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ABSTRACT

Recently, plasmonic photocatalysis has been regarded as a very promising technology
since the localized surface plasmon resonance (LSPR) effect of noble metal nanoparticles
(NPs) can boost up the utilization of visible light significantly. As the visible light takes
up about 43% of solar energy, plasmonic photocatalysis increases the prospect of sunlight
for environmental and energy applications such as water treatment, water splitting and
photosynthesis. Plasmonic resonance of the noble metal NPs can enhance the visible
response of wide bandgap photocatalysts like TiO2 drastically, but the current technology
has two fundamental problems: narrow absorption band and low absorption, which limit
the efficiency of photocatalysis using sunlight energy.

In this study, different types of hybrids based on TiO: are designed, fabricated and
characterized with the aims to enhance the absorption, to improve the charge carrier
separation and transfer, and subsequently to enhance the photoreactivity under the
irradiation of visible light. In this thesis, original work focuses on a couple of broadband
plasmonic absorbers. In the first work, a TiO2-Au bilayer that consists of a rough Au film
under a TiOz film is investigated using the atomic laser deposition (ALD) method. This
TiO2-Au bilayer aims to enhance the photocurrent of TiO2 over the whole visible region
and is a novel attempt to use rough Au films to sensitize TiO2. Experiments show that the

bilayer structure gives the optimal optical and photoelectrochemical performance when
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the TiO2 layer is 30 nm thick, measuring the absorption 80% — 90% over 400-800 nm
and the photocurrent intensity of 15 puA-cm, much better than those of the TiO2-AuNP
hybrid (i.e., Au NPs covered by the TiO2 film) and the bare TiO2 film. The superior
properties of the TiO2-Au bilayer can be attributed to the plasmonic resonance of the
rough Au film as the hot electron generator and the photoactive TiOz film as the electron
accepter. Although this TiO2-Au bilayer exhibits excellent photocatalytic activity, the
fabrication complexity and the relative low electron transfer from the device to the
electrolyte limit its large-scale applications. The second work further proposes and
investigates another broadband plasmonic absorber with a sandwich structure that makes
use of the combined plasmonic effects of the rough Au surface (100 nm thick) and the
random Au NPs that are separated by a 150-nm TiO2 layer made by the sol-gel method.
The absorber measures a strong absorption (72% — 91%) over 400 — 900 nm and
significantly enhances the photocurrent (by 20 folds) as compared to the bare TiOz film.
The FDTD simulations have proved the broadband strong absorption is the result of

interaction of rough Au film and TiOz2 film.

In summary, novel broadband plasmonic absorbers have been introduced to help
improve the performance of the photocatalysis under visible light, such as the visible light
absorption and the generation and transfer of electrons and holes. These broadband
plasmonic absorbers, as excellent photoelectrodes, may find niche applications in solar

photocatalysis and may also be promising for large-scale industrial applications with a

long-term stability.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Overview

The growing world population is driving up an urgent need for both clean water and
renewable source of energy in recent years. It is well known that many worldwide
problems are associated with the lack of fresh and clean water.2>3* About 1.2 billion
people are suffering from the shortage of healthy drinking water and tens of thousands of
people die annually, including 3900 children per day who suffer from the diseases from
unhealthy water or human excreta. Both the developing and industrialized nations are
facing serious water shortages. According to World Bank statistics, 80% of countries are
lack of civil and industrial water. With the rising cost of resources, environmental
awareness is increased gradually. Many factories begin to use green technology to
minimize carbon emissions and to reduce sewage discharge, for which in the water
treatment technology becomes increasingly important.>®

Besides the clean water, another predicament of the human beings is the shortage of
renewable energy.”® The total world energy consumption in 2013 (from Wikipedia)
indicates that about 77.8% of the primary energy consumption is from fossil fuels
(including petroleum, coal and natural gas), 2.6% from nuclear fuels, 19% from

renewable resources, of which the main is 9% traditional biomass and 3.8% hydropower
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(in Figure 1.1). Currently, the world relies heavily on coal, oil and natural gas currently
for the energy, all of which are finite and will be depleted someday. Compared to those
conventional energy technologies, renewable technologies are able to provide clean
energy with much lower environmental impact. Thanks to its high energy capacity and
environmental friendliness, hydrogen has been regarded as an excellent and promising

energy transfer medium.

Renewable
® Traditional biomass 9%
® Bio-heat 2.6%
Ethanol 0.34%
= Biodiesel 0.15%
. N ® Biopower generation 0.25%
Fossil Fuel 78.4% Hydropower 389
B Wind 0.39%
Solar heating/cooling 0.16%
® Solar PV 0.077%
Petroleum Solar CSP 0.0039%
® Geothermal heat 0.061%
® Geothermal electricity 0.049%
- ® Ocean power 0.00078%

N Nuclear 2.6%

Total World Energy
Consumption by
Source (2013)

Natural Gas

Figure 1.1 The source distribution of total world energy consumption in 2013, from

Wikipedia.

If the hydrogen is derived from hydrocarbons (mainly including the biomass and the
fossil fuels), nitric oxide, CO and some other pollution gases will bring a heavy burden to
the environment.®!%! On the other hand, hydrogen energy obtained from water will not

bring the undesirable side effect, however, an external resource is needed for energy
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supply. If hydrogen can be generated from some renewable energy sources such as solar
energy, it would be ideal for green energy.

In order to satisfy the booming demand for clean water and to improve the
deteriorating water supply in contemporary society, we need to develop a progressive and
cost-effective water treatment technology to recycle and reuse wastewater, at the same
time, to avoid more serious pollution. Meanwhile, another urgent issue is to satisfy the
increasing need. As we known, solar and wind powers are two major renewable energy
sources, both of which are abundant.*?'® However, they only take a very few percentage
of the current world energy consumption (0.08% for solar and 0.39% for wind), inferring
a huge potential for further development. (see in Figure 1.1). For example, the global
energy consumption in 2010 is 1.6 TW while the total solar energy at the earth’s surface
is 1.3 x10° TW. The difference is by roughly four orders of magnitude.'4*®

Recently the capture of solar energy for useful purposes has attended more and more
attention in the scientific and engineering world. The potential utilization of solar energy
to purify wastewater and to produce renewable hydrogen source, is a goal pursued
worldwidely.16171819 Efficient utilization of solar energy could alleviate many
environmental and energy issues simultaneously.

