normalized by the laser power and acquisition time. (c, d)

Characteristic Raman signal intensity on ATA (c) and AT (d) structures plotted as a function of CV

concentration, calculated from (a) and (b), respectively.

To investigate the limit of the determination on the ATA structure, SERS

measurements of CV on ATA substrates with different concentrations were performed.
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The CV molecules were decorated on ATA structures surface using a series of

concentrations of CV solutions. The detection limit was defined as the concentration

of the CV solution used in preparing the CV-decorated ATA and AT, since the amount

of CV molecules adsorbed on Au NPs are difficult to be precisely determined. Figure

2.10a shows the SERS spectra of CV adsorbed on the ATA surface with a series of

concentrations. Distinct characteristic peaks of CV were detected even at 10-7 mol/L,

which is one order of magnitude lower compared with that of AT without cavities,

where the distinct peaks were measured as 10-6 mol/L (Figure 2.10c). This indicates

that the ATA substrate exhibits superior sensitivity and lower detection limits for

SERS measurements compared to AT without cavities.

By calculating the limit of determination (LOD) using the signal-to-noise ratio

(S/N) method, we confirmed that the S/N of the Raman signals of CV molecules at a

concentration of 10-7 mol/L is 8.8, which is more than two times higher larger the

standard S/N of 3. Furthermore, from the linear plot of the Raman signals as a

function of the logarithm of CV concentration as shown in Figure 2.10b, it can be

estimated that the LOD of CV on the ATA is 4×10-8 mol/L. The remarkably low

detection limit on ATA structure could be attributed to the highly enhanced near-field

intensity under the coupling between the LSPR and nanocavity on the ATA. The

modal coupling condition between the nanocavity and LSPR in ATA contributes to the

enhanced sensitivity and superior performance for SERS measurements, allowing for

the extremely low concentration detections of CV.

When Au NPs with plasmon resonance frequency matching with that of the FP

nanocavity are placed in the TiO2/Au-film, a coupling effect occurs between the FP

nanocavity and LSPR, leading to increased absorption intensity and broaden

absorption band in the visible range wavelength. Additionally, this coupling results in

high near-field enhancement, which is beneficial for SERS measurements.
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Figure 2.11 Raman spectra of CV on the ATA structure with laser spot sizes of (a) 0.9 μm and (b)

10 mm. The laser power is 120 μW. The CV concentration is 10-8 mol/L.

Lowering the CV molecules concentration to 10−8 mol/L results in a reduction of

the SERS intensity, which because there are very few CV molecules present in the

measuring area. To prove this, we performed the SERS measurements using an

increased laser spot size and raised power or the excitation laser. The Raman signals

corresponding to the CV bands could still be recognized, as shown in Figure 2.11b.

This suggests that even at very low concentrations, the SERS effect is still detectable

under optimized experimental conditions.

Figure 2.12 Absorption spectra of ATA (a) and AT (b) structures decorated by CV with

concentrations from 0 to 10-2 mol/L.

To investigate the impact of CV concentration on the Raman signal, the ATA and

AT samples were decorated using CV solutions with concentrations ranging from 10-8
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to 10-2 mol/L. The absorption spectra of CV-decorated ATA and AT are shown in

Figure 2.12. From the plasmon band of the Au NPs shown in the Figure 2.12b, a

significant red shift from ~610 to ~700 nm can be observed as the CV concentration

increases from 10-8 to 10-2 mol/L. This significant band redshift of the absorption

spectra could be due to the charge transfer effect occured between CV molecules and

Au NPs.

Figure 2.13 Absorbance (a) and normalized absorbance spectra (b) of CV solution with a series of

concentrations from 10-8 to 10-5 mol/L.

The absorbance spectra of CV solution with different concentration are presented

in Figure 2.13. From the normalized absorbance, we confirmed the absence of any

aggregation of CV molecules in the solution, even at the highest concentration in this

experiment, due to their almost identical absorption bands. In addition, the absorption

band of CV molecules at 590 nm is far from the absorption enhancement region.

In Figure 2.10b and d, the SERS intensities at Raman shift of 1617 and 1371

cm-1 on ATA and AT structures, respectively, are shown as a function of the CV

concentration, with the concentration axis expressed as a logarithmic scale. The

Raman signals exhibit a logarithmic increase as the CV concentration is increased, in

line with findings in existing reports.30-31 According to this relationship between the

SERS intensity and the concentration of adsorbed CV molecules, the quantitative

detection can be facilitated.
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Figure 2.14 Normalized peak intensity as a function of CV concentration. All selected Raman

peak intensities were normalized to the peak intensity at 1617 cm-1.

Notably, despite the increasing Raman intensity with higher CV concentrations,

the ratio of the Raman signals at every CV concentration remains nearly constant

(Figure 2.14). This observation suggests that the charge transfer at the interface

between the molecule and metal has minimal impact on the SERS spectrum.

2.3.5 Spatial Homogeneity Effect

Under the modal coupling condition, the LSPR of multiple Au NPs which are

located in the coherence area oscillate coherently, leading to a spatial-distribution

smoothing of the near-field intensity over each Au NP. Consequently, the intensity of

the SERS signal of CV on the Au NPs is expected to exhibit spatial homogeneity. In

contrast, in the absence of modal coupling, the LSPR of every individual Au NP is

incoherent, resulting in non-smoothed near-field intensities and spatial inhomogeneity

of the SERS signal intensity of CV on the Au NPs.

In our previous study, we determined the dephasing time of the LSPR on ATA to

be approximately 4.5 fs using time-resolved photoemission electron microscopy

(TR-PEEM) measurements.22 Based on this value, we calculated the coherence area to

be approximately 1 μm in diameter. While the coherence area and coherence length

are not directly correlated, we anticipate that the coherence area would not greatly

deviate from our calculation.
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Figure 2.15 Raman intensity mapping images of ATA structures with varying Au-film thicknesses:

(a) 0 nm, (b) 20 nm, (c) 30 nm, (d) 50 nm, and (e) 100 nm, with a wavenumber of 1617 cm-1. The

CV solution concentration used here is 10-6 mol/L. The Raman signal intensity mean value and

relative standard deviation (RSD) are indicated on the images, showing the spatial distribution of

the SERS signal. (f) The mean (represented by black squares) and RSD (indicated by red triangles)

of the Raman intensity plotted against the thickness of the Au-film, obtained from the Raman

mappings shown in (a-e). The error bars on the graph represent the uncertainty in the

measurements.

For validating our prospection, we performed Raman mapping on both ATA and

AT over a 20×20 μm2 area, as shown in Figure 2.15e and a, respectively. The

substrates are decorated with CV molecules by the solution concentration of 10-6

mol/L. To obtain the relative standard deviation (RSD), which we used to assess the

spatial homogeneity, the standard deviation value was divided by the mean value

obtained from the Raman mapping images. The mean value and RSD are indicated in

the figures.

The Raman mapping mean intensity value on ATA is approximately 10 times

higher compared with that on AT under the same laser intensity irradiation, which is

comply with the results shown in Figure 2.8. Furthermore, the RSD of Raman



56

mapping on ATA is only 6.8%, significantly smaller than that on AT, which is 17.6%.

Figure 2.16 RSD as a function of the Raman intensity. The excitation laser intensities range from

4.5 μW to 30 μW on ATA and 0.1 mW to 4.0 mW on AT structures.

To account for detect noise and any other detect errors, the RSD values of ATA

and AT with same SERS intensities was compared. Figure 2.16 shows the RSD as a

function of Raman intensity. The result demonstrates that the RSD of ATA is about 10

~ 20% smaller than that of AT. These findings show that SERS signals measured on

ATA exhibit higher spatial homogeneity compared with that detected on AT.

