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Thesis Abstract 

Improving the efficiency of converting the abundant solar energy to the chemical 

energy is one of the most significant strategies to address the current environmental and 

energy crisis. For example, the photocatalytic artificial photosynthesis such as water 

splitting under the irradiation of solar light provides us convenient approaches for 

energy production and environmental conservation. In recent decades, the concept of 

photocatalysis combined with localized surface plasmon resonances (LSPRs), which 

are the collective oscillation of charge carriers at the surfaces of metallic nanoparticles 

(NPs), has accelerated progress in boosting the photocatalytic activity in visible light 

and even infrared light. However, it is difficult to harvest visible light effectively with 

monolayer of metallic NPs. Recently, it was reported that a modal strong coupling 

between a Fabry-Pérot (FP) nanocavity mode and an LSPR showed a large and broad 

absorption by optical hybrid modes. In this thesis, essential properties of modal strong 

coupling between FP nanocavity mode and LSPR was investigated to improve the 

photoelectrochemical water oxidation under visible light irradiation. Au-NPs/TiO2/Au-

film (ATA) structure was employed to achieve the modal strong coupling. 

At first, I investigated the particle size effect of Au-NPs on the 

photoelectrochemical properties under the modal strong coupling condition. The ATA 

structure was produced based on the technology of sputtering, atomic layer deposition 

(ALD), thermal evaporation, and annealing, respectively. Au-NPs with various particle 

sizes were employed for the TiO2 surface decoration and providing the LSPR mode, 

which could couple with the FP-nanocavity mode of TiO2/Au film. The experimental 

results illustrated that Au-NPs with a size around 12 nm showed superior properties not 

only in photoelectrochemical performance but economically friendly. The absorption 

spectrum of ATA structure exhibited distinct dual bands at wavelength longer than 550 

nm when Au-NPs were partially inlaid in TiO2. The photoelectrochemical measurement 

showed that the ATA structure exhibited obvious photocurrent enhancement. (Chapter 

2). 
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Then, I investigated the hot-electron transfer efficiency on a photoanode under the 

modal strong coupling conditions by monitoring the photoelectrochemical activities, 

including IPCE and internal quantum efficiency (IQE) using triethanolamine (TEOA) 

as an efficient electron donor to sufficiently accelerate the surface reaction. In the 

presence of TEOA, the IPCEs of the lower branches of hybrid modes formed by the 

strong coupling were improved as much as 4.0 times, whereas these for upper branches 

were up to 4.5 time. Furthermore, in the wavelength range 500-800 nm, it the average 

IQE was calculated to 3%. In addition, the Fermi level changes due to the generation 

and consumption of hot-carriers in the ATA structure also discussed by performing in 

situ spectroelectrochemical measurements (Chapter 3). 

   In the ATA structure, however, Au-NPs are partially inlaid inside TiO2 to increase 

the interaction between the nanocavity and LSPR. The intensified near-field is 

generated at the bottom of Au-NPs rather than the surface of TiO2 according to the 

simulation results. This fact indicates that hot electron and hole pairs are produced and 

separated at the inlaid interface of Au-NPs/TiO2 inside TiO2. For the 

photoelectrochemical reactions, the holes must transfer to the surface of TiO2 to 

participate the oxidation reaction. This migration process of holes has an adverse effect 

on the photoelectrochemical reactions by inducing the recombination. Therefore, the 

hot-spot of the near-field should be near the reaction surface for the efficient water 

oxidation. In order to tailor the near-field distribution, a postdeposited Au on ATA 

structure was implemented using a facile constant potential electrolysis technique to 

postdeposit Au on ATA photoelectrode (Au@ATA). In Au@ATA structure, a strong 

near-field is induced at the interface of postdeposited Au and TiO2, where the water 

oxidation reaction occurs effectively. Consequently, the average IPCE of Au@ATA is 

approximately 1.3-fold higher than that of ATA. Both simulated and experimental 

results showed that the interface established in postdeposited Au and TiO2 was 

significant in improving photoelectrochemical performance (Chapter 4). 

   In summary, photoelectrochemical properties on the modal strong coupling 

structure between FP-nanocavity and LSPR under visible light irradiation were 
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investigated using the ATA structure to achieve the efficient water oxidation. The 

structure of ATA was optimized by varying the size and inlaid depth of Au-NPs. The 

photoelectrochemical study with the sacrificial electron donor revealed that the hot-

electron injection efficiencies of the photoanode under modal strong coupling condition 

are significantly larger than that of the conventional plasmonic anode. Furthermore, it 

was found that the near-filed enhancement near the interface of the three-phase 

boundary between the interface of Au-NPs, TiO2 and aqueous solution was significant 

in water oxidation on the ATA. Additionally, the enhanced near-field distribution of Au 

nanostructures can be engineered by simply adjusting their shape and size. It provides 

the possibility for constructing low-costing artificial photosynthesis systems. These 

results guarantee the future researches to investigate the mechanism of hot-carrier-

induced photoelectrochemical properties. 

Keywords: localized surface plasmon resonance, Fabry-Pérot nanocavity, modal 

strong coupling, near-field enhancement, photoelectrochemistry, water oxidation 
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Chapter 1 Introduction 

1.1 Background and motivation 

In 1972, A. Fujishima and K. Honda discovered that water could be 

photoelectrochemically split into oxygen (O2) on a Titanium dioxide (TiO2) 

photoelectrode under UV light irradiation and H2 on a platinum dark electrode. Since 

then, tremendous researches on photocatalysis and photoelectrochemical cells were 

triggered.1 Although TiO2 is considered as the most widely employed “golden” 

photocatalyst among the various photocatalysts owing to its various advantages 

including stable, nontoxic, low-cost, it cannot absorb light in visible region because of 

the large bandgap.2-4 Plasmon-enhanced photoresponses of TiO2 in visible and/or near 

infrared region is considered as promising method in improving the photocatalytic 

performance.5,6 The utilization of noble metal nanoparticles brings out numerous 

benefits to photocatalysis (Figure1.1).6 Nobel Metallic nanoparticles with LSPR have 

attracted mushrooming interest with a wide range of research topics, including 

photovoltaic devices,7,8 surface-enhanced Raman scattering (SERS),9 solar cells,10,11 

photoelectric catalysis systems.12,13 Notwithstanding plentiful number of researches 

have focused on photoelectrochemical performance with Au-NPs/TiO2 systems, it is 

still significant to study the photoelectrochemical performance that hinge on the 

interfacial structure of Au-NPs/TiO2. The interfacial configuration between Au-NPs 

and TiO2 is significant in the electron transfer process and it is easy to be predicted and 

design. Therefore, it is convenient to design plasmon-enhanced energy conversion 

systems in low-cost, high-efficient, ecofriendly, and lightweight.  
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Figure 1.1 Major benefits of plasmonic photocatalysis. 

1.2 Surface plasmon resonance 

Plasmonic is a widespread and ongoing research area on nanomaterials. Noble 

metal nanostructures exhibit characteristic optical performances. These properties can 

be used to control and route light in nanometer scales. Plasmonic relates to the basics 

and applications of surface plasmon resonance (SPR). SPR is established on the 

interaction between conduction electrons in noble metal and electromagnetic radiation. 

This phenomenon can result in both localized optical far-field and near-field scattering. 

The utilization of optical properties generated by noble metallic nanoparticles can be 

traced back to ancient time. The Lycurgus Cup is a famous production based on 

plasmonic. When the Cup is irradiated from the front or the back, it displays different 

colors because of the SPR in glass-embedded gold nanoparticles, as shown in Figure 

1.2.14 
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Figure 1.2 The Lycurgus Cup before (left) and after (right) irradiation.14 

1.2.1 SPR in noble metal nanostructures 

(1) Dielectric function of metals15-18 

Drude model is deemed to the first approximation to depict metal dielectric function. 

In this model, only free electrons in metals are taken into account. When an 

electronmagnetic wave with the frequency of ω irradiates on the metal, the free 

electrons are forced to oscillate. So, the metal dielectric function is shown as following, 

             휀𝑚(𝜔) = 1 −
𝜔𝑝

2

𝜔2+𝑖𝜔𝛾
                               (1.1) 

where the frequency of bulk plasma is ωp. The constant of bulk damping is γ. γ is 

determined by the electrons’ mean free path l and Femrmi velocity vF, in which 𝛾 =
𝑣𝐹

𝑙
. 

Also, ωp can be described as ω𝑝 = √
𝑛𝑒2

𝜀0𝑚𝑒
, in which the free electrons’ density is n, 

the electric charge is e, the vacuum permittivity is ε0, and the electrons’ effective mass 

is me. 

Several processes can result in the damping of electron oscillation: electron and 

phonon collisions, electron and ion collisions, and electron and electron collisions.  

The complex dielectric function is described as εm(ω)=ε1(ω) + iε2(ω), in which ε1(ω) 

is the real part and iε2(ω) is the imaginary one. They are defined by the following 

equations, 
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휀1(𝜔) = 1 −
𝜔𝑝

2𝜏2

1+𝜔2𝜏2
                           (1.2) 

휀2(𝜔) =
𝜔𝑝

2𝜏

𝜔(1+𝜔2𝜏2)
                            (1.3) 

where γ =1/τ. τ is the free electrons’ relaxation time. At room temperature, τ is typically 

on the order of 10-14 s, thereby γ is 100 THz. 

According to the reports,16,19 ω ≫ γ, simple approximate expression of the dielectric 

function is obtained. Under this simple condition, the dielectric function is determined 

by the real part and shown as following,  

휀𝑚(𝜔) = 1 −
𝜔𝑝

2

𝜔2                             (1.4) 

 

Figure. 1.3 Real (solid line) and imaginary (dashed line) parts of free-electron 

contribution for (a) gold, (b) silver and (c) copper obtained by Eq. (1.1). Grey squares 

are the real parts of experimental bulk dielectric function, and hollow circles are the 

imaginary ones.17 

 

Based on the Drude model experimental results, the real part and imaginary part of 

the dielectric functions for Au, Ag, Cu are summarized in Figure 1.3.16 For Au, when 

λ≥750 nm, the curves plotted by the Drude model could well fitted to those of 

experimental data. Moreover, Ag is λ≥300 nm and Cu is λ≥700 nm. The interband 

transition onsets of Au, Ag and Cu are 2.3 eV, 3.7 eV, and 2.1 eV, respectively, which 

are approximately in accordance with the aforementioned results.20 Obviously, the 

curves cannot fit well at shorter wavelength for these metals. The reason is that 

interband transition can lead to increment of the dielectric function’s imaginary part. 

Therefore, the Drude model can approximately provide an illustration of the dielectric 

functions for Au, Ag, Cu at visible even near-infrared region. In this wavelength region, 



10 
 

the free electrons of the metal mainly devote to the function. 

(2) SPR 

   The freely conducted electrons at the noble metal surface can travel through the 

material untrammeled. These electrons can be excited as well as compel to oscillate 

relative to the metal atoms under the illumination from visible to near-infrared light. 

This phenomenon is defined as plasma oscillation. Under illumination, the free 

electrons can oscillate collectively. These electrons are in resonance with the oscillated 

electric field of incident light. Therefore, SPR appears. The energetic plasmonic 

electrons are generated via the non-radiative excitation of SPR. SPR is a promising 

optical technology with numerous applications, e.g. sensing,21 surface enhanced Raman 

scattering (SERS),22,23 molecule detection,24,25 solar cells,26,27 photocatalysis,28 and so 

on. SPR can be classified into surface plasmon polariton (SPP) and localized surface 

plasmon resonance (LSPR).  

SPP, also known as propagating surface plasmon resonance (PSPR), is the 

excitation of the coupled state between plasma oscillations and photons at the interface 

of metals and dielectric materials. SPP provides a promising research way in fields 

including energy, environment, medicine, and biology. The major applications of SPP, 

are waveguides,29,30 near-field optics,31 SERS,32 data storage,33 solar cells,34 chemical 

sensors and biosensors.35,36 Along the x direction, as displayed in Figure 1.4a, the 

electromagnetic wave can propagate as an evanescent wave at the metal surface. SPP 

is described by the dispersion relation as follows: 

𝑘𝑆𝑃𝑃 = 𝑘√
𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
                           (1.4) 

where the wave vector of SPP is kSPP. The wave vector of incident light is k = ω/c. 

dielectric constant of the surrounding environment (dielectric) is ε d. The metal’s 

dielectric constant is εm. 

When εd + εm = 0, the surface charges can oscillate collectively, thereby exciting 

SPP. The frequency of many metals is in the UV light region, while the metal is no 

longer metallic beyond the frequency. As a result, the SPP frequency is given as 
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following: 

𝜔𝑆𝑃𝑃 =
𝜔𝑃

√1+𝜀𝑑
                          (1.5) 

Therefore, the frequency of bulk plasma is higher than that of the resonance.37 

Typically, owing to the mismatch of wavevector between SPP and irradiation light, SPP 

could not be excited directly on the metal surface by light irradiation. Nevertheless, 

prism or grating can be used as coupling medium to couple the light into SPP.38-40 

 

Figure 1.4 Schematics of (a) SPP and (b)LSPR. 

 

When the surface of metallic nanostructures (such as nanoparticles, nanorods, 

nanostars, etc.) is rough or with small bumps, surface plasmons will be mainly localized 

inside the metallic nanostructure and around the interface. Therefore, LSPR is defined 

as a non-propagating excitation of SPR at the surface of noble metal structures. The 

oscillation of charge in spherical metallic nanoparticle is distinct with that in continuous 

metal.15 LSPR can be excited directly by incident light. 

As displayed in Figure 1.4b, when incident light irradiates on metallic nanoparticles, 

free electrons of metallic nanoparticles are excited and then oscillate collectively at the 
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particles’ surface. When the electron cloud at the particle’s surface displaces relative to 

the metal nuclei, the displaced electron cloud will restore to the nuclei owing to the 

Coulomb interactions between the electron cloud and nuclei. This collective oscillation 

behavior of electron cloud relative to the nanoparticle is defined as LSPR. LSPR is 

generated when the oscillation frequency of free electrons is same as the incident 

photon’s frequency.41-43 Four factors can determine the oscillation frequency: the 

density of electrons, the shape of the charge distribution, the size of the charge 

distribution, the effective electron mass. Therefore, the incident light energy can be 

effectively converted into the kinetic energy of the free electrons’ collective 

oscillation.41  

When the wavelength of the irradiation light is much larger than the nanoparticle’s 

size, a quasistatic approximation can be employed to the metallic nanoparticle. The 

polarizability of the nanoparticle is described as,  

𝛼 = 4𝜋𝑅3 𝜀𝑚(𝜔)−𝜀𝑑

𝜀𝑚(𝜔)+2𝜀𝑑
               (1.6) 

where the nanoparticle’s radius is R. Evidently, a maximum polarizability will be 

achieved with a minimum |휀m(𝜔)+2휀d|, resulting in the LSPR. For metal, thus, the 

resonant condition without considering damping of electron oscillation as well as 

following Drude model is as following, 

휀′(𝜔) = −2휀𝑑                   (1.7) 

Therefore, for Eq. 1.7, it can be further expressed as following by applying Eq. 1.4, 

𝜔𝐿𝑆𝑃𝑅 =
𝜔𝑝

√1+2𝜀𝑑
                   (1.8) 

Thus, LSPR’s resonance frequency is also directly determined by the dielectric 

environment. When the metallic nanosphere is in air (휀d = 1), 𝜔LSPR is 
𝜔𝑝

√3
 . 