In 1972, the photocatalysis of water was first reported by Honda and Fujishima by
using TiOz electrodes. Those days were known as the time of "oil crisis" since the crude

oil experienced a sudden price rise and was facing future shortage. Photocatalysis has
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demonstrated potential applications in extensive areas such as recycling polluted water or
air, converting solar energy, and so on.?®?! Therefore, that report has attracted many
scientists in a broad area to conduct numerous studies since then.

The working principle of the photocatalysis is simple. When the semiconducting
photocatalyst (TiO2, ZnO et al.) absorbs photons from sunlight, it will produce active
electrons and holes, which can then initiate the reduction and/or oxidation of chemicals.
The holes can oxidize organic pollutants and certain bacteria, and turn the wastewater
into clean water (Figure 1.2(a)). On the other side, the electrons can be used for reduction
reactions, for instance, 2H" + 2e'— Hz (gas), which has been considered as one of the
most promising approaches to obtain hydrogen with solar energy. Over the past 40 years,
many photocatalysts have been reported to exhibit excellent photocatalytic properties for
water splitting, which results in a stoichiometric mixture of Hz and O2 (2:1 by molar ratio)
under the irradiation of the ultraviolet (UV) light.?222425 A diagram of photocatalytic

hydrogen generation system is shown in Figure 1.2(b).
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Figure 1.2 Schematic diagram of (a) photocatalytic degradation (from http://gamma-

nano.ca/what-is-a-photocatalyst/) and (b) photocatalytic hydrogen generation

application.?

Photocatalysis realizes direct solar-to-electric conversion, which stores the solar
energy in chemical bands and then releases it without harmful byproducts, mainly CO2
and H20. The photocatalysis has been used in a broad range of research areas, including
air purification, electric appliance, residence, et al. (see in Figure 1.3). Its achievements

in environmental and energy-related fields are most attractive,26:27:2829
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Figure 1.3 Application of TiO2 photocatalysis.?

The traditional photocatalysts, mainly the semiconductor metal oxides including
TiOz2and ZnO, are demonstrated to store the solar energy in forms of chemical energy
under the UV illumination, but not under visible illumination.3%3! Actually, the incident
solar light on the Earth's surface consists of ~5% UV, ~43% visible, and ~52% infrared.*2
Although solar energy provides an abundant resource for energy alternative, the UV light
takes up only a small portion of the irradiated solar energy, whereas the visible and
infrared lights contribute to the major part. Thus, the utilization of natural solar light for
a photocatalytic or photoelectrochemical process can enhanced by enabling the response
of photocatalyst to the visible range. Recently, the need for efficient utilization of sunlight
has sparked more and more research interest in the visible-light photocatalysis. Many
researchers have been focusing on the studies of better visible-light-responsive

photocatalysts. 333435
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One of the most popular photocatalysts is TiO-. It has a bandgap of ~3.2 eV and has
an absorption cut-off wave length of ~ 380 nm. Considering the solar spectrum, it
indicates that a very small amount of solar photons (< 380 nm) can be utilized to drive
TiO2, while most solar photons in a wide wavelength range (> 380 nm) are wasted.
Therefore, an effective visible-light-responsive photocatalyst is essential to harvesting the
solar energy as much as possible. Although TiOz is limited to its short cut-off wavelength
and works under UV irradiation only, it is still one of the most promising photocatalysts
due to its many benefits such as chemical stability, non-toxicity, and so on. Many attempts
have been made to extend the short cutoff wavelength of TiOz, including doping addition
and defect creation. These result in a slight enhancement in the absorption of visible light,
but still leave the majority of the solar spectrum invalid.3*% Till now, much research
progress has been made to develop visible-light-responsive TiO2, but largescale

applications in the environment and energy are still rare.
1.2 Organization and Objectives

The photocatalysis utilizes solar light to oxidize organic contaminants in wastewater or
to initiate water splitting to produce hydrogen energy, both of which are fast developing
applications. The combination of solar light and photocatalysis has turned out to be a
technology with great promise. Although a number of photocatalysts have been reported,
many challenges still remain in improving the energy conversion efficiency, such as

utilizing photons of longer wavelength, increasing the lifetime of photogenerated charge
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carriers in the semiconductor materials. It is the objective of this thesis to design, fabricate
and study the plasmonic photocatalysts in wide wavelength range in the solar spectrum.

In Chapter 1, an investigation that are responsive to the current demand of clean
water and renewable energy is presented and the developing potential of photocatalysis
with solar light is discussed. The organizations and objectives of the thesis are also
described in this chapter.

Chapter 2 expounds the mechanism of photocatalysis and presents a literature review
on the current TiO2-based photocatalysis under visible light. In the survey, the
development of different strategies to modify TiO2 for the utilization of visible light are
compared. The physical mechanisms and advantages of plasmonic photocatalysis will be
identified. Additionally, the background on TiO2 structural property and electron is
properties for photocatalysis is presented, and the optical properties of noble metal NPs
are discussed as well. The motivation of this thesis is also presented in this chapter.

Chapter 3 presents the fabrication processes and characterization methods of
plasmonic photocatalysts. The fabricated films are characterized by XRD, AFM and SEM.
The UV-vis absorption spectra are measured to detect the light absorption ability of these
absorbers in the visible range, while the FDTD method is introduced to simulate the
absorption and the electromagnetic field of these absorbers. Their photocatalytic activities
are measured using a three-electrode system.

Chapter 4 presents the experimental study of a novel broadband plasmonic absorber
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for photocatalysis. The thin film TiO2 photocatalysts are prepared by the ALD method to
obtain the TiO2-Au bilayer, which can overcome the limitations of the traditional noble
metal-doped TiO2. The absorption and photocatalytic efficiency of three TiO2-based
structures are compared and investigated. Particularly, the absorption spectrum of the
TiO2-Au bilayer is flat over the whole range of 400 — 800 nm, with the minimum
absorption of 80% and the maximum 90%, as compared to the bare TiO2 film and the
TiO2-AuNP hybrid (Au NPs covered by the TiO2 film). When the TiO2 layer is 30 nm
thick, the TiO2-Au bilayer structure exhibits the strongest absorption and the best
photoactivity. The photocurrent intensity of the TiO2-Au bilayer is 15 pA-cm™, much
better than those of the TiO2-AuNP hybrid and the bare TiOz2 film.