To gain further insight into the homogeneous Raman intensity on the ATA

structure, we manipulated the optical quality of the FP nanocavity by varying the

thickness of the Au-film (ranging from 0 to 100 nm) to study the effect on spatial

homogeneity of the cavity. The Raman mapping on a 20×20 μm2 area was conducted

on ATA structure with different Au-film thicknesses (0, 20, 30, 50, and 100 nm), as

shown in Figure 2.15a-e. The mean and RSD values of the Raman intensities for each

case in the three different experiments are plotted in Figure 2.15f, along with the

corresponding error bars. The mean value of Raman intensity increases rapidly with

the thickness of the Au-film and saturates when the Au-films is thicker. In contrast,

the RSD exhibits a sharp decline from 17.6% to 6.8% as the thickness of the Au-film

increases from 0 to 100 nm. This finding shows that the intensity at each point on the

ATA with a thicker Au-film thickness exhibits excellent homogeneity. The controlled

variation in Au-film thickness provides evidence that the optical quality of the FP
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nanocavity plays a crucial role in achieving spatial homogeneity in the Raman

intensity on ATA.

As discussed earlier, when the LSPR of Au NPs is in resonance with the FP

nanocavity, they undergo coherent coupling and form a coherence area surrounding

the Au NPs. This coherent coupling leads to a smoothing effect on the near-field

intensity distribution on each Au NP in the coherence area. As the thickness of the

Au-film in ATA increases, the coherent coupling between the FP nanocavity and

LSPR is enhanced, resulting in a larger coherence area around each Au NP.

Consequently, the near-field smoothing effect caused by the plasmon-nanocavity

coupling is further promoted on ATAwith a thicker Au-film, leading to the generation

of spatially homogeneous Raman mapping. The improved optical quality of the

nanocavity plays a pivotal role in achieving this enhanced spatial homogeneity.

2.3.6 Effect on the Near-Field Distribution

1. FDTD simulation

To gain insights into the remarkable SERS enhancement, we conducted near-field

distribution calculations around individual Au NPs on both ATA and AT substrates

under 532 nm light excitation using the FDTD method. It should be noted that the

simulated structures in this study represent a single Au NP.
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Figure 2.17 (a) Integrated near- field enhancement on ATA and AT structures calculated by

integration of the 1.0 nm region at the surface of the substrates, which is obtained by FDTD

simulation. (b, c) The cross-sectional near-field distribution on ATA and AT structures,

respectively.

As shown in Figure 2.17, the near-field spectra of ATA exhibited an

approximately 7-fold higher intensity compared to that of AT at a wavelength of 532

nm. The cross-section near-field distribution on ATA (Figure 2.17b) clearly showed

much stronger near-field intensity compared to that of AT (Figure 2.17c). Particularly,

the maximum near-field, known as “hot spots”, appeared at the boundary corner

between the Au NP and TiO2 in the ATA structure. These results indicate that the ATA

substrate exhibits significantly enhanced near-field intensity, especially at the “hot

spots”, which is likely responsible for the observed remarkable SERS enhancement.

2. FEM simulation

The electromagnetic field simulation based on the FEM using the COMSOL

Multiphysics software package further supports the smoothing effect of the near-field

intensity of each Au NP in the coherence area.
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Figure 2.18 FEM simulation models of AT and ATA. (a) Top view schematic; (b) and (c)

cross-section views of AT and ATA structures, respectively. The radius (R) of the Au NPs was set

as 10 and 15 nm, R10 and R15 represent radii of 10 and 15 nm, respectively, and the gap (G) ranged

from 2.5 to 30 nm.

The simulation models of ATA and AT were shown in Figure 2.18, the Au NPs

were modeled as partially truncated spheres with specific radii and positioned on a

TiO2 substrate and a nanocavity to mimic the coherent coupling effect on the

homogeneity of the near-field distribution. The gap distance between the two Au NPs

was varied to explore different coupling scenarios.
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Figure 2.19 (a) Near-field enhancement ratio between AT and ATA, which was calculated by

dividing the near-field intensity of Au NPs on ATA by that on AT. The black and red plots

represent Au NPs with radii of 15 and 10 nm, respectively. (b) Near-field deviation of Au NPs

with radii of 15 and 10 nm on AT and ATA substrates. The near-field deviation of Au NPs was

calculated by dividing the deviation of their individual near-field intensity by the mean value of

their near-field intensity.

The simulation results in Figure 2.19a demonstrate that the near-field intensity on

ATA is increased by approximately 7 times compared to that on AT, which is

consistent with the experimental observations shown in Figure 2.17. More

importantly, the near-field deviation on ATA is smaller than that on AT, as illustrated

in Figure 2.19b, providing further evidence that ATA exhibits a smaller deviation in

the Raman intensity, as shown in Figure 2.15f and Figure 2.16. These simulation

findings reinforce the idea that the plasmon-nanocavity coupling in ATA promotes a

more spatially homogeneous near-field intensity distribution, resulting in the

enhanced spatial homogeneity observed in the Raman measurements.

Indeed, the near-field deviations of the two Au NPs on both AT and ATA increase

as the gap between them increases, and this deviation tends to become saturated after

reaching a certain gap distance. In the case of AT, when the gap becomes large, the

two Au NPs behave as individual particles with negligible interaction, resulting in a

relatively large near-field deviation. On the other hand, as discussed earlier, the

coherent coupling between the LSPR of the Au NPs and the cavity on the ATA

structure smoothens the near-field intensity deviation on each Au NP, leading to a

relatively small near-field deviation even at smaller gap distances.

As the gap distance between the Au NPs decreases, the near-field interaction

between them becomes stronger, leading to a decrease in the difference in near-field

intensity between the two Au NPs. This stronger interaction further contributes to the

homogenization of the near-field distribution on each Au NP within the coherence

area. Consequently, the plasmon-nanocavity coupling in ATA not only enhances the

overall near-field intensity but also promotes the spatial homogeneity of the near-field
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intensity distribution, making ATA a promising substrate for achieving highly

reproducible and spatially homogeneous SERS measurements.

2.4 Conclusions

In conclusion, the optimized SERS substrate, consist of a monolayer of Au NPs on

a nanocavity formed in TiO2/Au-film, demonstrates significant enhancements in the

SERS signal of CV in comparison to Au NPs/TiO2 structures without any cavities.

This enhancement is achieved through the coupling between the LSPR in AuNPs and

the FP nanocavity resonance in TiO2/Au-film. The SERS signal of CV shows a linear

increase with the excitation power as well as the logarithm of CV concentration

within a certain range, indicating it eligible for quantitative detection.

The coupling between LSPR and FP nanocavity resonance leads to significant

near-field enhancement and spatial homogeneity of the near-field distribution. The

coherent coupling between the LSPR of each Au NP and the FP nanocavity results in

smoothed near-field distributions on each Au NP within the coherence area. This

spatial homogeneity is visually confirmed through SERS mapping, which

demonstrates consistent enhancement over the entire surface of the ATA substrate.

Furthermore, simulations provide evidence of the reduction in near-field deviation

under plasmon-nanocavity coherent coupling conditions.

Overall, the plasmon-nanocavity coupling ATA structure holds great promise as a

sensitive, reproducible, and spatially homogeneous SERS substrate for detecting a

wide range of chemicals and biomolecules, which makes it qualified for use in the

study the plasmon-nanocavity coupling effects on the plasmon-induced water

oxidation reactions.
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Chapter 3 Effect of Plasmon-Nanocavity Coherent Coupling

on Plasmon-Induced Water Oxidation

3.1 Introduction

Metal NP-supported semiconductors have been attracting a lot of attention due to

the outstanding potential to improve the efficiency of photochemical water splitting

under visible light irradiation based on the LSPR of metal NPs.1-6 In chapter 2, an

optimized ATA structure has been developed and shown to be a sensitive, reproducible,

and spatially homogeneous SERS substrate. It has been reported by previous studies

that the ATA structure, which demonstrates significant modal strong coupling between

the LSPR of Au NPs and the FP nanocavities present in TiO2/Au-film, has been

successfully utilized for water splitting applications.7-9 Additional research findings

also indicate that the enhancement of hot-electron generation efficiency can be

attributed to the quantum coherence observed between the LSPR and the nanocavity.10

Therefore, understanding the generation and transformation of the electron-hole pairs

is vital for comprehending the whole photochemical reaction processes. To

systematically delve into the mechanisms behind the plasmon-induced water

oxidation observed under strong coupling conditions, this chapter employed in situ

electrochemical surface-enhanced Raman spectroscopy (EC-SERS) to investigate the

intermediates of the plasmon-induced water oxidation.