On the other hand, in 1908, an analytical solution to Maxwell’s equations was 

originally developed by Gustav Mie. It can describe the extinction spectra (extinction 

= scattering + absorption) of metallic nanospheres in arbitrary size.41, 44 Up to now, Mie 

theory is the merely simple and precise solution to Maxwell’s equations that is related 

to metal nanoparticles. 
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CExt = CSca + CAbs                  (1.9) 

where the extinction cross section is CExt. The scattering cross section is CSca. The 

absorption cross section is CAbs. 

Under a quasistatic approximation, the extinction cross section can be expressed as 

following, 

𝐶𝐸𝑥𝑡 =
24𝜋2𝑅3 √𝜀𝑑

23

𝜆
[

𝜀2

(𝜀1+2𝜀𝑑)2+𝜀2
2]             (1.10) 

Because the polarization 𝛼 is resonantly enhanced, the metallic nanoparticle can 

scatter and absorb light effectively. The corresponded CSca and CAbs are given by, 

𝐶𝑆𝑐𝑎 =
𝑘4

6𝜋
|𝛼|2                    (1.11) 

𝐶𝐴𝑏𝑠 = 𝑘𝐼𝑚[𝛼]                   (1.12) 

Where Im[α] is the imaginary part of α. 

According to Drude-Lorentz Model,45 the resonance frequency of LSPR is satisfied 

when ε1 + 2εd = 0. Under the condition of resonance frequency of LSPR, the 

polarizability of metallic nanoparticles (α), CExt, CSca and CAbs will reach the 

corresponding maximum values. For example, peak appears in the extinction spectrum. 

The above approximation can be only applied to metallic nanospheres with any size. 

Furthermore, for metal nanoparticles in other shape, it only needs to introduce a shape 

factor in order to employ the similar approximation.46,47 

1.2.2 Characteristics of LSPR 

Ascribing to the unique properties and extensive applications, LSPR has achieved 

considerable recent interest. The extinction cross section is extremely high of the 

plasmonic nanostructures. Also, the structures can concentrate incident light in a 

nanoscale region near to their surface. In other words, LSPR can determine the 

absorption spectra of metallic nanoparticles. Moreover, the properties of LSPR (such 

as absorption band) for metallic nanostructures depend on the shape, size and 

nanoparticles’ composition, and the nanoparticles’ surrounding. 

(1) Large extinction cross section 
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Extinction cross section is one of the key physical properties of plasmonic 

nanostructures exploited in many applications, including photovoltaics and biosensing. 

The sum of the scattering cross section and absorption cross section can determine the 

value of extinction cross section (Eq. 1.9). The interaction strength of a plasmonic 

nanostructure with electromagnetic radiation is quantified by its extinction cross section, 

which means that stronger interaction probability ascribes to a larger extinction cross-

section.48  

 

Figure 1.5 Comparison of extinction cross sections of various optical species. (a) Plot 

of the extinction cross section versus the physical cross section. (b) Plot of the ratio 

between the extinction and physical cross sections versus the physical size of optical 

species.49 

 

Four most common forms of nano scaled optical species were summarized by Ming 

et al.49 The forms are plasmonic nanocrystals, atoms/ions, semiconductor quantum dots, 

and organic fluorophores (Figure 1.5). When the optical species’ orthographic 

projection normal to the plane of the incident light, their physical cross section can be 

determined. As illustrated in Figure 1.5, with enlarging the size, cross sections for 

absorption and scattering of the optical species increase. Whereas, the cross section for 

scattering increase more rapidly than that of the absorption. Compared to their own 

physical cross sections, plasmonic nanocrystals is the only optical species that exhibit 

larger extinction cross section. 

(2) Near-field enhancement 
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Near-field enhancement is another prominent property associated with plasmonic 

nanostructures. Localized electric fields can be generated around the metallic 

nanoparticles due to LSPR. According to Eq. 1.6, the strength of the localized electric 

fields is in orders of magnitude which is much higher than that of the incident field.50  

The electric field distributions obtained from finite-difference time-domain (FDTD) 

simulation with different shape of Au-NPs is summarized in Figure 1.7.51 From left to 

right is Au nanosphere, Au nanorod, and Au nanoplate. |E|2/|E0|
2 denotes the 

enhancement factor of the near-field. The intensity of the electric field around the Au-

NPs is E. The intensity of the incident light is E0. Au-NPs’ curvature can determine the 

intensity of the near-field. 52,53 Its near-field becomes more intensified when the metallic 

nanostructure is sharper. Therefore, as illustrated in Figure 1.6, the near-field intensity 

of Au nanosphere is much lower than that of Au nanoplate and Au nanorod. Because of 

the factor of near-filed enhancement at the tips in much higher than that of Au nanorod, 

Au bipyramid is considered as a prime structure.53  

 

Figure 1.6 FDTD simulated electric field distribution for Au-NPs in different shape.51  

 

The strong near-field of plasmonic nanoparticles provides a basic mechanism for 

diverse applications, such as SERS,54-56 photoelectrochemistry,57, etc. 
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Figure 1.7 Basic SERS electromagnetic mechanism.55,56 

 

Raman scattering is the inelastic light scattering of molecules’ vibrational excitation. 

This process is extremely inefficient. As shown in Figure 1.7, when the molecules are 

near or in contact with the plasmonic nanoparticles’ surface, the Raman intensity can 

be significantly enhanced.55,56 It is partly due to the strong near-field promotes the 

molecules’ excitation.55 

   Plasmonic nanoparticles can improve the photoelectrochemical activities such as 

photocurrent generation of photoelectrodes by increasing the visible light absorption. 

As illustrated in Figure 1.8, a conspicuous increment about 66 times in photocurrent is 

observed for Au-NPs and the photocurrent is 0.3 μA.57 It has been intensively utilized 

in different types of solar cells, for example, dye-sensitized solar cells,58-60 organic solar 

cells,61 perovskite solar cells.62 It can improve the photocurrents and thereby enhance 

the power conversion efficiency (PCE). 
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Figure 1.8 (a) Absorption spectra and (b) Photocurrent with λ = 633 nm light for 22 s 

of TiO2 with and without Au-NPs.57 

 

(3) Tailorable absorption spectra 

The absorption band of LSPR can be regulated by changing the size, shape, and 

chemical composition of the nanoparticles. The size of metallic nanoparticles has 

significant effects in scattering and absorption cross sections. As shown in Figure 1.9, 

when the size of Au-NP is enlarged from 20 nm to 80 nm, the LSPR’s resonant 

wavelength shifts from 520 nm to 540 nm.63  

 

Figure 1.9 (a) Calculated resonant wavelength and (b) the calculated ratio CSca/CAbs 

with various size of the Au-NP. 63 

 

Moreover, the spectrum’s peak position, shape and full width at half maximum 

(FWHM) is immensely related to the aspect ratio and configuration of nanostructures. 

As shown in Figure 1.10, the aspect ratio of Au nanorods can affect the resonant 



18 
 

wavelength. This wavelength can be tuned from visible light to near infrared light.64  

 

Figure 1.10 (a) Absorption spectra of Au nanorods with the longitudinal LSPR peaks 

(b) The relationship between the longitudinal LSPR peaks and calculated aspect ratios. 

(c-f) Representative TEM images of Au nanorods with the longitudinal LSPR peaks at 

(c) 650 nm, (d) 760 nm, (e) 920 nm, and (f) 1000 nm.64 

1.2.3 Relaxation Processes of LSPR 

 

Figure 1.11 Schematic decay of LSPR. 

 

LSPR has certain lifetime and it finally decays in two ways:65 the radiative decay 

and the non-radiative decay (Figure 1.11). When the particle plasmons transform into 

photons, radiative decay takes place. It is the far-field light scattering and a thorough 

loss in LSPR. However, the non-radiative decay takes place via producing electron-
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hole pairs. There are two categories for the non-radiative decay. One is the intraband 

excitation, which occurs within the conduction band. The other is the interband 

excitation, which is the transitions between d-bands of noble metals and conduction 

band.65  

1.2.4 Applications of LSPR 

LSPR has been intensively investigated in various research areas owing to its 

unique and adjustable optical properties by manipulating the size, shape, as well as the 

chemical composition of the metal nanostructures. Till now, LSPRs have already been 

extensively utilized in the areas such as SERS,54-56 chemical and biological sensors,66 

photoelectric conversion systems,67 photocatalysis,6 and so on. Herein, the applications 

in SERS, photovoltaics, and photocatalysis which are related to the studies in our 

laboratory are listed here. In addition, plasmonic photocatalysis will be discussed in the 

following section. 

(1) SERS 

Upon LSPR excitation, the plasmonic strong near-field is present at the metallic 

nanostructures’ surface. The induced dipole in the molecule can be excited mutually 

with the induced dipole in the metal nanostructure. Thus, compared to free molecules, 

the field of the molecule-nanostructure group can be improved by 1~3 orders of 

magnitude. The SERS intensity is highly determined by incident (incoming) as well as 

scattered (outgoing) fields. When the incident and scattered fields resonant to the LSPR 

of metal nanostructures, SERS enhancement is brought about. SERS has already 

achieved tremendous research interest since its discovery in 1973. Owing to the non-

destructive and ultra-high sensitivity, SERS is considered as an efficient analysis 

technology for identification, quantification and ultrasensitive detection of various 

molecules.68 
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Figure 1.12 SERS of 4-nitrothiophenol on the surface of Au nanorods and Ag nanorods 

in different aspect ratios.69 

 

As shown in Figure 1.12,69 the increment in Raman signal by Ag nanorods is more 

obvious than that of Au nanorods because of the higher the plasmon field intensity of 

Ag nanorods. The Rayleigh scattering of Au nanorods is stronger than that of Ag 

nanorods. Therefore, Au nanorods are recommended for optical plasmon imaging, 

while Ag nanorods are more efficient in plasmon sensing.69 

(2) Photovoltaics 

LSPRs can utilized to boost the overall power conversion efficiency, photocurrent 

generation ability, and absorption property in various type of photovoltaic device, such 

as silicon solar cell,70 dye-sensitized solar cells (DSSC),71 organic solar cells,72 and 

perovskite solar cells.73  

   With the integration of unique metal nanogratings, Wei Wang et al.70 realized the 

solar cell equipped with enhanced light absorption and polarization-insensitivity 

(Figure 1.13).  

 

Figure 1.13 Schematics of the proposed solar cell structure.70 
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Recently, Da-Wei Zhao et al.73 reported a facile preparation method at low 

temperatures to embed Au-NPs in TiO2 film. This structure could enhance both the 

stability and efficiency of n-i-p planar heterojunction perovskite solar cells (Figure 

1.14).  

 

Figure 1.14 The proposed configuration of perovskite solar cell.73 

1.3 Fabrication of plasmonic nanostructures 

Generally, it is much more convenient and easier to produce plasmonic 

nanostructures and their composite routinely under the rapid development of 

sophisticated chemical and lithographic methods. There are mainly two fabrication 

approaches of metal nanostructures, “top-down” and “bottom-up.” The “top-down” 

method is established based on sophisticated microfabrication. It has been developed 

over decades in semiconductor industry.74 For, example, electron beam lithography 

(EBL) is considered as the prevailing technology in the top-down production of metallic 

nanostructures. However, the bottom-up method is based on the growth and self-

assembly technologies. These technologies are originally developed in chemistry and 

biology. 

1.3.1 Electron beam lithography 

Figure 1.15 shows the procedure in fabricating periodic metal nanostructures by 
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EBL. First, electron-beam resist is spin-coated onto the substrate. Then the substrate is 

exposed to the electron beam. Then a metal layer is evaporated or sputtered on the 

substrate. After lift-off, the structures are obtained. 

 

Figure 1.15 Preparation schematic for periodic metal nanostructures by EBL. 

 

EBL provides an approach to fabricate relatively large numbers of metallic 

nanostructures in different shape and periodic layout. There are two major advantages 

for EBL.5,75,76 One is precisely control substrate’s area, and the other is the low defect 

densities for the metallic nanostructures. However, the main disadvantageous of EBL 

are costly and low output. Additionally, it is relatively challengeable to utilize EBL to 

fabricate nanostructures smaller than 10 nm. Therefore, it is hard to fabricate structures 

with small interparticle spacings and sharp corners, which are attractive in metal 

nanostructure plasmonics.74  

 

Figure 1.16 SEM images of various periodic shapes and arrangement fabricated by 

EBL. 5,75,76 

1.3.2 Chemical growth method 

In general, the bottom-up fabrication approaches can produce structures in precisely 

controlled configurations (including geometry and symmetry), and functionalities. 

Therefore, it is necessary to fabricate metal nanostructures with narrow size and shape 
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distributions to control the plasmonic properties (including absorption peak and shape) 

of nanostructures. The metal nanocrystals can work as meta-atoms to trigger the 

bottom-up process of plasmonic nanostructures.77 As the structural features including 

size, shape, exposed facets, edges, vertices, and surface roughness are critical to the 

properties plasmonic nanostructures, it is crucial to fabricate such nanostructures with 

devisable and repeatable properties. 

Up to now, numerous chemical growth strategies, such as photocatalytic reduction, 

electrochemical reduction, and chemical reduction have been exploited to fabricate 

plasmonic metallic nanostructures.74,77,78 As summarized in Figure 1.17, the shape of 

the obtained metal nanoparticles include nanospheres,79 nanorods,80 nanoplates,81 

nanocubes,82 nanoshells, to name a few. 

 

Figure 1.17 Examples of Au and Ag nanocrystal with various geometries prepared with 

different chemical growth methods.77, 82-90 
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1.3.3 Other methods 

Except for the above discussed two main fabrication methods, there are other 

approaches to fabricate plasmonic metal nanostructures with well-designed size and 

shape distribution. For example, focused-ion-beam (FIB) etching is considered as an 

alternative top-down method.91 In addition, the use of thermal or electron beam 

evaporation of metals on the substrate produce plasmonic nanoparticles with high 

dispersity. A discontinuous thin metal film is evaporated onto the substrate. Then the 

obtained structure is annealed in air or N2 (depends on the metal) for some time at a 

given degree.92,93 It is considered as a high throughput and inexpensive fabrication 

method to produce metallic nanoparticles in high dispersity. However, the arrangement, 

orientation, and size of the nanoparticles cannot be well controlled. 