Based on the previous photocatalyst, Chapter 5 reports another advanced design of
plasmonic absorber made by the sol-gel method, which is easy for the fabrication of large-
scale TiOz films. This plasmonic blackbody-like absorber is made of a three-layer
nanostructure that sandwiches a thin TiOz film layer between a rough gold film and a gold
nanoparticle layer. As a result, the photocatalytic performance of TiOz2 is enhanced in the
whole visible range. The absorber achieves an absorption above 80% in the wavelength
range of 400-900 nm, matching well with the electromagnetic simulations. The order of
photocurrent response is Au NPs/TiO2-Au film > TiO2/Au film > Au NPs/TiO2 > the bare
TiO2 film, which is in good agreement with the prediction based on the measured

absorption spectra.
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In Chapter 6, a general conclusion is drawn to sum up the limitations of
photocatalytic efficiency overcome by our plasmonic absorbers. The recombination of
photo-excited electrons and holes, may be eliminated to achieve better visible-light

photocatalysis. The future work is also proposed in this chapter.
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CHAPTER 2

BACKGROUND of PLASMONIC Photocatalysis

This chapter will review the basic principles of photocatalysis and the major mechanisms
of plasmonic photocatalysis. It provides the base of physical understandings for the
following chapters, which will elaborate my studies of new broadband plasmonic

absorbers.

2.1 Fundamentals of semiconductor-based photocatalysis

2.1.1  Principle of photocatalysis

Since the 1970s, the development of semiconductor photoelectrochemistry has gained
extensive knowledge that greatly assisted the development of photocatalysis.:3738
Photocatalysis is the acceleration of the oxidation and reduction reaction with the
presence of photocatalyst and light. According to the phase of the photocatalysts and
reactants, photocatalysis can be mainly divided into two types: homogenuous
photocatalysis and heterogeneous photocatalysis. In a homogeneous photocatalysis
system, the reactants exist in the same phase as the photocatalysts. The most popular
homogeneous photocatalysts include the ozone and the photo-Fenton systems (Fe* and
Fe*/H202).3°%% In a heterogeneous photocatalysis system, the catalyst is in a different
phase from the reactants and the photo-induced reactions occur at the surface of the

catalyst. The photocatalytic substrate excites the initial photons and then transfers an

TAN Furui 11


https://en.wikipedia.org/wiki/Fenton%27s_reagent

@ CHAPTER 2

THE HONG KONG POLYTECHNIC UNIVERSITY

electron or energy into the reactants. Subsequently, the transferred electron or energy
causes the chemical reactions during the process of the heterogeneous photocatalysis. The
surface reactive site or a molecular can be a reactive center.?#! Till now, the popular
heterogeneous photocatalysts are mainly transition metal oxides and semiconductors,
which have their unique characteristics. Different from the metals with continuous
electron states, the semiconductor possesses a void energy region named as the bandgap,
which lays between the conduction band with higher energy and the valence band with
lower energy. When the semiconductor absorbs a photon with energy equal to or greater
than its bandgap, an electron is excited from the valence band to the conduction band,
leaving a positive hole in the valence band. The excited electron and hole can then initiate
the reduction and/or oxidation of chemicals. At present, photocatalysis is useful in a wide
range of applications, for example, wastewater treatment, water splitting, air purification,

self-cleaning surface, et al.

2.1.2  Fundamental Mechanism of TiO, photocatalyst

Since 1977, when Frank and Bard first introduced TiO2 to decompose cyanide in water,
more and more researchers have focused on its environmental applications.*>*3 In
particular, TiO2 turns out to be an excellent photocatalyst to break down organic
compounds. If the catalytically active TiO2 powder is taken into a shallow pool with

sewage water and is illuminated under solar light, the water will be purified gradually.
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Figure 2.1 (a) Schematic representation of a photoelectrochemical cell.?®?? (b)

Fundamental photocatalytic principle of water splitting for hydrogen production.**

In Fujishima and Honda’s pioneering work, the water was deposited into hydrogen
and oxygen with an electrochemical cell, as shown in Figure 2.1 (a). Ever since, the
semiconductor TiO2 has been utilized widely as a photocatalyst to transform the solar
energy into chemical energy. The formation of photogenerated charge carriers (hole and
electron) initiates a series of reductive and oxidative reactions on the surface of
semiconductors. Figure 2.1 (b) describes the formation mechanism of the charge carrier

when the TiO2 particle is irradiated with sufficient photon energy (hv). When the photons
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with energy greater than or equal to the bandgap energy of TiO: are irradiated onto the
surface, the lone electron (e) will be excited to the empty conduction band in
femtoseconds, leaving a positive hole (h*) in the valence band.* A chain reactions of
oxidative and reductive processes take place on the surface activated by photons, which
is widely postulated as following equations:
Photoexcitation: TiO2+ hy — e +h (2.1)
Charge carriers can be trapped in the defects of Ti** and O sites in the TiO: lattice,
or they also may recombine and dissipate the energy by heat (Eq. 2.2).
e + h* — energy (2.2)
Alternatively, the electrons migrated to the catalyst’s surface without recombination
can reduce the adsorbates while the holes can oxidize them, which are the basic
photocatalytic mechanisms for waste water purification and hydrogen production by
water splitting method, respectively.*?
(i) For the water purification
On one side, the positive holes can oxidize OH" or water on the surface to produce
hydroxyl (-OH) radicals, which are extremely powerful oxidants (Eq. 2.3) that can
subsequently oxidize the pollutants into some mineral salts, COz and H20 (Eq. 2.4).
H.0 + h* — .OH + H* (2.3)
-OH + pollutant - — — H20 + CO2 (2.4)
On the other side, the negative electrons in the conductive band can be captured by

the adsorbed oxygen molecules on the TiO2’s surface, which may be reduced into
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superoxide radical anions (O2-) (Eq. 2.5). Those Oz-"radical will further react with H* to
produce hydroperoxyl (-OOH) radical (Eq. 2.6). These relative O2-"and -OOH radical
species may also contribute to the degradation of pollutant into mineral salts, CO2 and
H20 (Eq. 2.8 and 2.9). Besides, the further electrochemical reduction of -OOH may vyield

H202, which contributes to the pollutant degradation to some extend (Eg. 2.7).