EC-SERS stands as a powerful and innovative technique, enabling real-time

observations of electrochemical reaction intermediates at the electrode surface. 11-14

The application of EC-SERS has been pivotal in providing valuable insights into the

intricate photochemical processes. Recent research endeavors have centered on the

study of intermediates involved in plasmon-induced water oxidation on Au-NDs/TiO2

photoanodes, with particular emphasis on the influential role of the AuOOH

intermediate.15 This highly oxidized species plays a crucial role in the oxygen

evolution reaction, making it essential to comprehend its formation and behavior for
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the optimization of photoelectrochemical applications, especially in water oxidation

processes.16-17

In this chapter, an optimized plasmon-nanocavity coupling structure, which

consist of Au-Ag alloy NPs/TiO2/Au-film (AATA), was used as the photoanode to

investigate the intermediates involved in the water oxidation reaction by EC-SERS

measurements. The main objective was to investigate the enhancement mechanism of

the water oxidation under the fascinating strong coupling conditions provided by the

AATA structure. Notably, the AATA photoanode possesses a resonance band that

closely aligns with the wavelength of the Raman excitation laser, enabling efficient

SERS signal enhancement. Additionally, the AATA structure exhibits ultrastrong

coupling properties, attributed to the high oscillator strength of the Au-Ag alloy NPs

present in the system.18 The Au-Ag alloy NPs/TiO2 (AAT) photoanode without

Au-film was also fabricated to compare with the AATA photoanode. The EC-SERS

spectra of water oxidation intermediates under various electrochemical potentials

were observed. Furthermore, the onset electrochemical potentials of the EC-SERS

signals corresponding to these intermediates was estimated. Additionally, a

speculation regarding the potential enhancement mechanism of the water oxidation

reaction in the AATA structure in strong coupling condition due to quantum coherence

effects was raised. The interaction between the LSPR of the Au-Ag alloy NPs and the

FP nanocavities in the TiO2/Au-film could foster quantum coherence effects,

ultimately impacting the water oxidation efficiency.

3.2 Experimental Section

3.2.1 Fabrication of Au-Ag alloy NPs/TiO2/Au-film (AATA)

Structure

As depicted in Figure 3.1, the fabrication process of the AATA structure involved

the use of a silica glass substrate (SiO2, 10 × 10 × 1 mm3). To ensure a clean surface,

the silica substrates were sequentially cleaned with acetone, methanol, and deionized
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water in an ultrasonic bath for 5 minutes and then dried using pure N2 flow. A layered

structure, which consist of a 2-nm thick layer of titanium (Ti), a 100-nm thick layer of

Au, and another 2-nm thick layer of Ti, was formed on the cleaned silica glass

substrate using a Helicon sputtering system (ULVAC, MPS-4000C1/HC1). The

resulting sequence of layers was Ti/Au/Ti on the silica glass substrate. Subsequently, a

180-nm thick film of TiO2 was deposited using an atomic layer deposition system

(Picosun, SUNALETM R series). For this step, TiCl4 and H2O were used as the

precursors, and the deposition process was carried out at a temperature of 300 °C. To

complete the AATA structure, a multilayer of metals consisting of Au and Ag films

was sequentially evaporated onto the TiO2 film using a vacuum evaporator with a

deposition rate of 0.1 Å/s. The specific order of the layers in the multilayer was as

follows: 1.8 nm Ag, 5.3 nm Au, 1.7 nm Ag, and 5.2 nm Au. Subsequently, the

fabricated samples underwent annealing at 400 °C in a nitrogen (N2) atmosphere for

24 hours, resulting in the formation of Au-Ag alloy NPs on the surface of the TiO2

film. This annealing process was crucial for the appearance of the Au-Ag alloy NPs.

For the control group, a different structure known as the Au-Ag alloy NPs/TiO2

structure (AAT) was fabricated. In this case, the process was similar, except that a

layer of Au film was not included. Additionally, a high-durability transparent

conductive film glass (TCO glass, 10 × 10 × 1.1 mm3, GEOMATEC CO., LTD.) was

used as the substrate instead of silica glass. The cleaning process and fabrication

conditions of the TiO2 film (180 nm) and Au-Ag alloy NPs were the same as those

described above for the AATA structure.
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Figure 3.1 Schematic preparation of Au-Ag alloy NPs/TiO2/Au-film (AATA) structure.

3.2.2 Characterizations

Transmittance (T) and reflectance (R) spectra were obtained using a photonic

multichannel analyzer system (Hamamatsu Photonics, PMA C7473) coupled with an

optical microscope (Olympus, BX-51). Absorption was calculated as 1-T-R.

Surface morphology was observed using field-emission scanning electron

microscopy (JSM-6700FT (JEOL)) at an electron accelerating voltage of 15 kV,

resulting in a maximum resolution of 1 nm.

3.2.3 Photoelectrochemical Measurements

Photoelectrochemical measurements were carried out using a three-electrode

system on an electrochemical analyzer station (CHI660E), as shown in Figure 3.2.

The obtained structure AATA and AAT are served as the working electrode (WE). As

for the counter electrode (CE) and reference electrode (RE), a platinum wire and

Ag/AgCl electrode were employed, respectively.



69

Figure 3.2 Schematic preparation of photoelectrochemical measurement system.

The WE used in the experiments was the AATA or AAT structure with an

indium-gallium alloy (4:1 weight ratio) coated onto the backside equipped in a

home-made Teflon holder (Figure 3.3). The supporting electrolyte used was a 0.1

mol/L NaF solution with a pH of 7. To eliminate dissolved oxygen, the NaF solution

was bubbled with nitrogen gas for 1 hour before and during the measurements. For

illumination, an 800 W xenon lamp served as the light source. Prior to conducting the

photoelectrochemical and EC-SERS measurements, the AATA and AAT electrodes

underwent a pretreatment step. They were irradiated with 620 nm light while applying

a potential of 0.5 V (vs. Ag/AgCl) for 2 hours, promoting an anodic oxidation reaction

to remove Ag and Ag oxide from the surface of the Au-Ag alloy NPs, as previously

reported.

For the calculation of the incident photon-to-electron conversion efficiency

(IPCE), a bias with +0.3 V vs. SCE was applied to measure i-t cures to calculate the

photocurrent. Then, the IPCE is obtained by applying the following equation:

���� � =
1240 × � (�/��2)

�(��) × � (�/��2)
(3.1)

where I is the photocurrent density under the irradiation of monochromatic light, λ

is the wavelength of the monochromatic incident light, and P is the light intensity.
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Figure 3.3 Schematic illustration of working electrode cell.

3.2.4 Electrochemical Surface-Enhanced Raman Spectroscopy

(EC-SERS) Measurements

In situ EC-SERS measurements were conducted by a Raman microscope system

(Renishaw, inVia Reflex) equipped with a 63× water immersion objective lens (HC

APO L 63×/0.90 W U-V-I, Leica). A 785 nm laser served as the excitation source.

Raman spectra were collected in the wavenumber range of 200−2000 cm-1 with a

resolution of 1.5 cm-1. Throughout this study, all SERS spectra were obtained with an

acquisition time of 30 seconds and an accumulation of five. The electrochemical

measurements were performed using a home-made three-electrode system, as shown

in Figure 3.4. The AATA or AAT structure was employed as the WE, while platinum

wires were used as the RE and CE. The electrolyte used in the experiments was a 0.1

mol/L NaF solution. The electrochemical experiments were controlled using an

electrochemical analyzer station (CHI660E). During the EC-SERS measurements, the

applied potential was varied from negative to positive in a regular sequence. To

explore the isotopic effect, deuterium oxide (D2O, 99.9 atom % D, Sigma‒Aldrich)

and water-18O (H218O, 97 atom % 18O, Sigma‒Aldrich) were used in separate
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experiments.

Figure 3.4 Schematic illustration of the home-made three-electrode system cell used for

EC-SERS measurement.