1.4 Plasmon-induced hot-electron generation and transfer 

Since the proposition of plasmon-induced electron-hole pairs generation and 

transfer mechanism in Au-NPs/TiO2 systems by Tatsuma’s group,94,95 plasmon-induced 

hot-electron generation and transfer from metal to semiconductor become a promising 

example in solar-to-energy conversion. 

1.4.1 Metal-semiconductor contact induced band bending96 

When the semiconductor contacts with the metal, free electrons will transfer between 

them because of the work function (W) differentiation and cause band bending, which 

is firstly developed by Schottky and Mott. W is one of the crucial parameters in 

determining the electronic structure of metal and semiconductor. The relationship 

between W and Fermi level (EF) is described as 

𝑊 = 𝐸𝑣𝑎𝑐 − 𝐸𝐹              (1.13) 

where Evac is the vacuum energy.  

Figure 1.18 is the energy band diagrams of n-type semiconductor and metal. Under 

the circumstance of the metal and semiconductor are contacted and the work function 
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of the metal (Wm) is higher than that of the semiconductor (Wm＞Ws), electron flowing 

will occur from the semiconductor to the metal till their Fermi levels are matching. 

Under equilibrium of the electron transfer, electrostatic induction will result in 

negatively charged metal surface region as well as positively charged semiconductor. 

Consequently, the interfacial build-in electric field between semiconductor and metal 

is formed. However, the concentration of free charge carriers in the semiconductor is 

very low. Thus, it is difficult for the semiconductor to effectively screen the interfacial 

electric filed between metal and semiconductor. And therefore, compared to the bulk, 

the concentration of free charge carriers close to the semiconductor surface is depleted. 

This region is called the space charge region. Band bending will occur in this region on 

account of the continuously shifted energy band edges in the semiconductor caused by 

interfacial electric field. In the n-type semiconductor (electrons work as majority charge 

carriers), when Wm＞Ws, electron depletion occurs in the space charge region and 

thereby is defined as depletion layer. The feature of this depletion layer is of excessive 

positive charge. In this layer, because of the build-in electric filed, the energy bands 

bend upward toward the interface. The band bending energy (EBB) is given by 

𝐸𝐵𝐵 = 𝑊𝑚 − 𝑊𝑠             (1.14) 

In addition, when Wm＞Ws the n-type semiconductor, at the interface between metal 

and semiconductor, an energy barrier is formed, and it is called Schottky barrier (ESB) 

ESB can be determined by 

𝐸𝐵𝐵 = 𝑊𝑚 − 𝜒𝑠              (1.15) 

where χs is the semiconductor’s electron affinity. 

   When Wm＜Ws, the right part of Figure 1.18, the electron flow from metal to 

semiconductor will take place until their Fermi levels become equal. Under this 

circumstance, the electrons will gather at the space charge region. This region is defined 

as the accumulation layer. In the accumulation layer, the energy bands bend downward 

toward the interface between metal and semiconductor interface. Also, there is no 

energy barrier.  
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Generally, when the semiconductor’s Fermi level is upper than that of the metal, it 

will decrease because the charge transfers to the metal. Vice versa. 

 

Figure 1.18 Energy band diagrams of contacted n-type semiconductor and metal. Evac: 

vacuum energy, ECB: minimum conduction band energy, EVB: maximum valence band 

energy; EFs: semiconductor’s Fermi level, EFm: metal’s Fermi level. 

1.4.2 Mechanism of plasmon-induced hot-electron generation97 

   The plasmonic nanostructures, such as metal nanoparticles/TiO2 systems, have been 

proposed for two different areas. One is to work as an effective light trapping part which 

is assembled into the photocatalytic systems and photovoltaic cells. The other is the 

direct transformation of collected photons into electricity through hot-electrons 

generation. Under the irradiation of incident light, the plasmonic nanocomposites 

induces LSPR excitation. And then, the plasmons will decay non-radiatively in a 

femtosecond time scale. The trapped energy is produced into electron-hole pairs and 

injected to the conduction band of semiconductor. The energy of those electrons is with 

high, usually 1-4 eV for silver nanoparticles (Ag-NPs) or Au-NPs. These highly 

energetic electrons are not thermal equilibrium to the atoms of the materials. Therefore, 

they are also called “hot-electrons.” Owing to enough kinetic energy, the hot- electrons 

can run away from the plasmonic metallic nanoparticles and will be gathered by the 
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connected semiconductor through the interfaces and forms a metal–semiconductor 

Schottky junction. 

In general, three mechanisms can explain the separation of hot electron-hole pairs 

from the excited metallic nanostructure to the semiconductor (Figure 1.19).  

Figure 1.19a illustrates the conventional plasmon-induced hot-electron generation 

mechanism. Through Landau damping, the photoexcited plasmon in metal can decay 

into hot electron-hole pairs. Then the hot-electrons inject into the conduction band of 

semiconductor in contact.  

This conventional mechanism includes interfacial and distal photoelectric effect.95 

Both the energy and lifetime of the plasmon-induced hot-electrons can determine the 

transfer efficiency. Before flowing to the metal-semiconductor interface, the hot-

electrons may recombine with the holes and also may relax through electron-electron 

scattering. Moreover, the energy of the hot-electrons is distributed in a broad range,98 

and most electrons are not energetic enough to surmount the Schottky barrier. Therefore, 

these hot-electrons are converted to heat rather than contributing to the charge 

separation. In most cases, therefore, the efficiency of conventional transfer mechanism 

is very low. 

Figure 1.19b is the optical excitation process. The metal can be directly excited by 

light, the electrons are directly injected into the conduction band of semiconductor.99  

Figure 1.19c is a newly demonstrated mechanism, which is based on the strong 

interdomain mixing and coupling of semiconductor and metal levels. In this condition, 

the plasmon-induced hot-electrons are directly generated in the semiconductor, while 

holes are generated in the metal.97  

 

Figure 1.19 Schematics of charge separation pathways in metal-semiconductor 

configuration. 
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1.4.3 Near-field enhancement28,77,100-102 

Near-field is generally referred to the energetic electromagnetic field which is much 

higher than the energy of incident light. It is confined at the plasmonic nanostructures’ 

surface.  

In metal-semiconductor systems, the mechanism of near-field electromagnetic 

enhancement is on account of the interaction of the semiconductor with the energetic 

localized electric fields of metal under the excitation of the incident light. The strongest 

electric field is confined at the metal’s surface. However, it will decrease exponentially 

with distance from the surface in 20~30 nm, and it will decrease linearly in further 

distance. The semiconductor will encounter these energetic electric fields when it nears 

to or contacts with the exciting metal nanostructure. Therefore, the efficiency of 

plasmon-induced electron-hole pairs generation at a nearby semiconductor via near-

field enhancement is highly rely on the energy of the localized electric fields. The higher 

efficiency of the electron-hole generation ascribe to more intense localized electric field. 

As shown in Figure 1.20, in some regions of the semiconductor the rate of electron-

hole pairs generation is improved in a few orders of magnitude.103-105 

 

Figure 1.20 FDTD Simulation for electric field distribution of Au-TiO2.
103 

 

Up to now, tremendous researches have concentrated on investigating the 

relationship of plasmon-induced hot-electron formation and the localized electric field 

generated by LSPR. As shown in Figure 1.21a, Koichiro Saito et al.106 could selectively 
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etch the bottom and top of Ag nanocubes by plasmon-induced electron-hole separation. 

This site-selective etching shows that the plasmonic near-field can induce the anodic 

reaction. Moreover, Figure 1.21b further illustrates the effects of plasmonic localized 

electric field intensity and distributions on the IQE of plasmon-induced electron-hole 

separation. Takuya Ishida et al.107 revealed that the localized electric field at the surface 

of Au-NPs is improved by the plasmon coupling, which resulted in the improved IQE 

of plasmon-induced electron-hole separation. 

 

Figure 1.21 Investigation on the relationship of plasmon-induced hot-electron-hole 

generation and intensity of localized electric field. (a) Ag nanocubes on TiO2
106 and (b) 

Au-NPs on TiO2.
107 

1.4.4 Application of plasmon-induced hot-electron generation 

The transfer of hot-electrons from plasmonic nanostructures into the conduction 

band of the semiconductor matrix under irradiation significantly improves the 

conductivity of the system and also drive redox reactions. This mechanism has been 

extensively used in plasmon-enhanced photocatalytic degradation of organic 

molecules,108,109 water splitting,110 and CO2 reduction into fuels.111,112 The plasmon-

induced photcatalytic reactions provides a promising direction to enhance the 

absorption ability of the semiconductor. 

Degradation of organic molecules is usually applied to evaluate photocatalytic 

efficiency. Parvaneh Sangpour et al.108 reported photocatalytic degradation efficiency 

on methylene blue (MB) by TiO2 deposited with various metal nanoparticles, and under 
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visible irradiation, the photocatalytic activity of Au/TiO2 and Cu/TiO2 were much 

higher (Figure 1.22a). Furthermore, Shuying Zhu et al.109 found that when the dominant 

exposed facets of TiO2 is {0 0 1}, the Au-NPs/TiO2 composite tended to effectively 

degrade Rhodamine B (RhB) under visible light irradiation. (Figure 1.22b). Therefore, 

the structural and electronic properties of TiO2 should also be crucial for higher 

photocatalytic efficiency.  

 

Figure 1.22 (a) Photodegradation of methylene blue (MB) with different metal (Au, 

Ag, Cu)/TiO2.
108 (b) Photodegradation of Rhodamine B (RhB) with different 

Au/TiO2.
109  

 

Also, plasmonic nanostructures can facilitate water splitting under visible and near-

infrared light irradiation. To date, numerous plasmonic nanoparticle/semiconductor 

systems have been investigated one after another. For example, with the utilization of 

the double sides of strontium titanate (SrTiO3), Yuqing Zhong et al.110 successfully 

exploited a plasmon-induced water splitting system, which could be operated under 

irradiation by visible light (Figure 1.23). It was found that water oxidation could be 

facilitated by the plasmon-induced charge separation process at the interface between 

Au-NPs and SrTiO3, while proton was reduced at the backside of SrTiO3. 
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Figure 1.24 Water splitting (a) schematic, (b) and (c) experimental results of Au-

NPs/Nb-SrTiO3 photoelectrodes.110 

 

In addition, photocatalytic reduction of CO2 is considered as a promising strategy 

to decrease CO2 emissions and simultaneously convert solar energy into storable 

chemical energy. For example, Huilei Zhao et al.111 reported a well-designed 

Au/Al2O3/TiO2 structure with a significant improvement in CO2 photoreduction 

compared to Al2O3/TiO2 (Figure 1.24). Moreover, Joseph S. DuChene et al. reported 

that Au/p-GaN photocathodes exhibited effective plasmon-induced 

photoelectrochemical CO2 reduction.112 

 

Figure 1.24 Plasmon-induced CO2 reduction by Au/Al2O3/TiO2.
111  
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1.5 Strong coupling of plasmon and nanocavity modes 

Plasmonic photocatalysis are still featured insufficient light absorption due to the 

narrow-band LSPR. For the sake of improving the light harvesting efficiency of metal 

nanostructures, ascribing to the booming nanofabrication technologies, coupled 

plasmon systems with tunable spectrum and intensified near-field have been intensively 

studied. Nanogap dimer,113,114 dolmen,115-117 and oligomers118 are metal nanoparticles 

with short distance, which are considered as strong coupling. Metal nanostructures can 

also couple with optical modes, such as waveguide,119 cavity.120-123 The design of strong 

coupling system between plasmon and nanocavity has been developed to realize 

intensive and adjustable optical response. In this system, a high reflective metal layer 

is on the rear so that all light is channeled into the absorber layer owing to the blocked 

transmission by the rear.124-127 It is a promising approach to combine the plasmonic 

nanostructures and Fabry−Perot (FP) nanocavities together for plasmonic phtocatalysis 

with broad and high absorption ability.124  

For example, Yuhua Lu et al.121 experimentally demonstrated the three-layered 

nanostructure Au-NPs/TiO2/Au-film could efficiently harvest light across a broad 

wavelength range to boost the photoelectrochemical activities (Figure 1.25).  

 

Figure 1.25 (a) Schematic, (b)SEM image, (c) absorption spectra, (d) IPCE spectra, 

and water splitting efficiency of Au-NPs/TiO2/Au-film nanostructure.121 
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In these aforementioned Au-NP/TiO2/Au-film nanostructures, Au-NPs are 

deposited on the top of TiO2 film, 121,123 resulting in weak interaction of cavity mode 

and LSPR. In order to address this disadvantage, our laboratory developed Au-

NPs/TiO2/Au-film nanostructure based on the strong coupling between FP-nanocavity 

and LSPR to harvest broadband light efficiently as well as facilitates water splitting 

reaction (Figure 1.26).122 In order to improve the interaction of nanocavity and LSPR, 

Au-NPs are partially inlaid by an additional thin TiO2 film. The structure could absorb 

visible light higher than 98 % and effectively improve the IPCE compared to the 

structure without strong coupling. 

 

Figure 1.26 (a) Schematic and (b) Photographs of Au-NP/TiO2/Au-film with partially 

inlaid Au-NPs.122 

 

Coupled harmonic oscillator model,119 which is usually used as the concept of 

strong coupling between cavity modes and an emitter, can be applied to calculate the 

splitting energy of the cavity and plasmon systems. In the coupled cavity-LSPR system, 

the LSPR field coupling strength is proportional to the LSPR dipole moment and the 

electric field in the cavity. The system can be described by the following Hamiltonian: 

[
𝐸𝐶

ℏ𝛺

2
ℏ𝛺

2
𝐸𝑃

]                     (1.16) 

where EC = ħωC is the energy of the cavity mode. EP = ħωP is the energy of the LSPR 

mode. ħΩ/2 is the coupling constant.  

After ignoring the cross-damping terms, which is the incoherent energy exchange 

between the uncoupled systems. The solution of the equation is given by: 
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𝐻𝛹 = [
𝐸𝐶

ℏ𝛺

2
ℏ𝛺

2
𝐸𝑃

] [
𝛹𝐶

𝛹𝑃
] = 𝐸 [

𝛹𝐶

𝛹𝑃
]           (1.17) 

The eigenstate of the polariton, which consists of the eigenstates of the cavity and 

the LSPR, yields the dispersion of the coupled system: 

𝐸±(𝛿) =
𝐸𝐶+𝐸𝑃

2
±

1

2
√(𝐸𝐶 − 𝐸𝑃)2 + |ℏ𝛺|2      (1.18) 

When EC = EP, the coupling system will result in a mode splitting of ħΩ. 