O2+e — 0O2- (2.5)
Oz +H* — -OOH (2.6)
‘O0OH +-:00H — H202+ Oz (2.7)
Oz + pollutant - — — CO2+ H20 (2.8)
:O0OH + pollutant - — — CO2 + H20 (2.9)

(if)  For the hydrogen production by water splitting

Hydrogen production from photocatalytic water splitting is also a representative
application for redox catalysis. To split water into hydrogen and oxygen, the level of the
conductive band should be more negative than that of the hydrogen production (E 1+ H2)
while the valence band should be more positive than the oxidation level of water (EozH20)
as shown in Figure 2.1 (b). The water oxidation reaction is presented in Eq. 2.10, while
the water reduction is in Eqg. 2.11. In theory, semiconductors satisfied the requirement
mentioned above can be used as photocatalysts to split water into hydrogen and oxygen.
40H + 4h* — 2H0 + O (2.10)

AHY + 4" — 2Hp (2.11)

TAN Furui 15



@ CHAPTER 2

THE HONG KONG POLYTECHNIC UNIVERSITY

2.1.3  Semiconductor photocatalysts and their characteristics

Currently, most photocatalysts are chosen as n-type semiconductors, which depend on
their unique optical characteristics. Figure 2.2 provides energy band positions of several
photocatalytic semiconductors used commonly, including TiO2, ZnO, CdS, CdSe.
Among them, some photocatalysts with narrow bandgaps, like some sulfides (CdS, etc.),
are attractive photocatalytic materials to transfer solar energy into chemical energy under
visible-light illumination, which is beneficial for both water purification and water
splitting.*® Generally, as compared to the bandgap counterparts, these visible-light-
responsive materials have the conductive band edge more negative than the potential level
required for the reduction reaction. However, these low-bandgap chalcogenide
semiconductors still suffer from several limitations such as low stability. For a
photocatalyst material, the stability and durability under irradiation are the fundamental
prerequisites, especially in the aqueous phase. Take CdS for example, the CdS particles
tend to aggregate and form larger particles, which reduce the surface area and lead to an
increased recombination rate of the photo-induced electron-hole pairs. As a result, these
CdS particles cannot maintain the photoactivity over a long time. Many efforts have been
made to solve these problems, including the preparation of quantum-sized CdS, the
fabrication of heterogeneous semiconductors, and the corporation of semiconductor
particles in the interlayer region of layered compounds, all of which turn out to be

complex. In general, these metal sulfides are not ideal for photocatalysis though they
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out as the most effective photocatalyst thanks to its excellent properties such as low cost,
high thermal and photonic stability, non-toxicity, chemical and biological inertness,
making it close to an ideal photocatalyst. It has been extensively used in wastewater

treatment and water splitting applications.
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Figure 2.2 Energy band position of several popular photocatalysts, including the valence
and conductive bands of the semiconductor, the work functions of the noble

metals and the electrochemical potentials of the redox groups.*®

2.2 Strategies for visible-light-responsive TiO; photocatalysts

Among various photocatalysts, TiO2 is the most popular one because of its strong

catalytic activity and high chemical stability. However, there are still two main limitations:

]
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large bandgap and fast recombination. Since the bandgap of TiO2 are usually 3.2 eV
(anatase) or 3.0 eV (rutile), the light wavelength with energy greater than its bandgap is
usually & <400 nm, thus the visible light is not effective. In addition, the photo-generated
electron-hole pairs are unstable due to fast recombination. As a result, the energy
conversion efficiency of TiO2 photocatalyst is still low at present. To achieve a
fundamental enhancement of the photocatalytic efficiency based on the bare TiO2 under
visible light irradiation, two problems must be overcome. One issue is how to produce
more photo-excited electrons and holes; another is how to separate these electrons and
holes efficiently. To make the normal UV-active TiO2 become visible-light-responsive,
various modification strategies have been carried out, such as impurity doping
(chemically and physically), semiconductor coupling, dye sensitization, etc.3*4%% After
the incorporation of a small quantity of components such as ions and metal oxides, the
TiO2 photocatalyst shows an increased absorption of the visible light and also an
enhanced photocatalytic efficiency under the visible light illumination. The doped TiO2
usually exhibits considerable photocatalytic activity for the degradation of organic
pollutants and even for water splitting upon visible light illumination. The fundamental
mechanisms, current developments, advantages and disadvantages of these methods for
visible-light-responsive TiO2 photocatalysts are discussed in the following section based

on the three categories: chemical doping, physical doping and plasmonic enhancement.
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2.2.1 Visible-light-responsive TiO. photocatalysts by chemical doping

Various chemical synthesis methods are used for the doping of TiO2, which can mainly
be divided into metal doping and non-metal doping.®® After the incorporation of small
amounts of ions, the visible light-responsible TiO2 photocatalysts can be prepared.
(i) Non-metal lon Doping

Dye photosensitization has been demonstrated to be one of the most efficient
approaches to expand the TiO2’s photoresponse to the visible region.>! The visible-light
photon absorbed by a dye excites an electron from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO). Subsequently, the excited
electrons are transferred to the conduction band of TiOz, leaving the dye in the cationic
radical state. The TiOz functions as a mediator to transfer electrons from the sensitizer to
the proximate substrate. As electron acceptors, the valence band of TiO2 remains
unaffected. This electron injection depends on the character of the sensitizer, the
semiconductor, and the interaction between them.%? The photosensitizers mainly include
fluorescein derivative, ruthenium pyridine complex, erythrosine B, eosin, leaf green acid,
rose red and so on. Although the photosensitive photocatalyst has been extensively
conducted in research, some disadvantages still exist: (1) the adsorption sites of the
semiconductor material is reduced since a large surface area is occupied by the sensitizer;
(2) the photosensitizer is easy to fall off the surface of the catalyst, leading to a decreased

photosensitive capacity. Besides, there is often some secondary contamination when the
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contaminants is degraded in sewage water.>