3.2.5 Simulations

Finite-difference time domain (FDTD) simulations were conducted using

Lumerical, Inc. software to analyze the far-field and near-field spectra and the

near-field intensity distribution of both the AATA and AAT substrates. FDTD

simulations were performed on a discrete and homogeneously spaced mesh with a

size of 0.1 nm. The Specific FDTD simulation models were created to match the

dimensions of the ATA and AT substrates. The optical properties of Au and Ag were

derived from Johnson and Christy’s data.19 TiO2 was considered a dielectric material

with an average refractive index of n=2.4.20

3.3 Structural Optimization of AATAStructure

In chapter 2, we successfully developed a highly sensitive and spatially

homogeneous SERS detection structure named ATA, comprising a 100-nm Au film, a
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30 nm TiO2 thin film, and small-sized Au NPs. This ATA structure without inlaid layer

exhibited relatively weak coupling and the peak absorption in the wavelength range of

550 to 650 nm (as shown in Figure 2.4). In this chapter, the water oxidation

intermediates under strong coupling conditions were invested. First of all, the

resonance band should be modulated to match the Raman excitation wavelength. Here

we conducted the EC-SERS measurements using 785 nm excitation, because that the

Au will experience d-band excitation under 532 nm laser excitation, which is

unsuitable for detecting plasmon-induced water oxidation. Additionally, it is of great

importance to a high visible-range wavelength absorption and near-field enhancement

that the coupling condition between the LSPR in the metal NPs and the FP nanocavity

resonance is sufficiently strong. To optimize the coupling strength and the peak

absorption wavelength of the structure used for investing water oxidation

intermediates under strong coupling conditions, the wavelengths of the LSPR and the

FP nanocavity should be manipulated to be close to each other and around 785 nm.

The wavelength of plasmon resonance which is due to the collective oscillations of

the electrons at the surface of the NPs, strongly depends on the size and shape of the

NPs, the interparticle distance, and the dielectric property of the surrounding medium.

In cases of the FP nanocavity resonance, the wavelength is regulated by the thickness

of the TiO2 film.

3.3.1 Au-Ag Ratio of the Au-Ag alloy NPs

Modulating the resonance band of the LSPR and nanocavity to 785 nm proved to

be challenging due to the lower splitting energy of the ATA structure.21 To overcome

this limitation, we opted to employ Au-Ag alloy NPs with a higher oscillator strength,

which allowed us to effectively shift the resonance band of the AATA structure to 785

nm.22-26 Our group has previously reported that the AATA structure incorporating

Au-Ag alloy NPs exhibits a larger splitting energy of 520 meV and achieves higher

water oxidation efficiency compared to the ATA structure.18 This improvement can be

attributed to the exceptional properties of Au-Ag alloy NPs, including their high
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oscillator strength, and enhanced hot-electron injection efficiency.18 In this chapter,

the resonance band was able to be tuned by introducing the Au-Ag alloy NPs to the

AATA structure, and the photoelectrochemical performance was optimized, thus

providing valuable insights into the water oxidation reaction under strong coupling

conditions.

The wavelength of plasmon resonance which is due to the collective oscillations

of the electrons at the surface of the Au-Ag alloy NPs, strongly depends on the

component, size, shape, and the interparticle distance of the Au-Ag alloy NPs. In this

part, the fabrication condition effect of the Au-Ag alloy NPs on the modal strong

coupling conditions, the optical properties, and the photoelectrochemical

performances are researched.

Figure 3.5 SEM images of Au-Ag alloy NPs made of Au and Ag film with different volume ratios.

(a) Au 16 nm, (b) Au 12 nm, Ag 4 nm, (c) Au 8 nm, Ag 8 nm, (d) Au 4 nm, Ag 12 nm, (e) Ag 12

nm. The deposition thickness of the Au and Ag films before annealing are illustrated on the

images.

The Au-Ag alloy NPs different Au-Ag ratios fabricated on the same TiO2 films are

shown in the Figure 3.5. The size distribution and area coverage of the NPs are very

different even with the same total metal thickness. The size of the NPs decreases
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gradually with decreasing the Au content. Nanoparticles can’t form through annealing

if Au content reduce to 0, only Ag content is present. The optical properties, and the

photoelectrochemical performances of the AATA with different Au-Ag ratios were

also investigated. The measured results are shown in Figure 3.6.

Figure 3.6 IPCE (black dots, left scales) and absorption spectra (blue lines, right scales) of AATA

structures with different Au-Ag ratios. (a) Au 16 nm, (b) Au 12 nm, Ag 4 nm, (c) Au 4 nm, Ag 12

nm.

The results of the photoelectrochemical measurements are given in Figure 3.6.

The IPCE action spectra of AATA electrode with different Au-Ag ratios shows two

peaks at about 610 and 750 nm wavelength, which corresponds to the upper and lower

branch of the absorption band. At 610 nm, the IPCE of AATAwith only Au (deposited

Au 16 nm) is ~0.09%, the Au-Ag ratio of 3:1 (deposited Au was 12 nm, Ag was 4 nm)

is ~0.19%, and Au-Ag ratio of 1:3 (deposited Au was 4 nm, Ag was 12 nm) is ~0.10%.

Those results indicated that the AATAwith Au-Ag ratio of 3:1 exhibits higher IPCE.
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3.3.2 Au-Ag film Thickness of the Au-Ag alloy NPs

Figure 3.7 (a,b) SEM images of Au-Ag alloy NPs made of different thickness Au and Ag film.

The calculated diameters and the area fractions are illustrated in the images. (c) The plasmon band,

calculated by -logT, of Au-Ag alloy NPs made of different thickness Au and Ag film. (d) Plasmon

band wavelength as a function of Ag thickness.

Figure 3.7a and b are the surface morphologies and size distributions of ATAA

structures with different Au NPs size prepared with different Au and Ag thicknesses

by thermal evaporation. The Au-Ag ratio used here are 3:1. It is clearly observed that

a monolayer of Au NPs with a relatively large size is dispersed on the surface of TiO2

and the size is certainly relevant to the Au/Ag thicknesses. As shown in Figure 3.7a

and b, 24 nm and 28 nm Au-Ag alloy NP size corresponds to the Au/Ag film

thickness of 7.5/2.5 nm and 9/3 nm, 4 n, respectively. The size of Au NPs can be

regulated vis changing the thickness of the initial thermal evaporated Au and Ag film.

In order to investigate the optical properties of the fabricated Au-Ag alloy NPs

with different sizes, the T is measured by PMA. The corresponding plasmon

absorption is calculated as -logT. The plasmon absorption spectra of Au-Ag alloy NPs

with different sizes are shown in Figure 3.7c. The plasmon band of Au-Ag alloy NPs
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as a function of Ag film thickness are also plotted in Figure 3.7d. As expected, the

plasmon absorption of Au-Ag alloy NPs exhibit red-shift and a slight increase as the

size increases. In addition, since the particle size is one of the key factors affecting the

optical properties of Au NPs, the absorption spectra of Au-Ag alloy NPs become

wider as the Au NPs size increases.

3.4 Results and Discussions

3.4.1 Characterizations of AATA

Figure 3.8 Schematic of the Au-Ag alloy NPs/TiO2/Au-film (AATA) structure (a) and Au-Ag

alloy NPs/TiO2 (AAT) structure (b).

In this study, we successfully fabricated the Au-Ag alloy NPs/TiO2/Au-film

(AATA) structure on a SiO2 glass for EC-SERS measurements as depicted in the

schematic shown in Figure 3.8a. To achieve a FP nanocavity with second order in the

visible light range, we deposited a 180-nm TiO2 film on a Au film. This formation is

enabled by the reflection phase change at the TiO2/Au-film interface and the relatively

high refractive index of TiO2 (∼2.4 at 600 nm). Subsequently, Au-Ag alloy NPs were

fabricated on TiO2/Au film through the annealing of an Au-Ag multilayer thin film.

As a control sample, we also fabricated the Au-Ag alloy NPs/TiO2 structure (AAT)

without the FP nanocavity on high-durability transparent conductive film glass as

shown in the Figure 3.8b.
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Figure 3.9 (a, b) SEM images of the Au-Ag alloy NPs on AATA (a) ad AAT (b) structures in the

top-view. (c, d) Size distributions (histogram and Gaussian fitting) from the SEM images of the

Au-Ag alloy NPs on the AATA (c) and AAT (d) structures.