   In addition, the strong coupling conditions based on the linewidth and the splitting 

energy is described as: 

ℏ𝛺 > √𝛾𝑈𝐵
2 +𝛾𝐿𝐵

2

2
= √

𝛾𝑐𝑎𝑣𝑖𝑡𝑦
2 +𝛾𝐿𝑆𝑃𝑅

2

2
          (1.19) 

where ħΩ is the splitting energy. γUB and γLB are the linewidths of the upper and lower 

branches, respectively. γcavity and γLSPR are the linewidths of the nanocavity and LSPR 

modes, respectively.122 

 Therefore, in order to develop plasmonic photocatalysis systems consisting of a 

nanocavity mode and LSPR mode with high efficiency under visible light, Eq. 1.19 can 

be employed to verify the structures fulfils the strong coupling conditions or not.  

1.6 Outlook of this thesis 

In the studies of plasmonic nanostructures, a single layer of monodispersed metallic 

nanoparticles decorated on TiO2 film have been applied in most systems. Nevertheless, 

it is difficult for a single layer of metallic nanoparticles to harvest light efficiently, 

which can directly affect the generation and transformation of plasmon-induced hot 

electron-hole pairs in metal nanostructures. There have been numerous reports on 

boosting the efficiency of plasmon-induced charge separation by means of controlling 

the nanoparticle shape, size, interparticle distance, and so on. The studies on 

constructing an efficient light harvesting plasmonic system with enhanced photocurrent 

generation and water oxidation still deserve for investigating.  

The aims of this thesis are fabrication of a novel modal strong coupling structures 

between the FP-nanocavity (TiO2/Au-film) and LSPR (Au-NPs), investigation of their 
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hot-electrons separation properties, and further modification for enhanced 

photoelectrochemical performances. These studies will provide a better understanding 

and unique perspective to constructing plasmonic nanostructures with high 

photoelectrochemical and photocatalytic performances.  

There are five chapters in this doctoral thesis. Chapter 1 reviews the basics and 

applications of surface plasmon resonance and the its related plasmon-induced charge 

separation process. 

Chapter 2 relates to the original development strategy of the modal strong coupling 

photoelectrodes between FP-nanocavity and LSPR by Helicon sputter, ALD, thermal 

evaporation, and annealing. The morphologies, optical properties, and 

photoelectrochemical activity of the prepared structures are explored. The effect of Au-

NP size and the inlaid depth on the properties of the prepared structures are investigated. 

Chapter 3 relates to the investigation of the plasmon-induced hot-electron transfer 

efficiency under this modal strong coupling conditions. The effects of the modal strong 

coupling conditions on the IPCE and IQE by using triethanolamine (TEOA) as a 

sacrificial electron donor are discussed.  

In Chapter 4, Au@ATA nanostructure is implemented using a facile constant 

potential electrolysis (CPE) technique to postdeposit Au on the modal strong coupling 

photoelectrode in order to tailor the near-field distribution of Au-NPs. Optical responses 

to deposition time and thickness of nanocavities as well as photoelectrochemical 

performances of the as-prepared photoelectrodes are investigated. Finite-element 

method (FEM) simulation is also performed to observe the distribution of near-field 

enhancement.  

Chapter 5 makes a conclusion about this thesis. 
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Chapter 2 Size effect on the Modal Strong Coupling 

Conditions 

2.1 Introduction 

Numerous types of gold nanoparticles (Au-NPs)/TiO2 nanocomposites have been 

widely investigated due to the plasmon-enhanced light absorption ability of TiO2 in 

visible and sometimes even in near infrared region.1-9 It is very easy to tune the optical 

responses by changing the size, shape and composition of Au-NPs.10 However, it is 

relatively difficult for the single-layered Au-NPs to effectively harvest light because of 

the narrow-band localized surface plasmon resonance (LSPR). Therefore, for the sake 

of improving the light absorption, photoelectrodes with three-layered metal-dielectric-

metal architectures have been developed.11-15 This kind of nanostructure can support 

gap plasmon resonance. As a result, magnetic surface currents can be effectively 

induced as well as electric can be equivalently caused to happen. Therefore, destructive 

and interferential reflected waves are produced under this condition.16 Based on this 

mechanism, this three-dimensional structure is insensitive to the irradiation angle and 

polarization, and especially inert to the periodicity.16 Additionally, it has been 

investigated that these three-dimensional structures can achieve intensive broadband 

absorption with the utilization of feasibly produced differently-sized and randomly 

arrayed metallic nanoparticles.17,13-15 Furthermore, these efficient aforementioned 

plasmonic nanostructures have been recently investigated the promising application in 

water splitting as well as photocurrent increment.13,14 

Based on our previous results about strong coupling,18 in this chapter, Au-

NPs/TiO2/Au-film (ATA) structure with intensified and broadband visible light 

absorption capacity is developed. The size effect of Au-NPs on the modal strong 

coupling conditions, the optical properties, and the plasmon-induced 

photoelectrochemical performances are researched.  
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2.2 Experimental section 

2.2.1 Fabrication of Au-NPs/TiO2/Au-film photoelectrodes 

   As shown in Figure 2.1, a 10 × 10 × 1.0 mm3 silica (SiO2) glass was used as the 

substrate. It was cleaned by ultrasonic for 5 min each sequentially in acetone, methanol, 

and ultrapure water. Then, a pure nitrogen flow was used to dry the clean substrate. By 

using a Helicon sputtering system (ULVAC, MPS-4000C1/HC1), 100 nm Au film and 

a 2 nm titanium film were deposited sequentially on the surface of SiO2. After that, a 

commercial hot-wall flow-type atomic layer deposition (ALD) reactor (SUNALETM 

R series (Picosun)) was used to deposit a thin layer of 28 nm titanium dioxide (TiO2) 

Titanium tetrachloride (TiCl4) and H2O were used as TiO2 precursors. The deposition 

temperature maintained in 300 ºC. To prepare the dispersed Au-NPs, 3 nm 

discontinuous Au thin film was firstly thermal evaporated on TiO2 surface with a rate 

of 0.1 Å•s-1, and then annealed in air at 300 °C for 2 h. The size of Au-NPs could be 

regulated by controlling the thickness of the evaporated Au thin film. In order to obtain 

partially embedded Au-NPs, an additional thin layer of TiO2 was deposited by ALD, 

and the sample was subsequentially annealed in air at 300 °C for 2 h. The inlaid depth 

of the Au-NPs could be manipulated by changing the thickness of the additionally 

deposited TiO2. 

 

Figure 2.1 Schematic preparation of Au-NPs/TiO2/Au-film (ATA) structure. 
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2.2.2 Characterizations 

Photonic multichannel analyzer (PMA-11 (Hamamatsu Photonics)), which is 

equipped with an optical microscope (BX-51 (Olympus)), could measure the reflection 

(R) and transmission (T) spectra of the as-prepared structures. For the measurements, 

the numerical aperture of the objective lens was 0.5.  

The surface morphology was observed by ultra-high-resolution scanning electron 

microscope (SU8230 (HITACHI)) with a maximum resolution of 0.8 nm at an electron 

accelerating voltage of 15 kV.  

The cross-section was analyzed by high-resolution transmission electron 

microscopy (JEOL ARM (200 F) 200 kV FEG-STEM/TEM) with a resolution of 75 pm 

at an electron accelerating voltage of 200 kV. 

2.2.3 Photoelectrochemical measurement 

A three-electrode system was used to measure the photoelectrochemical 

performance of the as-prepared photoelectrodes (Figure 2.2). The obtained structure 

was used as the working electrode (WE,). Saturated calomel electrode (SCE) was used 

as the reference electrode (RE). Platinum (Pt) wire was used as the counter electrode 

(CE).  

 

Figure 2.2 Experiment setups for photoelectrochemical measurements.  
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For the preparation of the WE, shown in Figure 2.3, In-Ga alloy (4 :1 weight ratio) 

film was firstly pasted onto the back of the as-prepared structure. Then, the structure 

was connected to the electrochemical analyser (ALS/CH Instruments Model 852C) 

with a copper lead wire. 100 mL 0.1 mol•dm-3 KOH aqueous solution was used as 

electrolyte. The light source was 800 W xenon lamp.  

 

Figure 2.3 Schematic illustration of working electrode cell. 

For the IPCE calculation, a bias with +0.3 V vs. SCE was applied to measure i-t 

cures to calculated the photocurrent. Then, the IPCE is obtained by applying the 

following equation: 

𝐼𝑃𝐶𝐸(𝜆) =
1240 х 𝐼 (𝐴/𝑐𝑚2)

𝜆(𝑛𝑚)  х 𝑃 (𝑊/𝑐𝑚2)
                    (2.1) 

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. 

2.3 Results and discussions 

2.3.1 Dependence on the size of Au-NPs 

(1) Morphologies of Au-NPs 
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Figure 2.4 SEM images and size distributions of ATA structures with different Au-NP 

size. (a) and (d) 8 nm, (b) and (e) 12 nm, (c) and (f)18 nm. 

 

Figure 2.4 is the surface morphologies and size distributions of Au-NPs/TiO2/Au-

film (ATA) structures with different Au-NPs size prepared by thermal evaporation. It is 

clearly observed that a monolayer of Au-NPs with a relatively large size distribution is 

dispersed on the surface of TiO2. As shown in Figure 2.4, 8 nm, 12 nm and 18 nm Au-

NP size is corresponding to the Au film thickness 2 nm, 3 nm, 4 nm, respectively. The 

size of Au-NPs can be regulated vis changing the thickness of the initial thermal 

evaporated Au film. For example, by analyzing Figure 2.4b, the surface coverage of 

Au-NPs generated from 3 nm Au film is estimated at about 30%. The corresponding 

size distribution is well fitted with the Gaussian fitting. The average size is 12 nm and 

the standard deviation is 7 nm (Figure 2.4e). 

(2) Optical properties 

According to the previous reports,13 either the Au-NPs size or the thickness of TiO2 

can manipulate the optical properties of ATA structures. Therefore, the most intense and 

widest absorption spectrum of the ATA structure can be achieved under the optimal 

values of these two parameters.  

Figure 2.5 is photographs of the structures with only 100 nm Au-film, TiO2/Au-film, 

ATA with Au-NP size of 8 nm, 12 nm, 18 nm (left panel). The surface color of a thick 
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layer of Au-film is yellow. Also, the color of TiO2/Au-film without Au-NPs is orange. 

However, the surface colors of ATA structures with different Au-NPs size appear dark 

blue, indicating intensified light absorption. The right panel of Figure 2.5 is 

photographs of ATA structures with inlaid depths of 3.5 nm, 7 nm, 14 nm, Au-NPs/TiO2 

and Au-NPs/TiO2 with 7 nm inlaid depth. For comparison, the surface color of Au-

NPs/TiO2 obviously proves that the structure is translucent because of the insufficient 

absorption ability of the single layer of Au-NPs, which is further verified through the 

absorption spectra (Figure 2.9). 

 

Figure 2.5 Photographs of different structures.  

 

In order to detect the optical properties of the fabricated ATA structures with 

different Au-NP size, the reflection (R) and transmission (T) are measured by PMA. 

The corresponding absorption is calculated as 1-T-R. The absorption spectra of ATA 

structures with different Au-NP size are shown in Figure 2.6. The absorption spectra of 

Au-NPs/TiO2 and TiO2/Au-film are also plotted together into Figure 2.6. The black line 

illustrates the absorption spectrum of TiO2/Au-film. The absorption shorter than 500 

nm is attribute to the interband transition of Au. As expected, Au-NPs/TiO2 exhibits a 

single-band absorption at around 590 nm. The highest absorption value is about 13 %. 

This absorption peak is characteristic LSPR band when Au-NPs decorated on high 
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refractive materials.6 However, ATA structures with different sized Au-NPs exhibit 

relatively increased and wide absorption ability at wavelength longer than 550 nm with 

a remarkably high absorption value of up to 93%. When compared to the highest 

absorption value of Au-NPs/TiO2 without the reflecting layer (no Au film), there is 

about 7-fold increase in that of ATA structures. In addition, the absorption spectra of 

ATA structures become wider by increasing the size of Au-NPs since the particle size 

is one of the crucial factors on the optical properties of Au-NPs.19  

 

Figure 2.6 Absorption spectra of ATA structures with different Au-NPs size. 

 

(3) Dependence of photoelectrochemical properties on Au-NPs 

Photoelectrochemical measurements are carried out in a three-electrode system to 

assess the monochromatic incident photon-to-electron conversion efficiency (IPCE) of 

the photoelectrodes (Figure 2.2). Notably, there is no sacrificial electron donor in the 

KOH electrolyte, and therefore water oxidation will occur. Figure 2.7a shows the IPCE 

spectra of ATA structures with different Au-NPs size. The IPCE spectra correspond to 

the absorption spectra (Figure 2.6) and the highest IPCE values locate at around 600 

nm. As reported, for the wavelength shorter than 500 nm, the photocurrent generation 

is likely determined by the intrinsic light absorption of Au, which is on the basis of the 

interband transition from d-band to the conduction band.2 While the IPCE values 

correspond well to the absorption spectra at a wavelength longer than 600 nm, 
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indicating that LSPR can induce the photocurrent enhancement. However, the IPCE 

values decrease when the wavelength is longer than 700 nm (out of LSPR band). The 

reason is that it is difficult for the structures to utilize the absorbed light 100 % and the 

IPCE values cannot completely correspond to the absorption spectra because there are 

three factors to determine the IPCE values of the structures: the intensity of light 

absorption, the efficiency of surface charge separation, and the efficiency of charge 

transfer to the surface. Additionally, the IPCE values relate to the energy of incident 

photons. For example, with 700 nm illumination, the energy of the incident photons is 

relatively low, thereby most of the electrons cannot overcome the Schottky barrier to 

transfer to the conduction band of TiO2 and participate reactions. Furthermore, as 

shown in Figure 2.7b, the average IPCE values at 500 nm ~ 900 nm increase with larger 

Au-NPs. Nevertheless, considering the economical reason, 12 nm Au-NPs size is 

preferable since the average IPCE value is almost the same as that of the 18 nm Au-

NPs. Therefore, 12 nm Au-NP size is selected in the future studies. 

 

Figure 2.7 (a) IPCE spectra of ATA photoelectrodes with different Au-NP size. (b) The 

corresponding average IPCE obtained from 500 nm to 900 nm. 

2.3.2 Dependence on inlaid depth of Au-NPs 

(1) Morphologies of Au-NPs with 7 nm inlaid depth 
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Figure 2.8 (a) Schematic and (b) side-view STEM image of partially inlaid ATA 

structure. (c) STEM image with high magnification corresponding to (b). (d) EDX 

mapping corresponding to (c). 