Since the nitrogen-doped TiO2 was reported to exhibit excellent visible light
absorption and photocatalytic activity by Asahi et al. in 2001, nitrogen has become one
of the most promising dopants because of its comparable atomic size with oxygen.>? Some
other non-metal, such as carbon, fluorine, phosphorous and sulphur with a similar atomic
radius to that of the oxygen atom, have also been attempted to dope TiO2and have shown
improvement for visible light activity.>**>° Compared with those bulk modifications,
surface modifications seem preferable mainly because these doping ions in the
underneath crystalline lattice may serve as recombination centers, which may decrease
the photocatalytic activity.>"°8
(ii) Metal lon doping

Since the magnitude of TiO2’s bandgap is a crucial factor to determine the utilization
efficiency of the visible light, the modification of the bandgap is expected to remarkably
enhance the formation of electrons and holes. An appropriate amount of metal ions doped
into TiO2 can introduce electron capture centers as well as some defects due to the
changed crystallinity of TiOz, which would decrease the recombination probability of the
electron and hole. Therefore, metal ion doping is recognized as an effective modification
approach to obtain visible-light-responsive TiOs.

There are three methods to dope metal ions into the TiO2 matrix. The first method
involves transition metal ions. On the early stage, the photocatalytic oxidation of

chloroform and the photocatalytic reduction of carbon tetrachloride were set as model
1
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reactions, then 21 different transition metal ions were introduced to dope TiOz and the
photoactivity of these doped TiO2 were investigated. It found that the TiO2 doping with
Fe3*, Mo, Ru*, 0Os*, Re®, V*, and Rn®* cations were beneficial for the
photodegradation of chloroform.®%606162 Recently, Yan et al. synthesized Ce®*-doped
TiO2 with the sol-gel method, which generates additional electronic states above the
TiO2’s valence band. Consequently, the recombination rate of photogenerated electrons
and holes is decreased.®® The second method involves rare-earth metal ions. A good
example is La-doped TiO2. Sun et al investigated the influence of La-doping on the
electronic structure and the photocatalytic activity of TiO2 using the density function
theory. It is found that the enhanced absorption of La-TiOz in the visible region is due to
the doping La®* rather than the substitution.®* On the contrary, Anandan et al. suggested
that the La®* dopant cations present in the TiO2 matrix and the -OH radicals transferred
by the surface trapping of excess holes enable to suppress the electron-hole recombination
and to realize the rapid mineralization of monocrotophos under visible light irradiation.®
Recently, some other lanthanide metals, including Yb, Eu, and Sm, are also introduced as
the dopants for TiO: are to enhance the visible-light photocatalytic activities.%®67:68
Moreover, some other metal ions, especially Ti(l11l) self-doping and Sn doping®®, have
become a rather hot research topic to dope TiO2.7%"* However, the Ti®* centers are easily
oxidized into Ti*" by the oxygen dissolved in water, thus the surficial Ti** centers and
oxygen defects are usually not stable on TiO2. Therefore, most research has been focused

on Ti*" self-doped TiO: to obtain better stability and higher photocatalytic activity,
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including the one-step calcination method??, the vacuum activation method” and the one-

step solvo-thermal method.’
2.2.2  Visible-light-responsive TiO. photocatalysts by physical doping

The metal ion-implantation method is an alternative approach for the TiO2-doping
preparation by bombarding TiO2 photocatalysts with high energy metal ions to modify its
electronic properties. This enables to modify the electronic state of TiO2 by the physical
method. Currently, the physical doping methods are focusing on two different modes of
ion-implantation techniques: transition metal ion implantation and anion implantation.
(i) Transition metal ion implantation

Metal ion implantation accelerates various transition metal ions (M* ion: M= Cr, V,
Fe, Mn and Ni) with a high voltage field to bombard the TiO2, which is then annealled in
air. The transition metal ions in the crystal lattice of the titania can form new energy levels
between conductive band and valence band, resulting in the absorption shift towards the
visible light region.®>”™7® However, these transition metals may also act as the
recombination centers for the photo-excited electrons and holes, resulting in a low
quantum efficiency. Especially, among those tested ions, Cr and V are found to be
relatively effective to induce a red-shift of the absorption band of TiO2.”” Take Cr for
example, the implanted Cr ions are stabilized in the lattice of TiO2 matrix as Cr3* ion,
while Cr ions chemically doped within TiOz exist as the mixture of tetrahedrally and

octahedrally coordinated Cr-oxide species (Cr20z-like cluster).”®” The ion-implantation
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method enhances the stability of the implanted cations as well as the visible light
absorption.
(if) Anion implantation.

As compared to the transition metal ion implantation, the anion implantation for
visible-light-responsive TiOz is rather rare. This kind of implanted anions is mostly been
limited to the nitrogen anion. Ghicov et al. pointed out the preparation of N-implanted
TiO2 nanotubes and their photocurrent response under the visible light illumination.”” The
re-annealing treatment of N-implanted TiO2 nanotube layers increases the photocurrent
response in the visible light range remarkably since the defect sites contribute to the

charge separation within the TiO2 nanotube structure.
2.2.3 Plasmonic enhanced photocatalysis with TiO>