Figure 3.9a and b provide the top-view SEM images of the AATA and AAT

structures, where the Au-Ag alloy NPs average size was approximately 80 nm, as

indicated in the histogram and the Gaussian fitting shown in Figure 3.9c and d.

Figure 3.10 The absorption spectra of the AATA and AAT structures.
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The absorption spectra of AATA and AAT without a cavity, as presented in Figure

3.10, were derived by calculating 1-T-R from the T and R values at different

wavelengths. In the case of the AAT structure, a plasmon band was observed around

720 nm, exhibiting an absorption intensity of approximately 0.4. However, the AATA

structure displayed distinctive dual bands, with an upper branch at 650 nm and a

lower branch at 780 nm. This observation is a direct outcome of the strong coupling

between the LSPR of the Au-Ag alloy NPs and the FP nanocavity within the TiO2/Au

film.

Figure 3.11 (a) Absorption spectra of the AATA structures with series of TiO2 thicknesses which

were calculated by -log(R). The cyan, navy, and green dushed curves indicate the Lorentz fitting

of the three components. (b) Dispersion curves of hybrid modes in the AATA structures. The green

and red curves represent the fitting of the upper and lower branches, respectively, using a coupled

harmonic oscillator model. The energies of the coupling conditions were determined based on the

absorption spectra in Panel (a). The blue dashed line shows the cavity mode of a TiO2/Au film.

Figure 3.11 showcases the absorption spectra and dispersion curve of the AATA

structures with 80 nm Au-Ag alloy NPs and varying TiO2 thicknesses. The calculated
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splitting energy was found to be 350 meV, satisfying the conditions for strong

coupling. The dispersion curve demonstrated that the cavity mode of the TiO2/Au film,

with a TiO2 thickness of 180 nm, closely matched the LSPR of the Au-Ag alloy NPs,

thereby establishing strong coupling conditions.

3.4.2 Investigation of Water Oxidation Intermediates by EC-SERS

Measurements

Figure 3.12 (a) Schematic of the photoelectrochemical cell utilized for the EC-SERS

measurements. (b) Photograph of the photoelectrochemical cell.

Figure 3.12 illustrates the schematic of the EC-SERS measurement system. To

conduct the EC-SERS measurements, a homemade three-electrode reaction cell was

utilized, with the AATA or AAT structure serving as the WE and Pt wires acting as the

CE and RE. Pt wire is commonly used as a counter and reference electrode due to its

reported inertness.27-31 The EC-SERS measurements were performed in a

meticulously designed Teflon cell. The RE and CE were positioned in 1 mm-diameter

holes. The use of Pt wire for both the counter and reference electrodes was ideal for

this homemade EC-SERS measurement cell due to its advantages in terms of inertness,

simplicity, convenience, and ease of operation. In the experiments, a 0.1 mol/L NaF

solution was employed as the electrolyte, and it was pre-treated with N2 gas bubbling

for 1 hour to remove dissolved oxygen before testing. NaF does not participate in the

chemical reactions, ensuring that water was the only electron donor during the
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photoelectrochemical reaction in this system.

The EC-SERS measurements were carried out under a range of electrochemical

potentials between -0.2 and 0.9 V vs. Pt, using a λex = 785 nm excitation laser. Prior to

conducting the EC-SERS measurements, the Ag and its oxide layer were removed

from the surface of the Au-Ag alloy NPs through anodic oxidation reaction at an

applied potential of 0.5 V vs. Ag/AgCl and light irradiation of 620 nm for 2 hours.

This step was taken to eliminate any effects caused by the Ag oxidation reaction on

the water oxidation, following the method reported in our previous study.18

Figure 3.13 (a) I-t curve of the photoelectrochemical measurements during the Ag-removing

reaction process. (b) Absorption spectra of AATA structure before and after removing the Ag on

the surface of Au-Ag alloy NPs. (c, d) SEM images of Au-Ag alloy NPs on the AATA electrode

before (c) and after (d) removing the Ag on the surface of Au-Ag alloy NPs.

The effectiveness of the Ag removal was confirmed by the nearly constant

photocurrent observed in the I-t curve after 2 hours (Figure 3.13a), indicating the

successful completion of the oxidative elution of Ag on the surface and the

establishment of a stable water oxidation reaction. Moreover, the comparable
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absorption spectra (Figure 3.13b) and the particle size of the Au-Ag alloy NPs

(Figure 3.13c, d) of AATA before and after Ag removal suggest that the Au in the

Au-Ag alloy NPs remained unaffected by the Ag removal process. This is consistent

with the findings that Ag atoms within the Au-Ag alloy NPs, where the proportion of

Ag is less than 30%, are not exposed to the outside during electrochemical Ag and Ag

oxide removal, thus stabilizing the Au-Ag alloy NPs against oxidation reactions.

Figure 3.14 (a) Raman spectra collected on the AATA and AAT electrodes under applied

potentials ranging from -0.2 to 0.9 V vs. Pt. For the AATA electrode, the excitation laser used had

a wavelength of 785 nm and a power of 3 µW, while for the AAT electrode, the excitation laser

had the same wavelength but a higher power of 30 µW.

EC-SERS measurements were conducted on the AATA and AAT electrodes under

applied potentials ranging from -0.2 to 0.9 V vs. Pt, allowing us to obtain

potential-dependent SERS spectra. As shown in Figure 3.14, the SERS spectra

obtained from the EC-SERS measurements on both AATA and AAT electrodes

exhibited characteristic Raman features of TiO2, which were clearly observed. To
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maintain the background continuum of the SERS spectra at a consistent level, the

power of the excitation laser used on the AATA electrode was set to be 10 times lower

than that used on the AAT electrode, specifically 3 µW and 30 µW for AATA and AAT,

respectively. The potentials were applied sequentially from -0.2 to 0.9 V vs. Pt, with a

step size of 0.1 V. Following each EC-SERS measurement at a specific potential, an

electrochemical potential of -0.2 V vs. Pt was applied for 3 minutes to ensure the

removal of any potential oxidation intermediates that might have been absorbed on

the surface. The collected spectra from both AATA and AAT electrodes exhibited

distinct Raman peaks characteristic of TiO2, and the detailed assignments of these

Raman peaks can be found in Table 3.1.32

Table 3.1. Assignments of Raman peaks.

As the potential was varied from negative to positive, a distinct broad band at

approximately 500~600 cm-1 emerged in the Raman spectra (Figure 3.14). To

mitigate the interference from TiO2 SERS signals and focus on the spectral changes of

the intermediate SERS signals related to water oxidation, differential SERS spectra at

various potentials were utilized. These spectra were obtained by subtracting the

reference spectrum measured at -0.2 V vs. Pt from the spectra recorded at the series of

potentials on both AATA and AAT electrodes.

To demonstrate the stability of the SERS signals on the AATA and AAT electrodes,
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the EC-SERS measurements were performed three times each on AATA and AAT

electrodes under the same condition to collect the Raman spectra.

Figure 3.15 (a) Differential Raman spectra of AATA at electrochemical potentials from -0.1 to

0.9 V vs. Pt with a step of 0.1 V vs. Pt calculated from the Raman spectra in Figure 3.11a. The

power of the excitation laser was 3 µW. (b, c) The Lorentz fitting spectra of Raman peak at 500

and 570 cm-1, respectively, in the differential Raman spectra of AATA. (d) Potential-dependent

Raman intensity of AATA calculated from (b) and (c). (e) Differential Raman spectra of AAT at

electrochemical potentials from -0.1 to 0.9 V vs. Pt with a step of 0.1 V vs. Pt calculated from the

Raman spectra in Figure 3.11c. The power of the excitation laser was 30 µW. (f, g) The Lorentz

fitting spectra of Raman peak at 500 and 570 cm-1, respectively, in the differential Raman spectra

of AAT. (h) Potential-dependent Raman intensity of AATA calculated from (f) and (g).

Figure 3.15a and e exhibit the differential SERS spectra collected on AATA and

AAT at series of potentials ranging from -0.1 to 0.9 V vs. Pt with a step size of 0.1 V.