 

Figure 2.8a displays the schematic of the ATA structure with partially embedded 

Au-NPs. At the bottom of the structure is 100 nm Au thick film. 28 nm TiO2 thin film 

is on the top of the Au film. A layer of well dispersed Au-NPs is partially embedded in 

the TiO2 film. This three-layered plasmonic strong coupling structure can be utilized as 

optical elements to collect light and/or photoelectrodes to convert light to energy. To 

observe the presence of partially embedded Au-NPs, a typical scanning transmission 

electron microscope (STEM) is used to scan the cross-sectional morphology of Au-NPs 

(Figure 2.8b and 2.8c). Figure 2.8d is the energy-dispersive X-ray spectroscopy (EDX) 

mapping corresponding to Figure 2.8c. It is clearly observed that Au-NPs are partially 
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embedded into TiO2. The embedding depth is about 7 nm. 

(2) Optical properties 

 

Figure 2.8 Absorption spectra, calculated by 1-T-R, of the ATA structures with different 

Au-NPs embedded depth.  

 

For the sake of elucidating the effect of partially embedded Au-NPs on the strong 

coupling, absorption spectra of ATA structures with different embedded depths are 

measured and plotted into Figure 2.8. The LSPR band of 7 nm partially embedded Au-

NPs obtained from Au-NPs/TiO2/ITO. As shown in Figure 2.8, the LSPR bands tend to 

separate into two peaks with increasing the embedded depth of Au-NPs. With 

increasing the partially embedded depth of Au-NPs, interestingly, the absorption 

bandwidth of the ATA structure augmented. Dual-band absorption spectra obviously 

appear with the embedded depth larger than 7 nm. Moreover, as illustrated for the ATA 

structure with 7 nm embedded Au-NPs, more than 99% of the light are absorbed in the 

visible light region.  
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2.3.3 Charge separation under modal strong coupling condition 

 

Figure 2.9 Schematic of energy level diagrams of ATA photoelectrode and the redox 

potential of water oxidation. ECB and EVB refer to conduction band and valence band 

energy of TiO2. EF is the Femi level of Au and TiO2. 

 

Figure 2.9 illustrates the possible electron-hole pairs separation and transfer 

mechanism of ATA structure under the modal strong coupling condition. Under 

illumination, hot electron-hole pairs are generated at the bottom of Au-NPs which is 7 

nm partially inlaid by TiO2 thin film. The hot-electrons transfer from the Au-NPs to the 

conduction band of the TiO2 and collected by Au film, and then go to the counter 

electrode (Pt) through outer circuit to participate reduction reactions, while the holes in 

the Au-NPs transfer to the surface of TiO2 and used for oxidation of water. The overall 

process contributes to generating the measurable photocurrents. 

2.4 Conclusions 

In summary, the strong-coupling-enhanced absorption ability in ATA structures with 

only a monolayer of Au-NPs are developed and their charge separation mechanism are 

investigated. In these three-dimensional ATA structures, all the electrodes exhibit broad 

and intensive light absorption capacity under visible light irradiation. The photocurrent 

enhancement with various sizes of Au-NPs is examined. The experimental results 

demonstrate that Au-NPs with a size of about 12 nm possess superior properties not 
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only in photoelectrochemical performance but also this size is economically friendly. 

The investigated ATA structures can be fabricated easily. Therefore, it can be anticipated 

that the structures can be applied in the practical thin-film-based solar-to-energy 

devices. 

2.5 References 

[1] L. Wu, F. Li, Y. Y. Xu, J. W. Zhang, D. Q. Zhang, G. S. Li, H. X. Li, Appl. Catal. B: Environ., 2015, 164, 217-

224. 

[2] Y. Nishijima, K. Ueno, Y. Yokota, K. Murakoshi, H. Misawa, J. Phys. Chem. Lett., 2010, 1, 2031-2036. 

[3] K. Ueno, T. Oshikiri, Q. Sun, X. Shi, H. Misawa, Chem. Rev., 2018, 118, 2955-2993. 

[4] X. M. Zhang, Y. L. Chen, R.-S. Liu, D. P. Tsai, Rep. Prog. Phys., 2013, 76, 046401 (41pp). 

[5] C. Clavero, Nat. Photonics, 2014, 8, 95-103. 

[6] Y. Tian, T. Tatsuma, J. Am. Chem. Soc., 2005, 127, 7632-7637. 

[7] X. Shi, K. Ueno, T. Oshikiri, H. Misawa, J. Phys. Chem. C, 2013, 117, 24733-24739. 

[8] S. Mubeen, J. Lee, N. Singh, S. Krämer, G. D. Stucky, M. Moskovits, Nat. Nanotechnol., 2013, 8, 247-251. 

[9] S. Mubeen, G. Hernandez-Sosa, D. Moses, J. Lee, M. Moskovits, Nano Lett., 2011, 11, 5548-5552. 

[10] K. L. Kelly, E. Coronado, L. L. Zhao, G. C. Schatz, J. Phys. Chem. B, 2003, 107, 668-677. 

[11] R. Takakura, T. Oshikiri, K. Ueno, X. Shi, T. Kondo, H. Masuda, H. Misawa, Green Chem., 2017, 19, 2398-

2405. 

[12] Z. Zhang, L. Zhang, M. N. Hedhili, H. Zhang, P. Wang, Nano Lett., 2012, 13, 14-20. 

[13] Y. H. Lu, W. Dong, Z. Chen, A. Pors, Z. L. Wang, S. I. Bozhevolnyi, Sci. Rep., 2016, 6, 30650. 

[14] C. Ng, J. J. Cadusch, S. Dligatch, A. Roberts, T. J. Davis, P. Mulvaney, D. E. Gómez, ACS Nano, 2016, 10, 

4704-4711. 

[15] M. K. Hedayati, M. Javaherirahim, B. Mozooni, R, Abdelaziz, A, Tavassolizadeh, V. S. K. Chakravadhanula, V. 

Zaporojtchenko, T. Strunkus, F. Faupel, M. Elbahri, Adv. Mater., 2011, 23, 5410-5414. 

[16] A. Moreau, C. Ciracì, J. J. Mock, R. T. Hill, Q. Wang, B. J. Wiley, A. Chilkoti, D. R. Smith, Nature, 2012, 492, 

86-89. 

[17] M. G. Nielsen, A. Pors, O. Albrektsen, S. I. Bozhevolnyi, Opt. Express, 2012, 20, 13311-13319. 

[18] X. Shi, K. Ueno, T. Oshikiri, Q. Sun, K. Sasaki, H. Misawa, Nat. Nanotechnol., 2018, 13, 953-958. 

[19] P. K. Jain, K. S. Lee, I. H. El-Sayed, M. A. El-Sayed, J. Phys. Chem. B, 2006, 110, 7238-7248. 

 



52 
 

Chapter 3 Efficient Hot-Electron Transfer under Modal 

Strong Coupling Conditions with Sacrificial Electron Donors 

3.1 Introduction 

According to the studies in Chapter 2, when the Fabry–Pérot nanocavity (FP-

nanocavity) mode interacts with the localized surface plasmon resonance (LSPR) of 

Au-NPs, strong coupling brings about. Under this condition, the absorption capacities 

of the plasmonic nanostructures can be evidently intensified and broadened in the 

visible light wavelength. The generated hot-electrons can be transferred to the 

conduction band of the contacted semiconductor much more efficiently. Therefore, the 

photoelectrochemical properties such as photocurrent generation efficiency can be 

significantly augmented.1 Particularly, except for the enhanced absorption capacity, the 

internal quantum efficiency (IQE) is also improved by the strong coupling conditions. 

The improvement of IQE means that the hot-electrons generated by light irradiation can 

be effectively utilized, which indicates that strong coupling structure can provide a 

novel method to conquer the drawbacks of traditional plasmonic nanocomposites. 

Therefore, thorough comprehension on the separation and transfer mechanism of 

electron-hole pairs is indispensable and challenging. However, it is very difficult to 

verify the separation efficiency of the net charges. Take water splitting as an example, 

water oxidation is occurred on the plasmonic photoanode and it is supposed to be the 

rate-determining step.  

In this chapter, the hot-electron transfer efficiency of the strong coupling Au-

NPs/TiO2/Au-film (ATA) photoanode is investigated. The efficiency can be obtained 

from the calculation of the generated photocurrent by the ATA structures. In order to 

speed up the surface reaction, triethanolamine (TEOA) is used as sacrificial electron 

donor. The influence of strong coupling on the IQE when TEOA is used as electron 

donor is explored. The effect of the generation and consumption of hot-carriers on the 

Fermi level is also investigated by in situ spectro-electrochemical method with and 
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without TEOA. 

3.2 Experimental section 

3.2.1 Fabrication of Au-NPs/TiO2/Au-film photoelectrodes 

The fabrication procedure of Au-NPs/TiO2/Au-film photoelectrodes is same to that 

of Chapter 2. 

3.2.2 Characterizations 

Photonic multichannel analyzer (PMA-11 (Hamamatsu Photonics)), which is 

equipped with an optical microscope (BX-51 (Olympus)), can measure the reflection 

(R) and transmission (T) spectra of the as-prepared structures. For the measurements, 

the numerical aperture of the objective lens was 0.5.  

The surface morphology was observed by field-emission scanning electron 

microscopy (JSM-6700FT (JEOL)) with a maximum resolution of 1 nm at an electron 

accelerating voltage of 15 kV. 

3.2.3 Photoelectrochemical measurement 

The basic set-up for the three-electrode system is same to that of Chapter 2.  

The applied potential was +0.3 V vs. SCE to scan the i-t curves. After finishing each 

scan of the monochromatic light, the applied potential was changed to -0.3 V vs. SCE 

to scan the i-t curves in dark for 10 s. The equation applied to calculate IPCE values at 

each wavelength was same to Eq. 2.1. 
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Figure 3.1 The Mott-Schottky plot of the ATA photoanode in 0.1 mol •dm-3 KOH 

solution with 1vol% TEOA. Frequency is 1000 Hz. 

 

The Mott-Schottky plot was scanned by using the same three-electrode system 

except for the reference electrode changed to Pt. Because the capacitance C was 

described as Eq. (3.1), the flat-band potential was obtained from the x-intercept of the 

Mott-Schottky plot.1 

𝐶−2 =
2(𝑈−𝑈𝑓𝑏−

𝑘𝑇

𝑒
)

𝑒𝜀0𝜀𝑟𝑁
                          (3.1) 

where U was the electrode potential, Ufb was the flat-band potential, k was the 

Boltzmann constant, T was the absolute temperature, e was the electron charge, ε0 was 

the permittivity of the vacuum, εr was the dielectric constant, and N was the donor 

density). 

The flat-band potential of the ATA photoanode was estimated at 298 K as -0.43 V 

vs. Pt from Figure 3.1 and Eq. (3.1). 

3.2.4 Transient absorption decay of Au nanodisks/TiO2 

100 nm TiO2 film was deposited on the quartz substrate by ALD. Au nanodisks were 

decorated on TiO2 using the electron beam lithography (Elionix, ELS-F125) and the 
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lift-off methods. The thickness of Au nanodisks was 20 nm with an adhesion layer of 2 

nm Ti. After the fabrication of Au nanodisks, a TEOA aqueous solution (9.1vol%) was 

dropped on the Au nanodisks/TiO2 and dried in air. 

The femtosecond transient absorption spectroscopy was done by using a home-built 

pump-probe setup. The fundamental output from a regenerative amplified Ti:sapphire 

laser (Coherent, Legend Elite, λp: 800 nm, τp: 25 fs, f: 500 Hz) was split into pump and 

probe pulses by a 90/10 beam splitter. As a pump pulse, a collinear optical parametric 

amplifier (Light Conversion, TOPAS-C) was used to provide a 565 nm excitation pulse 

with a fluence of 30 μJ/cm2. The minor portion was focused onto a sapphire crystal to 

generate a white light probe pulse. Signal beams were detected on a fiber-coupled dual-

channel spectrometer (Avantes, AvaSpec-ULS 2048). The Δabsorbance values of the 

transient absorption was obtained by the signals with and without the pump pulse. 

3.2.5 In situ spectroelectrochemical measurement 

As shown in Figure 3.2, the reflection spectra with bias voltage were obtained by 

utilizing the three-electrode system. The working electrode (WE) was the as-prepared 

ATA structure. Both the reference electrode (RE) and counter electrode (CE) were Pt 

sticks. The WE was prepared by pasting a layer of In-Ga alloy (4:1 weight ratio) film 

onto the back side of the ATA structure. Then the WE was connected to the 

electrochemical analyser (ALS/CH Instruments Model 760 DH) with a conductive 

copper wire. The electrolytes were 0.1 mol • dm-3 KOH solutions with different 

concentrations of TEOA. Then, the absorption spectra with both illumination and 

potential were realized under 580 nm and 700 nm monochromatic light in this system.  
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Figure 3.2 Schematic of the in situ spectroelectrochemical measurement. 
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3.3 Results and discussions 

3.3.1 Dependence on concentration of electron donors 

 

Figure 3.3 IPCE action spectra of the ATA photoanode with various TEOA 

concentrations: 0, 0.01 %, 0.03 %, 0.05 %, 0.1 %, 0.3 %, 0.5 %, 0.8 %, 1 vol%, 

respectively. The magenta and green curves are the fitting plots of the dual-bands, and 

the cyan curve is the sum of the dual-bands. 
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In order to assess the light-to-energy conversion efficiency of ATA photoanode, the 

three-electrode system is employed to perform the photoelectrochemical measurements. 

Water will act as electron donor and water oxidation occurs under the condition of the 

electrolyte is without any electron donor.2,3 TEOA is mixed in KOH electrolyte for the 

exploration in the effect of electron donor to the photocurrent generation of ATA 

structures. It is reported that the reduction ability of TEOA is relatively high and the 

redox potential is positive.4,5 Figure 3.3 is the monochromatic incident photon-to-

current conversion efficiency (IPCE) of the ATA photoelectrodes with various TEOA 

concentrations. When the electrolyte is only KOH, the IPCE spectrum shows a wide 

responsivity in 500~900 nm region, which is in accordance with the wide-band 

absorption studied in Chapter 2. With increasing the concentration of TEOA, the IPCE 

values of ATA structures are improved obviously. The maximum IPCE value is about 

4 %, which is about two times higher than the IPCE value of ATA without partially 

embedded Au-NPs due to the weak coupling intensity (Figure 3.4). Therefore, the 

strong coupling condition can significantly control the transfer efficiency of the hot-

electrons. As the investigation in Chapter 2, the modal strong coupling condition 

between LSPR and FP-nanocavity can generate two hybrid modes: upper branch and 

lower branch. In addition, the IPCE spectra can be divided into two peaks with different 

TEOA concentrations. Therefore, the two hybrid branches are conducive to the transfer 

of hot-electrons as well as the photocurrent enhancement. The separated IPCE spectra 

are all plotted together with the experimental ones in Figure 3.3. 
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Figure 3.4 (a) IPCE spectra of ATA without partially embedded Au-NPs with different 

concentration of TEOA in 0.1 mol•dm-3 KOH. (b) Absorption spectrum of ATA without 

partially embedded Au-NPs in air. 