In addition to these above mentioned chemical and physical doping methods, the
modification of TiO2 with noble metals has also been used to enhance the visible
absorption.*®8 The noble metal nanoparticles (mainly Au or Ag, in the sizes of tens to
hundreds of nanometers) are dispersed into semiconductor photocatalysts to obtain drastic
improvement of photoreactivity under UV and/or a extensive range of visible light. For
example, the Au nanoparticles (NPs) are able to absorb visible light, different from the
TiO2 absorption towards the UV light. Because of the located surface plasmon response
(LSPR) in the Au NPs, the free electrons in Au NPs are driven into a collective oscillation,

forming the surface plasmon (SP) states. Since the Au NPs are commonly scattered on
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the surface of metal oxide, the electrons in SP state will flow into the conductive band of
the metal oxide and will be then injected to the surrounding electron acceptors
immediately (such as Oz). Simultaneously, the organic substrate will quench the left holes
in the Au NPs to finish the photocatalytic cycle. This is the fundamental and distinctive
mechanism of plasmonic photocatalysis, which makes active electrons and holes generate
in the TiO2 NPs even without any light absorption by TiO2. Therefore, the deposition of
noble metals on the TiO2’s surface creates a device that gains charge carriers from the
LSPR decay, which extends the absorption spectra of TiO2 well into the visible region.8%2
The device acts as an electron trap, promotes the interfacial charge transfer and improves
the photoactivity of the semiconductor in the visible region apparently.® Many recent
studies have reported plasmonically-driven pollutant degradation and solar water-

splitting process to evolve hydrogen, 338485
2.2.4 Comparison of modification strategies for TiO,-based photocatalysis

Figure 2.3 summarizes the pros and cons of chemical and physical doping methods. For
the chemical doping, metal doping or non-metal doping are two complementary
approaches that have been most frequently employed to modify TiO: into visible light
photo-response. However, the metal dopant undergoes corrosion and may cause decay of
the photocatalytic performance in a long term. On the other hand, non-metal doping
requires harsh preparation conditions and the doping level is difficult to determine using

the chemical analyses. Specifically, the doping approach is strongly dependent on the
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exact preparation procedure and thus an optimal doping level is difficult to obtain. Higher
or lower dopant loading can lead to an adverse effect on the photocatalytic activity,
causing low reproducibility of the photocatalytic activity. For the above-mentioned
physical doping, one approach is to substitute the Ti site with transition metal (Cr, Fe, or
Ni).8 Another approach is to form Ti®* sites by introducing an oxygen vacancy in TiOx.
However, both of the two physical approaches are not widely accepted due to the low

chemical stability and reproducibility.®’

@ Replacement of Titanium
by other metals
. Metal doping
@ Difficult to reproduce
> l P '21 Salex s

* tnsbicenategils . @ Lack of reproducibility

TiO, Ion-implantation . .
2 @ Lack of chemical stability
@ Difficult to analyse
@ Harsh preparation conditions Non-metal doping

€ Low reproducibility

Figure 2.3 Pros and cons of the two alternative doping methods used to achieve visible-

light photoresponse in TiOx2.

Compared with the chemical and physical doping methods, the plasmonic
photocatalysis possesses two characters— the Schottky junction and the LSPR effect, due
to the introduce of the noble metal NPs.*® These two features bring various benefits for
photocatalysis in different aspects. The Schottky junction is caused by the contact of the

semiconductor and the noble metal, which builds up an internal electric field in a space-
1
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charge region close to the metal/semiconductor interface. The holes and electrons near
and/or inside the Schottky junction will be moved towards different directions after the
generation. Additionally, the metal part acts as a charge-trap center to provide more active
sites for photoreactions and provides a fast lane for charge transfer. The internal electric
field and the fast-lane for charge transfer cooperate to suppress the recombination of
electrons and holes. The LSPR is the more prominent feature of plasmonic photocatalysis,
which brings several significant advantage into the photocatalysis. The major advantages
are listed in Figure 2.4. First, the resonance wavelength for Au or Ag NPs can be tailored
to be in the visible range or the near-UV range, by tuning the shape, the size or the
surroundings of NPs. This makes the large- bandgap photocatalysts be responsive to
visible light (e.g., TiO2). Second, the LSPR can drastically improve the UV absorption of
the large-bandgap materials, which is benefiticial for the materials with weak absorption
ability. Thirdly, 10 nm under the surface of a thin layer is an efficient absorption distance
with the help of LSPR, which is equivalent to the minority length of carrier diffusion
(~10 nm). The poor electron transport of some materials can be improved. Lastly, the
LSPR enhances the local electric field, that can benefit the photocatalysis in several
respects.®® Specifically, it excites more electrons and holes, which can be better adsorbed
by the polarized nonpolar molecules. The heated surrounding environment can further
accelerate the redox reaction rate and the mass transfer. Some other effects, such as the
quantum tunneling effect and the inherent catalytic effect of the noble metal (e.g. Pt for

hydrogen generation), may also contribute to photocatalysis. Every effect has specific
1
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requirements. It may not be efficient in one circumstance and some effects may be
harmful under certain situations. For example, when the noble metal NPs are embedded
deep in the semiconductor photocatalyst and have thus no direct contact with the solution,

they will act as charge recombination centers and reduce the photocatalytic efficiency.

Plasmonic photocatalysis

I
| |

Metal-semiconductor Localized surface
junction plasmon resonance

[ —— 7 | |

-

Forced e/h separation
Fast-lane charge transfer
Visible light response
Enhanced UV/vis. absorption
Reduced e/h diffusion length
Enhanced local electric field
LSPR-powered e/h generation
Local heating effect
Molecule polarization effect

Figure 2.4 Major beneficial effects in plasmonic photocatalysis.*®

2.3 Plasmonic photocatalysis containing Au NPs and TiO>

Since the observation that the noble metal NPs can absorb visible light due to the surface
plasmonic resonance (SPR), lots of researchers have focused on the synthesis of the
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plasmonic photocatalyst containing Au NPs and TiOz (denoted by Au/TiO:2 hereafter),
which can extend the absorption wavelength of TiO2 from UV light to visible light
successfully.8®%° The Au/TiO2 owning the SPR phenomenon was first studied by
Tatsuma’s group. They demonstrated the charge separation at the plasmon-excited Au
NPs added into TiO2 and proved that Au/TiO2 could lead to methanol and ethanol
oxidation as well as oxygen reduction.®* With the incorporation of plasmonic Au NPs into
TiO2, Liu et al. enhanced the photocatalysis of water splitting by a factor of 66 under the
visible-light irradiation.’? In this pioneering work of the electrode-based plasmonic
photocatalyst for water splitting, Tatsuma and Liu revealed that the reduction and
oxidation reactions occurred at two spatially separated electrodes. Besides, Silva et al.
also studied the plasmonic photocatalytic activity based on Au/TiOzto generate Hz or O2
from water. By employing a monochromatic laser at 532 nm and a UV cutoff filter (A>
400 nm), they demonstrated that Au NPs serve as a gas evolution center as well as a light
harvester in this plasmonic photocatalyst.”® Additionally, Kewalska et al. fabricated the
plasmonic photocatalyst Au/TiO2 to degrade acetic acid and 2-propanol with high
efficiency under light illumination.>” In addition, Dawson and Kamat synthesized the
AU/TiO2 to enhance the thiocyanate oxidation using a chemical reduction method.%