The differential SERS spectra acquired on AATA exhibited a broad signal centered at

570 cm-1 and a shoulder band around 500 cm-1 as the potential was swept from

negative to positive values. Prior research has documented that the Raman bands at

460 and 572 cm-1 correspond to the Au4*(OH)2 hydrate and gold oxyhydroxide

AuOOH, respectively, which are essential intermediates in water oxidation processes.
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Since the Ag and its oxide layer on the surface of the Au-Ag alloy NPs were removed

before the electrochemical measurements, the electron acceptor in the

photoelectrochemical water oxidation reaction is the Au present on the surface of the

Au-Ag alloy NPs. Therefore, it is plausible to attribute the observed broad bands at

500 and 570 cm-1 to Au oxidation intermediates.

The band centered at 570 cm-1 corresponds to the Au-O vibration of the gold

oxyhydroxide AuOOH, which constitutes the main intermediate in plasmon-induced

water oxidation under neutral conditions. Additionally, the SERS signal at

approximately 500 cm-1 is associated with ν(Au-OH), which can be attributed to the

Au4*(OH)2 hydrate formed when OH- species adsorb on the Au surface during

electrochemical water oxidation on Au. The slight shifts in the SERS peaks compared

to the reported signals are likely due to the presence of Au-Ag alloy NPs. Although

the Ag on the surface of the Au-Ag alloy was removed, the Ag atoms situated one or

several atomic layers below the surface of the Au-Ag alloy might influence the

vibration of the Au-O and Au-OH stretching modes, leading to Raman band shifts.

Figure 3.16 (a) The isotope effect observed in the differential SERS spectra collected on AATA at

applied potentials of 0.4, 0.6, and 0.8 V vs. Pt in an electrolyte solution containing 0.1 mol/L NaF.

The spectra are shown for both D2O (purple lines) and H218O (blue lines). Additionally, multipeak

Lorentzian fittings of the SERS signals were also applied and superimposed on the spectra.

To gain further insight into the chemical identity of the species associated with the
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Raman bands at 500 and 570 cm-1, EC-SERS measurements were conducted in 0.1

mol/L NaF solutions using D2O- and 18O-enriched (98%) water. Figure 3.16 displays

the EC-SERS spectra for water oxidation on the AATA electrode in D2O and 18O

water at potentials of 0.4, 0.6, and 0.8 V vs. Pt. As anticipated, the Raman bands at

570 and 500 cm-1, attributed to the ν(Au-O) and ν(Au-OH) vibrations, respectively,

exhibited lower frequencies when using 18O water due to the isotope effect. The

isotope frequency shifts were approximately 3.5% and 3.6% for the signals ascribed

to ν(Au-O) at 570 cm-1 and ν(Au-OH) at 500 cm-1, respectively. However, no

significant shift in these two bands was observed when using D2O. The isotopic

effects of oxygen-18 provided evidence that the Raman bands at 570 and 500 cm-1

correspond to the stretching vibrations of the ν(Au-O) and ν(Au-OH) vibrations,

respectively.

Figure 3.17 Potential-dependent SERS intensity of ν(Au-O) at 570 cm-1 (solid dots) and ν(Au-OH)

at 500 cm-1 (solid squares) for both AATA (a) and AAT (b) electrodes. The EC-SERS

measurements were conducted three times under the same experimental conditions, and the

colored areas represent the error bars from these measurements. The excitation laser intensities

used for AATA and AAT were 3 and 30 µW, respectively.

For quantitative analysis of the SERS signals, we employed two Lorentzian peaks

centered at 500 and 570 cm-1 to fit the differential SERS spectra, representing

ν(Au-OH) and ν(Au-O) vibrations, respectively. Figure 3.17 present the
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potential-dependent differential SERS peak intensities for the AATA and AAT

electrodes, illustrating the effect of the electrochemical potential on the ν(Au-OH) and

ν(Au-O) bands. The data were obtained from three repetitions of the EC-SERS

measurements under the same experimental conditions, providing the mean intensity

values and error bars. Remarkably, the SERS intensities of the ν(Au-OH) and ν(Au-O)

bands on the AATA electrode were approximately 2 times higher than those on the

AAT electrode, despite the excitation laser power being 10 times lower on AATA.

This substantial enhancement in the SERS intensity on AATA can be attributed to the

exceptional near-field enhancement resulting from the strong coupling between the

LSPR of the Au-Ag alloy NPs and the nanocavity in the TiO2/Au-film.

Figure 3.18 (a) The cross-sectional near-field distribution on the AATA and AAT structures

calculated by finite-difference time-domain (FDTD) simulations. (b) Integrated near-field

enhancement on the AATA and AAT substrates (obtained by integrating the 1.0 nm region at the

surface of the substrates).

Figure 3.18 exhibits the cross-section near-field distribution close to the Au-Ag

alloy NPs on both the AATA and AAT structures, which was calculated using the

FDTD method. The regions with maximum near-field intensity, commonly referred to

as “hot spots”, are observed at the interfacial boundary corner between the NPs and

TiO2. Importantly, the near-field enhancement of AATA is significantly more

pronounced than that of AAT.

The SERS signal associated with the ν(Au-O) vibration at 570 cm-1 was observed
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at an applied potential of approximately 0.1 V vs. Pt for the AATA electrode. Upon

tuning the potential in the positive direction within the range of 0 to 0.5 V vs. Pt, the

intensity of the SERS signal increased and eventually reached a saturation point at

higher potentials. Furthermore, the SERS signal corresponding to the ν(Au-OH)

vibration at 500 cm-1 was detected at around 0.5 V vs. Pt and exhibited a gradual

enhancement with increasing positive potentials.

In contrast, for the AAT electrode, the SERS signal of the ν(Au-O) at 570 cm-1

became noticeable only after reaching a potential of 0.4 V vs. Pt, which was

considerably more positive than the onset potential observed on the AATA electrode.

Similarly, the SERS signal associated with the ν(Au-OH) vibration at 500 cm-1 on the

AAT electrode appeared at approximately 0.5~0.6 V vs. Pt, closely resembling the

onset potential observed on the AATA electrode. In this study, the onset potential of

the Raman bands was defined as the electrochemical potential at which the SERS

intensity exceeded 0.1 cps. Figure 3.17 illustrate that the ν(Au-O) vibration at 570

cm-1 exhibited an onset potential of 0.1 V vs. Pt on the AATA electrode, while on the

AAT electrode, the onset potential was 0.4 V vs. Pt. The more negative onset potential

of the SERS signal of the ν(Au-O) vibration on AATA compared to AAT indicates that

efficient electron/hole separation occurs on the AATA electrode. A comprehensive

analysis of this observation will be provided in the subsequent sections.
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Figure 3.19 (a, b) Differential Raman spectra of AATA under excitation laser power of 1.5 (a) and

6 µW (b) at electrochemical potentials from -0.1 to 0.9 V vs. Pt with a step of 0.1 V vs. Pt. (c, d)

Potential-dependent SERS intensities of peak at 570 cm-1 (red dots) and 500 cm-1 (purple squares)

on AATA electrode under irradiation of 1.5 and 6 µW laser.

To account for the variation in laser powers used in the previous experiments, we

conducted further investigations on the onset potentials of the SERS signals related to

ν(Au-O) and ν(Au-OH) on the AATA electrode at different excitation laser powers.

Accordingly, EC-SERS measurements were performed on AATA using excitation

laser intensities of 1.5 and 6 µW. Figure 3.19a and b displays the differential SERS

spectra obtained on the AATA electrode under various applied electrochemical

potentials ranging from -0.2 to 0.9 V vs. Pt. Figure 3.19c and d depict the

potential-dependent SERS intensity of ν(Au-O) at 570 cm-1 and ν(Au-OH) at 500 cm-1

on the AATA electrode, covering a range of electrochemical potentials from -0.1 to

0.9 V vs. Pt. Despite the increase in SERS intensity for both ν(Au-O) and ν(Au-OH)

as the excitation laser power was raised, the onset potentials of ν(Au-O) and ν(Au-OH)

remained consistent at 0.1 and 0.5~0.6 V vs. Pt, respectively.
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Figure 3.20 (a, b) Laser power-dependent SERS intensities of ν(Au-O) at 570 cm-1 and ν(Au-OH)

at 500 cm-1 on the AATA electrode. The electrochemical potentials of -0.1, 0.4 and 0.9 V vs. Pt are

shown by red squires, blue circles, and yellow triangles. The solid lines are the linear fittings of

the SERS intensity.