 

Figure 3.5 is the IPCE increment factors for upper branch and lower branch with 

different concentration of TEOA. The factors are calculated by dividing the 

corresponded IPCE values of without TEOA. When the concentration of TEOA is lower 

than 0.3 vol%, both the increment factors of lower branch and upper branch are 

obviously determined by the concentration of TEOA. When the concentration of TEOA 

is higher than 0.3 vol%, the increment factors of the two branches are in equilibrium, 

which are not increase significantly. The value of the increment factors for the lower 

branch is about 4.0 and that for the upper branch is almost 4.5. What calls for special 

attention is that, when the concentration of TEOA is in low region, the improvement 

for the increment factor of upper branch is remarkably higher than that of lower branch. 

 

Figure 3.5 Enhancement factors obtained by dividing the IPCE peak intensity of upper 

branch and lower branch with TEOA by that without TEOA.  

3.3.2 In situ optical measurement of photoelectrodes 

The strong coupling condition is largely determined by the overlap among the 
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energy levels in each original state. In the light of the dispersion curve, when the energy 

of LSPR aggrandizes from the tuning condition, the energy states for both lower branch 

and upper branch augment, and vice versa.6 Besides, as is well known that the energy 

of LSPR is determined by refractive index. Because the refractive index strongly 

depends on the surrounding environment as well as the density of electrons. 7 It is given 

by the following equations: 

𝜆 = 𝜆𝑝√휀∞ + (
1−𝐿

𝐿
)휀𝑚                         (3.3) 

𝜆𝑝 =
2𝜋𝑐

𝜔𝑝
= √

4𝜋2𝑐2𝑚𝜀0

𝑁𝑒2
                         (3.4) 

where λ p is the frequency for bulk plasma, ε∞ is the dielectric constant of high 

frequency contribution, L is the particle size shape parameter, εm is the dielectric 

constant of the surrounding environment, m is the effective mass of the electron, e is 

the charge of the electron, N is the density of electrons, and ε0 is the dielectric constant 

of vacuum. Therefore, when the density of the electrons of the metal nanoparticles 

reduces or εm increases, it tends to redshift for the absorption spectrum. For comparison, 

when the density of electrons become larger or εm become smaller, the spectrum tends 

to be blue-shifted. 
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Figure 3.6 (a) Absorption spectra of ATA structures with various TEOA concentrations. 

The applied voltage is 0.3 V vs Pt. (b) Absorption spectra of ATA structures with 

different applied voltage. The concentration of TEOA is 1 vol%. 

 

For the sake of observing differences in the absorption spectra, in situ 

spectroelectrochemical measurements are performed. Figure 3.6a is the absorption 

spectra of ATA structures measured in KOH solutions with different TEOA 

concentration. It shows that all the absorption spectra of ATA structures measured in 

KOH solution are similar to each other. Therefore, the concentrations of TEOA do not 

affect the absorption spectra of ATA structures in KOH solution. Moreover, the 

absorption spectra are still broad in the visible light region despite of the indistinct dual-

bands, signifying the strong coupling condition is almost kept.  
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Figure 3.7 (a) Energy diagrams at the interface of Au-NPs/TiO2. (b) Strong coupling 

between FP-nanocavity and LSPR with applied potential. Ufb is the flat-band potential. 

 

Figure 3.6b shows the absorption dependence on the applied voltage. The 

absorption spectra of ATA photoanodes are almost same even the applied potential is 

up to +1.0 V vs Pt. Therefore, the electron density of Au-NPs will not be changed by 

positive bias because the Schottky barrier at the interface prevents the electron transfer 

from Au-NPs to TiO2 (Figure 3.7a). However, as shown in Figure 3.6b, the absorption 

spectra of ATA structure change evidently when negative bias is applied. When the 

applied bias is smaller than -0.4 V vs. Pt, the absorption spectra tend to shift to the 

smaller wavelength. This potential threshold is in accordance with the flat-band 

potential of the electrode shown in Figure 3.1, the value is -0.43 V vs. Pt. The reason is 

that when the electrons transfer from TiO2 to Au-NPs beyond the flat-band potential, 

the LSPR band shifts to the blue light wavelength. Under the condition of the blue shift 

of LSPR, the energy states of both the upper branch and the lower branch 

simultaneously shift to blue due to the detuning condition between FP-nanocavity and 

LSPR (Figure 3.7). Moreover, it is possible that the refractive index of Au-NPs’ surface 

changes due to the hydrogen absorption generated from water reduction. In this case, 

the LSPR band changes. The carriers can be transported with the applied bias and, 

therefore, the strong coupling condition can be tuned, which is similar to the ensemble 

coupling between molecular excitation and the optical mode.8 
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Moreover, the density of electrons in Au-NPs can be determined by plasmon-induce 

hot electron-hole pairs generation and transfer. The change of LSPR spectra with 

various TEOA concentrations was explored under monochromatic illumination, which 

can excite both the lower branch and the upper branch (Figure 3.8). The upper branch 

can be excited at 580 nm monochromatic light, while the lower branch can be excited 

under illumination of 730 nm light. As shown in Figure 3.8a, without TEOA, the 

absorption spectrum shifts to longer wavelength under illumination, in which the upper 

branch exhibits larger shift than the lower branch. The reason for the redshift of the 

spectrum is that the density of electrons reduces or the holes increase. Some hot-holes 

can participate in water oxidation reaction; however, some might lose their energy 

resulting in the positively shift of the Fermi level of Au-NPs. In addition, under 

excitation of 580 nm monochromatic light, more hot-holes are generated thereby 

resulting in a larger positive shift of Fermi level. The potential for water oxidation 

reaction is still positive compared to the energy of the Fermi level in Au-NPs obtained 

from the spectrum shift. As shown in Figure 3.8b, after adding 0.01 vol% of TEOA in 

KOH, there is no redshift for the spectrum under the illumination of 580 nm. The reason 

is that most of the hot-holes originated from the excitation of upper branch participate 

the oxidation. As shown in Figure 3.8c, when the concentration of TEOA increased to 

1 vol%, there was no any shift in the absorption spectra. In this case, both the excitation 

of upper branch and lower branch cannot affect the Fermi level. 



64 
 

 

 

Figure 3.8 Absorption spectra of ATA structures with different concentration of TEOA: 

(a) 0 vol%, (b) 0.01 vol%, and (c) 1 vol%. The applied voltage is +0.3 V vs Pt. Black 

curves are absorption spectra without monochromatic light. Red curves are absorption 

spectra under 580 nm light irradiation. Blue curves are absorption spectra under 730 

nm light irradiation. The unconnected parts of red and blue spectra are in accordance 

with the illumination light, and the wavelength of 580 nm and 730 nm are displayed in 

pink and cyan. 
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3.3.3 Plasmon-induced hot-electron transfer 

 

Figure 3.9 Schematic illustrations of plasmon-induced hot-electron transfer and 

oxidation reaction (a) without and (b) with TEOA in electrolyte. ket is the constant of 

hot-electron transfer. kbt is the constant of back-electron transfer. krl is the constant of 

hot-electron relaxation. and kox is the constant of oxidation reaction. [S] is the 

concentration of the substance. CB is the conduction band of TiO2. EF is the energy of 

the Fermi level. 

 

The mechanism of plasmon-induced hot-electron transfer and the water oxidation 

reaction are illustrated in Figure 3.9.2 Under excitation, the plasmonic Au-NPs generate 

hot electron-hole pairs. The hot-electrons are injected into the conduction band of the 

TiO2; while the highly reacted holes transfer to the surface states of TiO2 near Au-NPs 

and then participate in the oxidation of substances. The transfer efficiency of plasmon-

induced hot-electrons is determined by several parameters. After excitation, the hot-

electrons can be relaxed via electron-electron scattering.9 Besides, the hot-electrons 

which have already been injected into the conduction band of TiO2 may return to Au-
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NPs and recombine with the holes. Since the oxidation reaction is much slower than 

the recombination of electron-hole pairs, it is difficult to suppress this relaxation 

process through the consumption of holes. However, it is relatively slow for the transfer 

of the back-electrons, and this transfer efficiency can be significantly reduced by 

speeding up the reaction of holes. Thus, it is necessary to smoothly supply electrons 

from the reactants to diminish the effect of back-electron transfer as well as to evaluate 

the efficiency of hot-electron transfer. Actually, the transient absorption results of Au-

NPs/TiO2 demonstrates that the decay of the transferred hot-electrons can be prolonged 

via the addition of TEOA (Figure 3.10). 

 

Figure 3.10 (a) SEM image of Au nanodisks on TiO2. (b) Extinction spectrum of Au 

nanodisks on TiO2. (c,d) Decay curves of Δabsorbance at a 950 nm wavelength 

measured on the Au-nanodisks/TiO2 without (c) and with (d) TEOA. The excitation 

wavelength (pump pulse) is a 565 nm wavelength. 

 

It is speculated that the oxidation rate (kox[S]) relating to the consumption of holes 

is crucial to these phenomena. Generally, hot-holes with excessive energy can enhance 

the constant of surface oxidation rate (kox). In addition, it has been calculated that the 
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energy distribution of plasmon-induced hot electron-hole pairs can be decided by the 

excitation energy of LSPR.10 Under the condition of no electron donor, the hot-holes 

might be trapped at the surface state of TiO2 before taking part in water oxidation. 

Therefore, the differentiate of the energy in upper branch and lower branch cannot 

principally determine the reaction rate of water oxidation. The oxidation process of 

TEOA is a one-electron reaction.11 Therefore, highly energetic hot-holes from the upper 

branch excitation can oxidize TEOA efficiently. Under the circumstance of low TEOA 

concentration, the oxidation rate is mainly determined by the rate constants based on 

the excitation of upper branch and lower branch. However, when the TEOA 

concentration is relatively high, the oxidation rate is high enough for both hybrid modes. 

Because the excitation energy can also affect the energy distribution of plasmon-

induced hot-electrons, when the concentration of TEOA is high, the difference of the 

electron transfer efficiency between the upper branch and the lower branch can be 

determined by the small differentiation of enhancement factors.  

3.3.4 Hot-electron transfer efficiency 

The effect of plasmon-induced hot-electrons produced by ATA photoelectrodes to 

electron transfer is investigated. The IQE values are calculated from IPCE/absorption. 

Figure 3.11a shows the IQE of ATA photoelectrodes with different TEOA concentration. 

With increasing the concentration of TEOA, the IQE values are improved. For lower 

TEOA concentration, the increments of IQE for both upper branch and lower branch 

are more obvious than the corresponded IPCE values. Under the high TEOA 

concentration, the IQE value at 600 nm is 3.8 %, and the value at 770 nm is 2.7 %. It is 

because the two branches can facilitate the generation and transfer of the plasmon-

induced hot-electrons.  
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Figure 3.11 IQE spectra of ATA photoelectrode with various TEOA concentrations in 

100 mL 0.1 mol•dm-3 KOH. (b) Average IQE from 500 nm to 800 nm corresponding to 

(a). 

 

Figure 3.11b displays the average IQE from 500 to 800 nm. When the TEOA 

concentration is up to 1 vol%, the average of IQE is about 5 times higher than that in 

the plain KOH electrolyte. The value is about 3%. Since about 40 % solar energy is in 

500~800 nm, this high IQE values are promising for the utilization in solar-to-energy 

conversion devices.  

3.4 Conclusions 

In conclusion, via observing and calculating the photocurrent generated by the ATA 

photoelectrode with electron donors, the transfer efficiency of plasmon-induced hot-
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electrons under the strong coupling between nanocavity and LSPR is studied. With the 

addition of TEOA, back-electron transfer can be effectively suppressed and the 

consumption of hot-holes is significantly accelerated. The highest PCE value of the 

upper branch is improved about 4.5 times, and the highest IPCE value of the lower 

branch increases about 4.0 times. Moreover, with the addition of TEOA, the average 

IQE in 500~800 nm region is about 3 %. It is proved that both the upper branch and the 

lower branch devote to the generation and transfer of the hot-electrons.  
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Chapter 4 Near-Field Engineering for Boosting the 

Photoelectrochemical Activity to a Modal Strong Coupling Structure 

4.1 Introduction 

Intensified near-field is considered as one of the most significant features in noble 

metal nanostructures via the excitation of localized surface plasmon resonance 

(LSPR).1-5 The strong near-filed has been extensively verified to play an important part 

in plasmon-induced chemical reactions.6-10 It is well known that the plasmon-induced 

hot-electron transfer can improve the visible light absorption and utilization of metal/n-

type semiconductor nanocomposites.11-15 Via the excitation of LSPR, hot-electrons are 

generated and subsequently transfer to the conduction band of the contacted 

semiconductor; while the holes are trapped in the surface state of the semiconductor 

and then take part in the oxidizing reaction.16,17 Since the localized electric field of the 

plasmonic metal nanostructure can prominently determine the generation of the 

plasmon-induced hot-electrons,18,19 it is considerably meaningful to selectively 

modulate the localized electrical field around the noble metal nanostructures for 

photocatalytic application because of the critical role of hot-electrons. 20,21 

Till now, numerous researches have focalized in assessing the optical performances 

of Au-NP/TiO2 systems ascribing to their distinct advantages, for example, plasmon-

induced photocurrent increment as well as the enhanced photocatalytic efficiencies 

under visible light irradiation.22-24 According to the investigation of the former Chapters 

and the published results, the strong coupling structure of Au-NPs/TiO2/Au-film (ATA) 

possesses improved solar-to-energy conversion efficiency and water oxidation rate.25 

For the ATA structure, about 7 nm Au-NPs are embedded into the TiO2 film in order to 

improve the interaction of Au-NPs (LSPR mode) and TiO2 (nanocavity mode). From 

the simulation results by finite element method (FEM), the strong near-field is 

generated at the bottom of the partially embedded Au-NPs, which indicates that the 

plasmon-induced hot electron-hole pairs are generated and separated at the bottom of 
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the embedded Au-NPs located in the TiO2. However, the hot-holes need to transfer to 

the surface of TiO2 to participate in the water oxidation. In this configuration, the 

transfer of holes has negative influence in photochemical reactions due to the 

unavoidable recombination with hot-electrons. Therefore, in order to improve the water 

oxidation efficiency of ATA structure, a near-field engineering technique is urgently 

needed to establish an intensified near-field close to the interface of the three-phase 

boundary in solution, TiO2 and Au-NPs. 