All the above-mentioned Au-based plasmonic photocatalysts have reported an
enhanced photocatalytic activity as compared to the bare supporting semiconductor TiOz.
The most probable reason for the observed enhancement of the photocatalytic activity is

the SPR of Au NPs, which may accelerate the formation of the charge carriers within the
1
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semiconductor. Generally, the material and device geometries of other plasmon-enhanced
photocatalysis systems are in a similar form with the nanocomposites that contain Au
metal and TiO2 semiconductor. The material combinations have strengthened the
photocatalysis by improving the charge generation and separation.®’ To comprehend the
functionality of plasmonic photocatalyst, the properties of both the plasmonic Au NPs

and the supporting TiO2 should be taken into consideration.
2.3.1 Structures and photoelectronical properties of TiO2 materials

The crystalline structures of TiOz are mainly divided into three phases: anatase, rutile and
bookite. The anatase phase has been proven to be the most stable phase with two low
energy surfaces, (101) and (001), as shown in Figure 2.5(a) and (c), respectively. The
(101) surface is the most prevalent face for anantase nanocrystals, and is corrugated with
5-coordinate Ti atoms and bridging oxygen in alternating row at the edges. The (001)
surface is rather flat but can undergo a (1x4) reconstruction. The (100) surface is not a
typical nanocrystal that can be observed during the hydrothermal growth of rod-like
anatase. Its surface has 5-coordinate Ti atoms in double rows alternating with double rows

of bridging oxygens, undergoing a (1x2) reconstruction as shown in Figure 2.5(b).%%
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(a)

Figure 2.5 Schematic diagrams of three most prevalent anatase crystals with low-index

faces: (a) (101); (b) (100); and (c) (001).%

Although the photoelectrochemistry field of semiconductors is introduced by
researchers to a large extent, the potential for practical applications still seems very
limited due to the susceptibility to photocorrosion. The work of Fujishima’ group showed
that TiO2z is much less susceptible and is thus suitable for the applications such as solar
energy conversion.

The photoelectrochemistry of TiOz is summarized in Figure 2.6. It indicates that the
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conductive band energy (Ecs) of rutile is essentially consistent with the reversible
hydrogen potential (E 1+ H2) at all pH conditions. The Ecs level of anatase is more
negative by 0.20V than the hydrogen production level, which implies sufficient ability
for Hz production. At lower pH values, the Ecs value of rutile is also coincident with the
reversible potential for Oz reduction to superoxide radical anion HO2:, which is then
coupled to form H202and Oz. But at a higher pH, Ecs continues to become more negative,
while the potential for Oz reduction to superoxide radical anion O2-" remains constant at
about -0.284V. This implies that this process should become more favorable in alkaline
pH region for rutile. For anatase, the Ecs level is sufficiently negative to reduce Oz to Oz~
over a wide pH range, which is coincident with its higher photocatalytic activity.

For both anatase and rutile, the valence band energies Evs is positive enough to
oxidize water into Oz at all pH values. The Eve for both materials lies at the same potential
approximately, which is positive enough to produce free -OH radicals (lower pH) or O~
radicals (higher pH). However, it is only positive enough to oxidize 2-propanol to its
radical cation (2-propanol-*) in the acidic pH region. The photoelectrochemical oxidation
of organic compounds has been studied extensively. For example, Villareal et al.
employed the polycrystalline anatase electrodes as a model system for photocatalysis, as
a result, the direct hole-mediated oxidation and -OH radical-mediated oxidation are
distinguished successfully.®” The result turns out that it is oxidized via an -OH radical for
methanol adsorbed less strongly, while it is oxidized directly for formic adsorbed more

strongly.
1
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Figure 2.6 Energy bands of TiO2 as a function of pH.%

2.3.2 Optical properties of Au NPs

The LSPR refers to the phenomenon that the conducting electrons of the noble-metal NPs
experience a collective oscillation induced by the electromagnetic field of the incident
light. If the frequency of the incident light is coincident with the resonance frequency of
the noble-mental NPs, the LSPR will take place simultaneously with the correlative light
absorption (also including light scattering).8%8 Meanwhile, the oscillating charges

increase the electrical field near the surface, and also benefit the LSPR of the Au NPs.
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The LSPR features of noble-metal NPs (i.e. Ag, Au, Pt) contribute greatly to their strong
ability of light absorption, which can be adjusted by changing their size, shape and/or
surroundings. Moreover, noble-metal NPs can act as an electron trap as well as the active
reaction sites. These factors give a novel path for effective visible-light-responsive
photocatalysts. In other words, the combination of the noble-metal NPs and a suitable
polar semiconductor forms a metal-semiconductor composite photocatalyst. In this way,
the LSPR provides a light absorption by inducing electron excitation in a broad
wavelength range including visible, infrared (IR) and near IR regions. The photo-
generated electrons and holes are then separated efficiently in the interface of the metal
NPs and semiconductor. The LSPR is a key feature to determine the property and
performance of nanoscale optical and photonics devices.® For solar-to-hydrogen energy
conversion applications, however, studies have been limited mostly to the gold and silver
for the following reasons. First, they have tunable plasmon resonances at UV and visible-
light frequencies. Secondly, they have relative large (often 10 times) optical cross sections
than their geometric cross section. Thirdly, gold typically has high thermodynamical