Figure 3.20 displays the SERS intensity at different laser powers along with the

corresponding linear fitting lines. The linear fitting indicated that no SERS signals for

ν(Au-O) at 570 cm-1 were detected when the laser power was 0, signifying that

plasmon-induced water oxidation did not occur in the absence of light irradiation. In

contrast, the SERS signal of ν(Au-OH) at 500 cm-1 was present at an applied

electrochemical potential of 0.9 V vs. Pt, even with the laser power set to 0. This

finding suggests that ν(Au-OH) was produced by electrochemical water oxidation at a

positive applied potential but not by photoinduced water oxidation.
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3.4.3 Photoelectrochemical Performance of AATA

Figure 3.21 (a) CV curves of the AATA photoelectrode obtained under dark conditions and under

770 ± 7.5 nm light irradiation. (b) Chopping CV curves of the AATA photoelectrode under 770 ±

7.5 nm light irradiation (chopping every 2 seconds, within the range between -0.3 and 1.2 V vs.

Ag/AgCl). (c) CV curves of the AAT photoelectrode obtained under dark conditions and under

770 ± 7.5 nm light irradiation. (d) Chopping CV curves of the AAT photoelectrode under 770 ±

7.5 nm light irradiation (chopping every 2 seconds, within the range between -0.3 and 1.2 V vs.

Ag/AgCl). In all cases, the electrolyte used was a 0.1 mol/L NaF solution, and the scan rate was

0.01 V/s.

Figure 3.21 illustrates the cyclic voltammetry (CV) curves of the AATA and AAT

photoelectrodes under dark conditions (black lines) and under continuous or chopped

light irradiation with a wavelength of 770 ± 7.5 nm (AATA in red, AAT in blue). It is

important to note that Au oxidation might occur under light irradiation, as evidenced

by the comparison of the CV spectra in the dark and under light irradiation shown in

Figure 3.21. At an applied potential of -0.2 V vs. Pt, the reduction of oxidized Au
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took place. Consequently, the SERS spectra recorded at -0.2 V vs. Pt were employed

as the reference spectra, as no Au oxidation intermediates were expected at this

applied potential.

Figure 3.22 (a, b) Current-time (I-t) curves recorded on the AATA (a) and AAT (b) electrodes with

series of applied potentials under NIR light (770 ± 7.5 nm) irradiation. The intensity of the light

was 1.2 mW. (c, d) Potential-dependent photocurrent density of the AATA (c) and AAT (d)

electrodes under NIR light (770 ± 7.5 nm) irradiation. The intensity of the light was 1.2 mW.

The photoelectrochemical measurements were conducted using a three-electrode

system with AATA or AAT as the working electrode (WE), a Ag/AgCl electrode as the

reference electrode (RE), and a 0.1 mol/L NaF solution as the supporting electrolyte.

Figure 3.22a and b illustrated the time-dependent current (I-t) curves obtained with

the AATA and AAT electrodes. The photocurrent values were determined by

calculating the difference between the light-on current and the light-off current.

Figure 3.22c and d show the potential-dependent photocurrent density of the AATA

and AAT electrodes under 770 ± 7.5 nm light irradiation. To provide a clearer
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perspective, we converted the potential unit from “V vs. Pt” to “V vs. Ag/AgCl”,

which is a more commonly used reference electrode. After measuring the I-V curves

using Pt and Ag/AgCl as reference electrodes, respectively, we observed that the

electrochemical potential using Pt as the reference electrode exhibited an

approximately 0.2 V negative shift compared to that using Ag/AgCl as the reference

electrode under the same measurement conditions. To convert the electrochemical

potential from “V vs. Pt” to “V vs. Ag/AgCl”, we applied the following formula:

E vs. Ag AgCl = E vs. Pt + 0.2 V (3.2)

where E(vs. Pt) is the electrochemical potential measured with Pt as the reference

electrode, and E(vs. Ag/AgCl) is the corresponding potential when using Ag/AgCl as

the reference electrode. This conversion accounts for the approximately 0.2 V

negative shift observed between the two reference electrodes in the same

measurement conditions.

It can be seen from the Figure 3.22c and d, the onset potentials of the

photocurrent observed on the AATA and AAT electrodes were approximately 0.3 V vs.

Ag/AgCl (equivalent to 0.1 V vs. Pt) and 0.5 V vs. Ag/AgCl (equivalent to 0.3 V vs.

Pt), respectively. These values are consistent with the onset potentials of the SERS

signals associated with the ν(Au-O) vibration.
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3.4.4 Mechanism of Plasmon-Nanocavity Coupling Enhancement

Effect

Figure 3.23 (a) Energy diagram illustrating the AATA and AAT electrodes in a pH 7 electrolyte

under LSPR excitation from a 785 nm laser. In this diagram, e− represents electrons, and h+

indicates holes. UFB denotes the flat band potential of the TiO2 film, which is calculated to be -0.58

V vs. Ag/AgCl. EF corresponds to the Fermi level. E0(O2/H2O) represents the oxidation potential

of water, which is calculated to be +0.62 V vs. Ag/AgCl under neutral conditions (pH=7).21 (b)

Schematic representation of the plasmon-induced water oxidation mechanism occurred on the

AATA electrode under the strong coupling condition.

Figure 3.23a illustrates the energy diagram of the AATA and AAT electrodes

during photoexcited water oxidation. When exposed to light, the photoexcited hot

electrons acquire sufficient energy to transfer over the interfacial Schottky barrier and

enter the conduction band of TiO2, while the remaining holes are captured at the
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surface states near the interfacial boundary between the Au-Ag alloy NPs and TiO2. At

applied potentials more negative than 0.1 V vs. Pt for AATA and 0.4 V vs. Pt for AAT,

electron-hole recombination prevails, resulting in only a slight photocurrent and no

observable EC-SERS signal from the Au-O vibration. Conversely, at applied

potentials more positive than 0.1 V vs. Pt for AATA and 0.4 V vs. Pt for AAT,

effective charge separation occurs, and the holes exhibit an extended lifetime for

water molecule oxidation and oxygen evolution. Notably, the EC-SERS and

photocurrent measurements indicate that the water oxidation efficiency on the AATA

electrode is significantly higher than that on the AAT electrode.

The superior water oxidation efficiency observed on the AATA electrode can be

attributed to the strong coupling between the LSPR of the Au-Ag NPs and the

nanocavity mode in the TiO2 layer, as depicted in the schematic of Figure 3.23b.

Under this strong coupling condition, quantum coherence between the Au-Ag alloy

NPs is induced through the nanocavity, as previously reported in our earlier study. The

quantum coherence leads to the formation of a coherence area where energy is

coherently shared. When certain Au-Ag NPs with faster damping characteristics is

present within this coherence area, the generation of electron-hole pairs at those

specific NPs is promoted. Consequently, more holes accumulate at the reaction sites

of these faster damping Au-Ag NPs. As the water oxidation is a four-electron

chemical reaction, the accumulation of additional holes will contribute to a

considerable enhancement of the water oxidation process.

Furthermore, the AATA structure exhibits a much stronger near-field intensity

compared to AAT, resulting from the strong coupling between the LSPR and FP

nanocavity mode. This enhanced near-field intensity and increased hole density

facilitate efficient electron transfer and SERS enhancement. As a result, the onset

potential of ν(Au-O) on the AATA electrode is assumed to be more negative than that

on the AAT electrode. Overall, the combined effects of quantum coherence, enhanced

near-field intensity, and increased hole density contribute to the exceptional water

oxidation performance of the AATA electrode.

As the applied potential increases, the Fermi level undergoes a downshift to a
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more positive potential, resulting in a continuous injection of hot electrons into the

conduction band of TiO2. Consequently, the height of the interfacial Schottky barrier

increases, making it more challenging for the electrons to transfer over the Schottky

barrier and reach the conduction band of TiO2 under a more positive applied potential.