Morphology regulation is supposed to be an effective direction to manipulate the 

spatial distribution of the near-field in plasmonic noble metal nanostructures.26,27 

Therefore, in this chapter, an engineered ATA structure, denoted as Au@ATA is 

investigated. In Au@ATA structure, Au is electrochemically postdeposited on the 

original Au-NPs of ATA structure. It is considered that the postdeposited Au generated 

via the electrochemical method will create a new interface between TiO2 and the 

postdeposited Au. This brand-new interface is deemed to indispensable for improving 

the photoelectrochemical activities. The influence of reaction time of electrochemically 

postdeposited Au on the morphologies of Au-NPs, the light absorption properties, the 

strong coupling condition of ATA structure, as well as the photoelectrochemical 

performances are investigated.  

4.2 Experimental section 

4.2.1 Fabrication of Au@Au-NPs/TiO2/Au-film photoelectrodes 

The preparation process of Au@Au-NPs/TiO2/Au-film structures is described in 

section 2.2.1 of Chapter 2. 

Au was electrochemically postdeposited on ATA using a three-electrode system, 

with the ATA structure as the working electrode (WE), a platinum wire as the counter 

electrode (CE) and a saturated calomel electrode (SCE) as the reference electrode (RE). 

For the preparation of the WE, an In-Ga alloy (4:1 weight ratio) film was pasted onto 

the back and side of the structure, which was then connected to an electrochemical 
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analyser (ALS/CH Instruments Model 852C) with a copper lead wire. The 0.25 

mmol•dm-3 HAuCl4 with 0.1 mol•dm-3 Na2SO4 was used as the Au precursor, in which 

Na2SO4 worked as a stabilizer and electrolyte. A +0.3 V bias was applied during the 

electrochemical deposition. The electrochemical reaction was performed for 1, 3 and 8 

min. Finally, the as-prepared structure was rinsed with deionized water and dried with 

a pure nitrogen flow. 

4.2.2 Characterizations 

The reflection and transmission spectra were obtained by a photonic multichannel 

analyzer (PMA-11 (Hamamatsu Photonics)) equipped with an optical microscope (BX-

51 (Olympus)). The numerical aperture of the objective lens used for the measurements 

was 0.5.  

The surface morphology was observed by ultra-high-resolution scanning electron 

microscope (SU8230 (HITACHI)) with a maximum resolution of 0.8 nm at an electron 

accelerating voltage of 15 kV.  

The cross-section was analyzed by high-resolution transmission electron 

microscopy (JEOL ARM (200 F) 200 kV FEG-STEM/TEM) with a resolution of 75 pm 

at an electron accelerating voltage of 200 kV. 

4.2.3 Numerical simulations 

Full-field electromagnetic wave simulations were performed by using the finite-

element method (FEM) (COMSOL Multiphysics®) for the Au-NP/TiO2/Au-film (ATA) 

structure and Au@Au-NP/TiO2/Au-film (Au@ATA) structure. The refractive index of 

gold was based on the data from Johnson and Christy.28 The TiO2 thin film was assumed 

to behave as a dielectric with an effective refractive index of n = 2.4. The background 

was water with the refractive index of n = 1.33. A unit cell of investigated structures 

was simulated using periodic boundary conditions in x- and y-directions and perfectly 

matched layers in z-direction. Circularly polarized plane waves with the wavelength of 

650 nm were used to excite the structure along the z direction. The finest mesh size was 
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0.2 nm. An ellipsoid sphere with a diameter of 12 nm in the x and y directions and 10 

nm in the z direction was used to model the Au-NP. The size of post-deposited Au-cap 

was1.3 times of Au-NP. The period was 20 nm. The Au-NP/TiO2 interface was formed 

by truncating Au NPs by TiO2. 

4.2.4 Photoelectrochemical measurement 

The setup for photoelectrochemical measurement and the equation for the 

calculation of monochromatic incident photon-to-electron conversion efficiency (IPCE) 

are described in section 2.2.3 of Chapter 2.  

4.3 Results and discussions 

4.3.1 Finite element method (FEM) simulation  

 

Figure 4.1 Near-field distribution under 650 nm irradiation calculated using an FEM 

simulation. Two near-field profile monitors were set in the xz- and xy-planes to visualize 

the near-field intensity, as shown by the blue and red dashed lines. (a) Simulation model, 

(b) side view (xz-plane), obtained by magnifying part of (a), (c) top view (xy-plane) of 

ATA structures; (d) simulation model, (e) side view (xz-plane), obtained by magnifying 
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part of (d), (f) top view (xy-plane) of Au@ATA. The simulations were performed with 

a circularly polarized plane-wave light source in water. 

 

Firstly, FEM simulations for ATA structure and the ideal configurations of Au@ATA 

structure are executed to realize the design of the intensified near-filed distributions on 

ATA structure. Figure 4.1 displays the near-field distributions at 650 nm in xz-plane and 

xy-plane of ATA structure and Au@ATA structure. The simulations are carried out via 

the commercial finite element solver (COMSOL Multiphysics®). E is the amplitude of 

the electric field amplitude. For the electric field distribution of ATA structure as 

illustrated in Figures 4.1b and 4.1c, the relatively intensified near-fields only locate in 

the bottom part of Au-NPs, namely the interface of Au-NP/TiO2 embedded in TiO2 film. 

For the Au@ATA structure, however, except for the intensified near-field at the bottom 

of Au-NPs, a significant strong near-filed locating in the boundary of postdeposited 

Au/TiO2 is generated, as shown in Figure 4.1e. In addition, Figure 4.1f further proves 

the distinct strong near-filed at the interface of postdeposited Au and TiO2. It should be 

noted that the maximum scale bar of Figure 4.1f is two orders of magnitude larger that 

of Figure 4.1c in order to get a better comparison. 

In addition to the ideal simulation model of Au@ATA, the simulations for the near-

field distributions for other configurations of postdeposited Au are also carried out. The 

simulation models and results are summarized in Figure 4.2. According to the 

simulation results as shown in Figure 4.2b, 4.2c, 4.2e, 4.2f, when the new interfaces are 

generated between the postdeposited Au and TiO2, the near-field close to the three-

phase boundary in postdeposited Au, TiO2 and water can be adjusted effectively. 

However, when the postdeposited Au locates on the top of the original Au-NPs and is 

not in contact with TiO2, there is no obvious change in the near-filed distribution (Figure 

4.2h and 4.2i). Therefore, it can be expected that the intensified near-field at the 

interface of the postdeposited Au and TiO2 can contribute to the increment of the 

photochemical reaction efficiency. 



75 
 

 

Figure 4.2 Near-field distribution under 650 nm irradiation calculated using an FEM 

simulation. Two near-field profile monitors were set in the xz- and xy-planes to visualize 

the near-field intensity, as shown by the blue and red dashed lines. (a) simulation model, 

(b) side view (xz-plane), obtained by magnifying part of (a), (c) top view (xy-plane) of 

Au@ATA with the postdeposited Au locating around the original Au-NP; (d) simulation 

model, (e) side view (xz-plane), obtained by magnifying part of (d), (f) top view (xy-

plane) of Au@ATA with the postdeposited Au locating at one side of the original Au-

NP; (h) simulation model, (i) side view (xz-plane), obtained by magnifying part of (h), 

(i) top view (xy-plane) of Au@ATA with the postdeposited Au locating at the top of the 

original Au-NP. The simulations were performed with a circularly polarized plane-wave 

light source in water. 
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4.3.2 Constant potential electrolysis (CPE) process  

Based on the aformentioned simulation results, a facile constant potential 

electrolysis (CPE) method is applied to realize the postdeposition of Au on the original 

Au-NPs of ATA electrode (Figure 4.3).29 Au is electrochemically postdeposited in a 

typical three-electrode system. The reaction setup is same to Figure 2.2 in Chapter 2. 

The electrolyte is 0.1 mol•dm-3 Na2SO4 aqueous solution containing 0.25 mmol•dm-3 

HAuCl4 (hydrogen tetrachloroaurate (III) tetrahydrate). 

 

Figure 4.3 Cyclic voltammogram (CV) curves recorded on ATA electrode in 0.1 

mol•dm-3 Na2SO4 solution containing 0.25 mmol•dm-3 HAuCl4, red solid and red dash 

line are first and second scan, respectively; black dash line is CV recorded under the 

same conditions in the absence of HAuCl4. Scan direction: from positive potential to 

negative potential. Scan rate: 0.01 mV•s−1. 

 

Cyclic voltammogram (CV) curves are scanned from 1.0 V to -0.5 V to determine 

the reaction potential of AuCl4
- reduced to postdeposited Au particle, as shown in Figure 

4.3. In the precursor solution of 0.25 mmol•dm-3 HAuCl4 and 0.1 mol•dm-3 Na2SO4, 

Na2SO4 is considered as a supporting electrolyte in order to improve the conductivity 

of the aqueous solution as well as avoid aggregation of electrochemical reduced Au. 

The CV cures are scanned firstly from positive potential to the negative potential. As 
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displayed in Figure 4.3, the red solid line is the first positive to negative forward scan. 

The reduction peak locates at +0.32 V vs SCE. In contrast, there is no peak +0.32 V vs 

SCE when the scan is performed in the electrolyte with only 0.1 mol•dm-3 Na2SO4. This 

potential is considered as the electrochemically reduction of Au3+ onto the ATA 

electrode. As is well-known that the formation of Au metal on the surface of the 

electrode relates to a three-electron reduction process of Au3+.29 The related equation 

can be expressed as following: 

AuCl4− +3e−→ Au + 4Cl−    E = 1.00 V/SHE        (4.2) 

However, this reduction peak shifts to more positive potential for the second 

positive to negative scan process, the red dash line as shown in Figure 4.3. The reason 

is that it is much easier for the newly generated Au depositing on the already formed 

Au than the nucleation of new Au cores on the ATA structure. According to the previous 

reports, high over-potential is supposed to improve the nucleation rate via improving 

the Gibbs free energy for generation of the new nuclei.29 Therefore, the surface 

morphology of the structure can largely depend on the applied potential in the 

electrodeposition process. Consequently, in this study, +0.3 V vs. SCE is used as the 

applied potential for electrochemically postdepositing Au on ATA structure. 

 

Figure 4.4 Schematic process for electrochemically postdepositing Au on ATA 

electrode (Au@ATA). 

 

According to heterogeneous nucleation theory, the original Au-NPs on ATA 

structure can work as active centres to decrease the free energy of Au nucleating from 

the precursor solution,30 and Au prefers to postdeposit on the original Au-NPs. As 

illustrated in Figure 4.4, Au is postdeposited on ATA electrode via the CPE technique. 
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During the Au electrodeposition process, the concentration of AuCl4
− shows a 

difference in the reaction solution. In other words, the concentration of AuCl4
− near the 

charged Au-NPs surface of ATA electrode is lower than that away from Au-NPs.31 

4.3.3 Morphologies of the prepared photoelectrodes 

Figure 4.5a and 4.5b are the SEM images of the surface morphologies of ATA before 

and after partially embedding Au-NPs. As shown in Figure 4.5a and 4.5c, before 

partially embedding the Au-NPs, the average size of Au-NPs is about 10 ± 6.7 nm. 

Figure 4.5b shows the surface morphology of ATA structure with 7 nm embedded Au-

NPs.  

 

Figure 4.5 (a) SEM image of ATA structures without partially embedding Au-NPs. (b) 

SEM image of ATA with 7 nm embedded Au-NPs. (c) Size distribution of the Au-NPs 

by analyzing (a). The red line is plotted by Gaussian fitting.  

 

The surface morphologies and Au-NPs size distributions with different 
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electrochemically deposition time are summarized in Figure 4.6. With prolonging the 

deposition time, the Au-NPs become larger, which indicates that Au is successfully 

postdeposited on the original Au-NPs of ATA structure via the CPE method. To further 

analyze the influence of the postdeposited Au on the total particle number of Au-NPs, 

SEM images with same area are selected. The selected area of the SEM images is 639 

nm × 479 nm (Figure 4.5a, 4.6a, 4.6c, 4.6e). As a result, there are 1367 Au-NPs for ATA 

(Figure 4.5a) in the selected SEM image and 1023, 951, 618 Au-NPs for Au@ATA with 

the electrochemical deposition time of 1 min, 3 min and 8 min (Figure 4.6a, 4.6c and 

4.6e).  

 

Figure 4.6 Surface morphologies of Au@ATA with different electrochemical 
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deposition time. (a) and (b), (c) and (d), (e) and (f) are the SEM images and Au-NPs 

size distribution with the deposition time of 1 min, 3 min, 8 min, respectively. 

 

In addition, a representative current-time curve recorded on ATA working electrode 

in 0.1 mol•dm-3 Na2SO4 solution with 0.25 mmol•dm-3 HAuCl4 during the 

electrochemical postdepositing process is plotted into Figure 4.7. After 3 min 

electrochemical deposition, the overall charge is integrated as 2.7х10-4 C. Therefore, 

1.40×1014 Au are postdeposited on ATA structure. On the other hand, by analyzing the 

SEM images of Au@ATA with 3 min electrochemical deposition, there are about 

1.15×1014 Au postdeposited on ATA structure. Therefore, the Faradic efficiency for 3 

min deposition was 82.4 %. This result indicates that most of the reductive current is 

used to postdeposit Au on the original Au-NPs of ATA structure.  

 

Figure 4.7 The current-time curve recorded on ATA working electrode. The applied 

potential is + 0.3 V vs SCE.  

 

Therefore, according to the aforementioned analysis result, it can be concluded that 

the electrochemically postdeposited Au prefers to deposit on the original Au-NPs of 

ATA structure, and it is negligible for the generation of new Au on TiO2 film. 

Scanning transmission electron microscopy (STEM) images are measured to 

observe the cross-sectional shape of Au-NPs before and after postdepositing Au. The 
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results are summarized in Figure 4.8a-4.8d. As shown in Figure 4.8a, the size of the 

original Au-NPs on ATA structure is about 10 nm and is in accordance with the SEM 

result. the energy-dispersive X-ray spectrometry (EDX) mapping in Figure 4.8b 

illustrates that Au-NPs are partially embedded in the TiO2 film. After postdepositing Au 

on the original Au-NPs of ATA structure, as shown in Figure 4.8c, the Au-NPs become 

larger, which are further confirmed by the EDX mapping in Figure 4.8d. It should be 

mentioned that it is difficult to distinguish the Au-NPs and the postdeposited Au from 

the STEM image and EDX mapping.32 In line with the parameters of postdeposited Au, 

platinum (Pt) is electrochemically postdeposited on ATA structures with an applied 

potential of -0.1 V vs. SCE. Figure 4.8e and 4.8f are the STEM image and EDX of ATA 

structure with postdeposited Pt (Pt@ATA). It is obvious that small Pt nanoparticles are 

closely deposited on the ATA structure. The corresponding EDX mapping is given in 

Figure 4.8f and clearly shows that the Pt nanoparticles are uniformly deposited on the 

ATA structure. Therefore, from the control experiment of electrochemically 

postdepositing Pt on ATA, it can be concluded that the original Au-NPs are intimately 

embraced by the postdeposited metals (Pt, Au). As for the surface morphologies and 

cross-sections of ATA and Au @ ATA structures, the postdeposited Au is tightly 

assembled on the original Au-NPs of ATA structure without self-agglomeration. Under 

this condition, near-field enhancement is expected at the interface between 

postdeposited Au and TiO2, as the simulation results summarized in Figure 4.1 and 

Figure 4.2. 
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Figure 4.8 (a) and (b) are the STEM image and EDX profile of ATA, (b) and (c) are the 

STEM image and EDX profile of Au@ATA with 3 min deposition, (e) and (f) are the 

STEM image and EDX of ATA with electrochemically postdeposited Pt (Pt@ATA). Pt 

is electrodeposited in presence of 0.25 mmol•dm-3 H2PtCl6 (Chloroplatinic acid 

hexahydrate) with 0.1 mol•dm-3 Na2SO4 aqueous solution with an applied potential -
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0.1 V vs SCE for 3 min. The red, green and blue colours depict TiO2, Au, Pt, respectively. 

4.3.4 Optical properties 

Au@ATA structures with different electrochemical deposition times are prepared to 

evaluate the influence of postdeposited Au on the optical properties of ATA structure, 

as shown in Figure 4.9. In order to observe the dual bands of Au@ATA structures with 

different deposition time, the absorbance spectra are obtained by measuring the 

transmittance T and reflectance R and calculating -log(T+R), as shown in Figure 4.9a. 

For all the investigated structures, the absorption with wavelength shorter than 500 nm 

can be mainly allocated to the interband transition of Au. Obvious dual bands are 

observed at the wavelength longer than 550 nm, which corresponds to the strong 

coupling induced energy level splitting into upper and lower modes.25 With prolonging 

the deposition time, the dual bands can be almost kept. Furthermore, the absorption 

spectra calculated by 1-T-R (Figure 4.9b) can illustrate the absorption intensity of 

Au@ATA structures with different deposition time. With increasing the deposition time, 

the absorption spectra at the shorter wavelength bands change inconspicuously and only 

show slightly redshift. Additionally, more than 98% of the light are absorbed in this 

regime. However, the longer wavelength bands show blueshift and decreased 

absorption abilities with prolonging the deposition time owing to the detuning of the 

strong coupling condition by the postdeposited Au.  

 

Figure 4.9 (a) Absorbance spectra, calculated using -log(T+R), (b) absorption spectra, 



84 
 

calculated using 1-T-R, of the Au@ATA structures with various electrochemical 

postdeposition times. 

 

Absorbance spectra for ATA and Au@ATA structures with various TiO2 thicknesses 

(19~44 nm) are measured in order to further investigate the influence of postdeposited 

Au on the strong coupling condition. The absorbance spectra are summarized in Figure 

4.10. For both ATA structures and Au@ATA structures, the interband transition of Au 

can mainly affect the upper branch of the splitting absorbance band with TiO2 thickness 

smaller than 23 nm. As displayed in Figure 4. 10a, obvious dual bands appear at the 

wavelengths longer than 550 nm. However, When the thicknesses of TiO2 are larger 

than 28 nm, the dual bands phenomenon gradually vanish. When the TiO2 thicknesses 

reach 38 nm, the dual bands turn into an uncoupled LSPR absorbance band.25 In 

addition, the distinct dual bans are still obvious at wavelength longer than 550 nm after 

postdepositing Au on ATA structures (Figure 4.10b).  

 

Figure 4.10 Absorbance spectra of (a) ATA and (b) Au@ATA structures with various 

TiO2 thin-film thicknesses. 

 

Figure 4.11 shows the dispersion curves by plotting the band energy of the 

absorbance spectra as a function of the resonant cavity energy. Due to the overlap of 

the interband transition of Au and the cavity mode at the wavelength shorter than 500 
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nm, the resonant cavity energy is obtained via peak separation based on the Lorentz 

fitting. On the basis of the coupled harmonic oscillator model,25 the splitting energy of 

ATA structures is 340 ± 28 meV, and the splitting energy of Au@ATA structures is 

calculated to be 310 ± 30 meV. Since the splitting energy of Au@ATA is in proximity 

to that of ATA structures, it can be concluded that the strong coupling behaviour of 

Au@ATA is alike to that of ATA structures.25 

 

Figure 4.11 Dispersion curves of the splitting absorption band of (a) ATA and (b) 

Au@ATA. The red curves are the fittings using the coupled harmonic oscillator model. 

The blue dashed lines are the LSPR energies of the Au-NPs. 

4.3.5 Photoelectrochemical activity 

 

Figure 4.12 Schematic of the three-electrode system used for the photoelectrochemical 

measurements. ECB and EVB are the conduction band energy and valence band energy 

of TiO2. EF is the Femi level energy of Au and TiO2. 
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In order to evaluate the light-to-energy conversion efficiency of Au@ATA 

structures, the three-electrode system is used to execute the photoelectrochemical 

measurements (Figure 4.12).33 What calls for special attention is that no sacrificial 

electron donor is added to the electrolyte. Therefore, only water participates in the 

oxidation reaction.  

 

Figure 4.13 (a) IPCE spectra of Au@ATA photoelectrodes with different deposition 

times. (b) Average IPCE obtained from 500 nm to 900 nm corresponding to (a). 

 

The monochromatic incident photon-to-current conversion efficiency (IPCE) 

spectra of ATA and Au@ATA are summarized in Figure 4.13a. When Au is 

postdeposited on the original Au-NPs of ATA structures, the IPCE values of Au@ATA 

structures gradually improve and reach the maximum values till the deposition time is 

up to 3 min. And then the IPCE values decrease when the deposition time reaches 8 

min. It is interesting that the highest IPCE value of Au@ATA for 3 min deposition is 

about 2.5 %. 

The size effect of Au-NPs on the IPCE increment of Au@ATA structures is firstly 

investigated in order to verify the significance of the interface generated between 

postdeposited Au and TiO2. After the postdeposition of Au on ATA structures, the 



87 
 

average size of Au-NPs is enlarged from 10 nm to 12 nm. According to the experimental 

results of ATA with large Au-NPs, it can be concluded that the enhancement of the IPCE 

values is not mainly determined by the size of Au-NPs, as shown in Figure 4.14.   

 

 

Figure 4.14 ATA with 20 nm Au-NP size and an embedded depth of 7 nm. SEM images 

before (a) and after (b) 7 nm embedding, (c) IPCE spectrum of the corresponding 

structure. 

 

Since the generation of photocurrent at the wavelength greater than 500 nm can be 

ascribed to the plasmon-induced charge separation at the interface of Au-NP/TiO2,
 26,27 

the plasmon-induced water oxidation can be primarily determined by the three-phase 

boundary generated among Au-NPs, TiO2 and solution. According to the simulation 

results in Figure 4.1 and Figure 4.2, As discussed in Figure 4.1 and Figure 4.2, the IPCE 

increment relates to the intensified near-field generated at the three-phase boundary. It 

is because the plasmon-induced hot electron-hole pairs are generated at this boundary.  
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The hot-electrons transfer to the conduction band of the connected TiO2. And the holes 

have to transfer to the surface of TiO2 to oxide water since Au-NPs are partially 

embedded in the TiO2. However, the recombination of holes and electrons may result 

in adverse effect on the transfer process. As displayed in Figure 4.1 and Figure 4.2, after 

Au is postdeposited on the original Au-NPs of ATA structure, the intensified near-field 

can be generated at the interface of postdeposited Au and TiO2 which is close to the 

three-phase boundary. For Au@ATA structure, the near-field at the bottom of the 

original Au-NPs is still high energetic, but the holes generated at this position have to 

transfer much farther away to oxide water because of the postdeposited Au. This 

transfer process may not have contribution to the improvement of IPCE values. 

Therefore, it can be concluded that the newly generated energetic near-filed at the 

interface of TiO2 and postdeposited Au and close to the three-phase boundary 

significantly accelerate the oxidation of water. As displayed in Figure 4.13b, the 

average IPCE of Au@ATA structure is improved about 1.3 time compared to that of the 

bare ATA structure. This significant IPCE improvement is beneficial to oxidizing water 

under visible light irradiation.  

When prolonging the deposition time to 8 min, oversized Au nanostructures are 

generated partially due to the aggregation of the Au-NPs, resulting in a decrease of the 

IPCE values, which is even lower than that of the ATA structure at wavelength longer 

than 580 nm. From the SEM results, the total number of Au-NPs for 8 min deposition 

is decreased compared to that of the ATA structure, from 1023 to 618. Additionally, 

according to the calculation results from Figure 4.5 and Figure 4.6, the sum of the 

perimeter of the Au-NPs decreases from 4.1×104 nm for 3 min of deposition to 3.1×104 

nm for 8 min of deposition, which means the effective reaction interface reduced and 

results in the decrease in the IPCE values. Therefore, for 8 min deposition, the oversized 

Au-NPs as well as the reduced three-phase boundary leads to the suppressive water 

oxidation.26,27 Moreover, it is much easier for large metal nanoparticles to scatter, which 

means it is much more difficult for them to absorb light. There is an optimal value for 

the scattering and absorption, because smaller nanoparticles result in weak absorption 
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and larger nanoparticles result in strong scattering. However, it is difficult to utilize the 

absorbed light 100 % and the IPCE values cannot completely correspond to the 

absorption spectra because there are three factors to determine the IPCE values of the 

structures: the intensity of light absorption, the efficiency of surface charge separation, 

and the efficiency of charge transfer to the surface. Furthermore, the IPCE values relate 

to the energy of incident photons. For example, with 700 nm illumination, the energy 

of the incident photons is relatively low, thereby most of the electrons cannot overcome 

the Schottky barrier to transfer to the conduction band of TiO2 and participate reactions. 

In this case, the IPCE values are low even the absorption intensity is very strong.  

4.4 Conclusions 

In summary, a facile constant potential electrolysis technique is demonstrated to 

tailor the near-field distribution of Au-NPs on the ATA structure. This near-filed 

engineering technology is proved to be beneficial to the water oxidation reaction. It is 

found that Au prefers to site-selectively postdeposit on the original Au-NPs of ATA 

structure. The newly generated energetic near-field at the interface of TiO2 and 

postdeposited Au plays a vital role in improving the photoelectrochemical 

performances of the plasmonic nanocomposites. Compared to the average IPCE of ATA 

structure from 500 nm to 900nm, there is approximately 30 % increment in the average 

IPCE of Au@ATA structure. Therefore, it can be anticipated that the facile near-field 

engineering technique will trigger the exploration of more elaborated solar-to-energy 

systems, which can significantly improve the efficiency of photochemical reactions, 

such as carbon dioxide reduction, contamination degradation, and water splitting. This 

part of study can offer an easy and befitting method to further develop viable, superior, 

as well as low-cost plasmon-induced energy conversion systems. 
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Chapter 5 Conclusions and future perspectives 

5.1 Conclusions 

This thesis is mainly focused on investigating and optimizing a novel modal strong 

coupling structure between the Fabry-Pérot nanocavity mode (TiO2/Au-film) and the 

localized surface plasmon resonance (Au-NPs). Their strong coupling-induced hot 

electron-hole pairs generation and transfer properties as well as further modification for 

enhanced photoelectrochemical activities were investigated.  

   In Chapter 2, the strong coupling nanostructures between the Fabry-Pérot 

nanocavity mode and the localized surface plasmon resonance were developed based 

on our previous reports. For these three-dimensional strong coupling Au-NPs/TiO2/Au-

film (ATA) structures, all the structures exhibited broad and intensive light absorption 

ability under visible light irradiation. The experimental results illustrated that Au-NPs 

with a size around 12 nm showed superior properties not only in photoelectrochemical 

performance but also were economically friendly. The photoelectrochemical 

measurement showed that the ATA structure exhibited obvious photocurrent 

enhancement.  

In Chapter 3, a further study on the plasmon-induced hot-electron transfer 

efficiency under the strong coupling conditions was investigated by monitoring the 

photocurrent generated at the photoelectrode. The effect of the strong coupling on the 

incident photon-to-current conversion efficiency (IPCE) and internal quantum 

efficiency (IQE) in the presence of triethanolamine (TEOA) was investigated. With the 

addition of TEOA, the IPCE values on the upper and lower branches of the strong 

coupling were enhanced up to 4.5 and 4.0 times, respectively. Furthermore, the average 

IQE at wavelengths from 500 to 800 nm reached 3%. The Fermi level shifts due to the 

generation and consumption of hot-carriers were also investigated by comparing the in 

situ spectroelectrochemical measurements with and without TEOA. 

In Chapter 4, a facile constant potential electrolysis technique was developed to 
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tailor the near-field distribution of Au-NPs on the ATA structure. It was proved that a 

strong near-field was generated at the interface between the postdeposited Au and the 

TiO2 thin film, where the water oxidation reaction could occur effectively. It was 

discovered that Au prefers to site-selectively postdeposit on the original Au-NPs of ATA 

structure. The newly generated high energetic near-field at the interface of TiO2 and 

postdeposited Au played an important role in boosting the photoelectrochemical 

activities of the plasmonic nanocomposites. It turned out that the average photocurrent 

conversion efficiency of Au@ATA was approximately 1.3-fold higher than that of ATA.  

5.2 Future perspectives 

The most significant discovery in this thesis is that a well-designed and easy-

produced plasmon-based strong coupling nanostructures can bring about efficiently 

broad light absorption, high plasmon-induced hot-electron generation and transfer 

efficiency, and applicability to sophisticated plasmonic solar-energy devices. These 

studies will provide a better understanding and unique perspective to constructing 

strong coupled plasmonic nanostructures with high photoelectrochemical and 

photocatalytic performances. 

Further studies will focus on the applications of the strong coupling plasmonic 

nanostructure in constructing water splitting devices and carbon dioxide reduction 

systems. Moreover, the further development and optimization of these strong coupling 

structures are necessary. For example, mesoporous TiO2 layers can be fabricated by 

using solvent evaporation induced self-assembly method or templating method in order 

to improve the transfer efficiency of plasmon-induced hot carriers. In addition, further 

optimization of the strong coupled structures for higher photovoltaic performance and 

photostability via utilizing the plasmon-induced hot spots to deposit metals (such as Au, 

Pt, Cu) under irradiation.  
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