However, at the same time, the charge separation efficiency improves with increasing

applied potential, leading to enhanced water oxidation. This trade-off between

electron transfer and charge separation efficiencies causes the trend of EC-SERS

intensity to saturate when the applied potential exceeds approximately +0.7 V vs.

Ag/AgCl, as depicted in Figure 3.17a and b.

Moreover, as the potential increases to around 0.5~0.6 V vs. Pt, electrochemical

oxidation of water starts occurring at the interface of the Au-Ag alloy NP. In the first

step of this potential-induced oxidation, OH- is reversibly absorbed from the space

charge layer region onto the surface of the Au-Ag alloy NP, resulting in the formation

of the Au4*(OH)2 hydrate. This leads to distinct SERS signals of the ν(Au-OH)

vibration at 500 cm-1. The potential-induced oxidation depends only on the

electrochemical potential, which causes the same onset potential for the ν(Au-OH)

vibration on both the AATA and AAT electrodes. However, the EC-SERS intensity

trend is noticeably different between the two electrodes due to the influence of strong

coupling and enhanced near-field intensity in the AATA structure, as discussed earlier.

3.5 Conclusions

In conclusion, in this chapter the optimized plasmon-nanocavity strong coupling

structure, which consist of a monolayer of Au-Ag alloy NPs and a TiO2/Au film

nanocavity, was used as the photoelectrode to investigate the impact of

plasmon-nanocavity strong coupling on the plasmon-induced water oxidation reaction

by means of in situ EC-SERS measurements. The SERS intensities of ν(Au-O) and

ν(Au-OH), which represent the reaction intermediates of water oxidation, were

systematically examined over a wide range of electrochemical potentials. Compared

to the AAT structure without any FP nanocavities, the AATA photoelectrode
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demonstrated a higher SERS intensity during in situ EC-SERS measurements,

primarily due to its significantly enhanced near-field intensity.

More importantly, the SERS signals of ν(Au-O) related to AuOOH, the

intermediate of plasmon-induced water oxidation on the AATA photoelectrode

exhibited a more negative onset potential compared to the AAT, indicating more

efficient charge separation on the AATA structure, which facilitates the water

oxidation reaction. This enhanced water oxidation efficiency on AATA is likely

attributed to the quantum coherence between the Au-Ag alloy NPs through the

nanocavity, leading to the accumulation of a large number of holes. Furthermore, the

onset potentials of ν(Au-OH) related to Au4*(OH)2, one of the intermediates of

potential-induced water oxidation, showed nearly identical values on both the AATA

and AAT electrodes.

Based on our in situ EC-SERS measurements, we concluded that

plasmon-induced water oxidation is facilitated by the quantum coherence effect under

LSPR-nanocavity strong coupling. This study provides valuable insights into the

development of efficient plasmon-induced photochemical reactions, contributing to

advancements in renewable energy technologies. By harnessing the potential of strong

coupling between plasmons and nanocavities, we can pave the way for the efficient

utilization of renewable energy sources and foster progress in sustainable energy

applications.
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Chapter 4 Conclusions and Future Perspectives

4.1 Conclusions

This thesis is primarily focused on the optimization and investigation of a modal

coupling structure, which involves the resonance between the LSPR in mental NPs

and the FP nanocavity mode in TiO2/Au-film. The LSPR-nanocavity

coupling-induced near-field distribution enhancement and homogenization as well as

further structural adjustment for improved photoelectrochemical activities were

investigated.

In Chapter 2, the effect of plasmon-nanocavity coupling on the near-field

distribution was investigated by measuring the SERS response on the optimized

SERS substrate, which consist of a monolayer of Au NPs on a nanocavity formed in

TiO2/Au-film. The SERS intensity CV molecular measured on the

plasmon-nanocavity coupling ATA structures exhibited an 11-fold enhancement

compared to that on the AT substrate without nanocavity, showcasing a remarkable

SERS enhancement effect arising from the coupling between the LSPR of Au NPs

and the cavity resonance. SERS signals of CV molecules with series of concentrations

and a range of excitation laser powers on ATA and AT are measured, which shows a

linear increase with the excitation power as well as the logarithm of CV concentration

within a certain range. This phenomenon indicates that it is eligible for quantitative

detection. Expect for the significant near-field enhancement, the spatial homogeneity

of the near-field distribution under plasmon-nanocavity coherent coupling conditions

has also been investigated by the SERS mapping and the FDTD and FEM

simulations.

In Chapter 3, the plasmon-nanocavity strong coupling structure was further

optimized by regulating the component, size, and shape of the metal NPs, used as the

photoelectrode for investigating the impact of the strong coupling condition on the

plasmon-induced water oxidation reaction by means of in situ EC-SERS
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measurements. The Au-Ag alloy NPs was employed in the plasmon-nanocavity strong

coupling structure because of its higher oscillator strength. The SERS intensities of

ν(Au-O) and ν(Au-OH), which represent the reaction intermediates of water oxidation,

were systematically examined over a wide range of electrochemical potentials. Expect

for the higher SERS intensity on the AATA, the SERS signals of ν(Au-O) related to

AuOOH, the intermediate of plasmon-induced water oxidation on the AATA

photoelectrode exhibited a more negative onset potential compared to the AAT

without cavity, indicating more efficient charge separation on the AATA structure,

which facilitates the water oxidation reaction. Based on our in situ EC-SERS

measurements, it was concluded that plasmon-induced water oxidation is facilitated

by the quantum coherence effect under LSPR-nanocavity strong coupling.

4.2 Future Perspectives

Based on results obtained in this thesis, a plasmon-nanocavity coupling

SERS-active structure, which holds great promise as a sensitive, reproducible, and

spatially homogeneous substrate for detecting a wide range of chemicals and

biomolecules, was fabricated. Moreover, the structure and performance of this

plasmon-nanocavity coupling SERS-active structure were further optimized and

applied to the photoelectrochemical detections for investigating the impact of

plasmon-nanocavity strong coupling on the plasmon-induced water oxidation reaction.

According to the mechanisms of plasmon-induced water oxidation reaction occurred

on the plasmon-nanocavity coupling SERS-active structure, it has been concluded that

plasmon-induced water oxidation is facilitated by the quantum coherence effect under

LSPR-nanocavity strong coupling. The results of those studies provide valuable

insights into the effects of the plasmon-nanocavity coupling condition on the

development of efficient plasmon-induced photochemical reactions, which will

certainly be of much help in advancing the renewable energy technologies.

According to the achievements of this thesis mentioned above, the future works
are shown as below:
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(1) The plasmon-nanocavity coupling SERS-active structure will be further

improved for achieving ultra-sensitive and specific detection capabilities and

developed into quantitative detection systems for trace or single-molecule substances.

(2) The strong coupling structure examined in this study exhibits remarkable

potential for enhancing photocatalytic processes. Future research should focus on the

development of advanced photocatalytic systems that harness the plasmon-induced

charge separation for more efficient water splitting and carbon dioxide reduction. This

could significantly contribute to sustainable energy solutions and environmental

remediation efforts.

(3) The synthesis of tailored nanomaterials within the strong coupling framework

presents an area ripe for exploration. Investigating the use of different materials,

including metals and semiconductors, can lead to the creation of structures with

custom-designed optical and electronic properties, opening up new avenues for

diverse applications.
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Abbreviations

ATA Au NPs/TiO2/Au-film

AT Au NPs/TiO2

AATA Au-Ag alloy NPs/TiO2/Au-film

AAT Au-Ag alloy NPs/TiO2

SPR Surface plasmon resonance

SPPs Surface plasmon polaritons

LSPR Localized surface plasmon resonance

SERS Surface-enhanced Raman resonance

EC-SER Electrochemical surface-enhanced Raman resonance

PEC Photoelectrochemical

NP Nanoparticle

FP nanocavity Fabry-Pérot nanocavity

EB electron beam

IPCE Incident photon-to-electron conversion efficiency

CV Crystal violet (in chapter 2)

Cyclic voltammetry curve (in chapter 3)

FDTD Finite-difference time domain simulation

FEM Finite element method simulation

RSD Relative standard deviation

WE Working electrode

CE Counter electrode

RE Reference electrode
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