and/or kinetical stability under harsh conditions (pH, potential, et al.).8%84
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Figure 2.7 Schematic description of the optical response of a particle in the spherical
shape. (a) Graph of a homogeneous nanosphere under the illumination of a plane incident
light; (b) the homogeneous nanosphere is polarized by the external electric field and the
oscillating dipole enhances the local electric field and radiates energy in turn. The

scattering is ignored.*

The noble-metal NPs with various shapes, typically including spherical, triangular,
nanoshell, prism-like, etc. each has its own plasmonic features.®>!%° The nanospere has
the simplest shape, providing a strict analytical solution in an symmetric electromagnetic
field. Moreover, many features of the nanosphere, for example, the enhanced local

electric field and dipole behaviour, are maintained in the NPs with different shapes.
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Theoretically, the interaction between the NPs and the incident light can be analyzed by
solving the Maxell equations with proper boundary conditions. That is, a strict description
of the electrodynamic response can deduced by the Mie theory. When the NPs has the
size a << A, the quasi-static approximation is applied, which is valid for NPs with the size
up to about 100 nm. The phase change over the nanoparticle’s volume is negligible, which
simplifies the spatial distribution of the electric field. Figure 2.7 (a) shows an electrostatic
field response to the incident light in a particle. Once the electric field distributions are
determined, the harmonic time can be introduced as a dependent variable to the solution.
When a homogeneous spherical nanoparticle is illuminated by a plane-wave light, it will
be encompassed by a homogenous, non-absorbing, infinitely large nonmagnetic medium
with a dielectric constant em (see Figure 2.7 (a)). Conceptually, the external electric field
displaces the conduction electrons of the nanosphere to form a negative charge center on
one end and a positive charge center on the other end. Consequently, a dipole is formed
as shown in Figure 2.7 (b). Its LSPR feature can be determined from the dipolar mode

and is described by the following polarizabilitya.,

o 3aV (& — an)

, 2.12
&+ 2é&m ( )

where o is the vacuum permittivity, V is the volume of the nanoparticle, & is the
dielectric constant of the surrounding medium. Additionally, £(w) = &{w) + ie(w),
depending on &(w) and &(w) as the real and imaginary parts, respectively. At the
electromagnetic frequency @, a strong resonance of SPR occurs for &() = 2&m. For &(w),

it depends on many factors such as the metal’s character, the electric property of the
X
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surrounding medium, and the size and shape of the metal NPs, which also provide the

approaches to tune the optical properties of the metal NPs.

(a) I
|
I

(b)@éd)@ @

A v
v I3

Figure 2.8 (a) Comparison of the electric field distributions between a single Au
nanoparticle and nanoparticle dimer. (b) Schematic of the transverse and longitudinal

resonant modes for near-field dipolar coupling of NPs.*®

The above discussion focuses on the study of individual spherical NPs. For materials
in practical plasmonic photocatalysis, the NPs may exist in a random distribution,
therefore, the neighboring NPs may cause significant plasmonic coupling effect.101:102

According to the magnitude of the interparticle distance d, the plasmonic coupling could
1
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be divided into two types—near-field dipolar coupling and far-field diffraction coupling.
Since the latter is important just for 1D and 2D arrays of NPs, it could be ignored in this
study. 103

The electric field distributions of a single Au nanoparticle with diameter around 100
nm and an Au nanoparticle dimer spaced by ~30 nm are compared in Figure 2.8 (a). For
the single nanoparticle, a surface region within 10 nm is distributed with the enhanced
electric field, while for the dimer, the whole space between the two Au NPs is covered.
Additionally, the enhancement factor |E| for the single nanoparticle and the dimer is about
4 and 9, respectively. Apparently, a larger electric field region and a higher enhancement
factor will activate more photocatalysts and enhance the reactivity of plasmonic
photocatalysis to a large extent. Therefore, a dimer is more advantageous for the
plasmonic photocatalysis. Figure 2.8 (b) illustrates the mechanism of the near-field
coupling with a chain of NPs. The polarization perpendicular to the chain axis will excite
the transverse mode. The resonant oscillation increases the restoring dipole force of every
particle since the charge distribution of the nearby particles tends to repel the dipole.
Consequently, the resonant wavelength is blue-shifted as compared to that of a single
nanoparticle. Inversely, the longitudinal mode will reduce the restoring force since the
dipole is attracted by the surface charges of the neighboring particles. As a result, the
longitudinal resonance shifts red. Based on these reasons, the absorption of the coupled
NPs present split peaks. Moreover, due to the plasmonic coupling, the areas near the

surface of single nanoparticle emerge enhanced electric field. From the view point of the
X
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photocatalysis, the feature of two absorption peaks further enhances the absorption and is

beneficial to the photocatalysis,
2.3.3 Influence factors of Au NPs-based SPR phenome

The LSPR associated electric polarization can enhance the light absorption of the metal
NPs as a result of the enhanced local electric field. When the Fermi level of the noble
metal lies between the valence band maximum (VBM) and conduction band minimum
(CBM) of a polar semiconductor, the deposition of the noble-metal NPs on the polar
semiconductors forms a plasmonic photocatalyst. This hybrid is most likely charge-
polarized and easy to trap light. Proper conditioning towards the structures of these noble-
metal NPs can concentrate and fold light into the semiconductor layer, enhancing the
absorption and exciting more electrons at the interface between metal NPs and the
dielectric material. Au NPs can appear in different kinds of color, such as red, blue, or
others, depending on their size, shape, and surroundings, which reflects the LSPR upon
the illumination light with proper wavelengths.*®
(@) Influence of the shape and size of NPs

Besides the spherical shape, the NPs in plasmonic photocatalysis can also exist in
many other forms, including triangular, spheroid, nanorods, nanoshells and even irregular
shapes, which own different absorption features. Many fabrication processes do not
produce NPs with identical shape. Anisotropic metal NPs will provide an access to unique

optical phenomena that are from those of spherical NPs. Some studies are reported to
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control the shape and size on purpose.

(a) ®) ,]
iy S
- 08+
§
g > 064
b1 @
3 5
S O 044
= |
g O 924
@
004
L 5 e L 02 T T T T T T T T 1
400 450 500 550 600 650 700 750 300 400 500 600 700 800 900 1000 1100 1200
Wavwelength (nm) Wavelength (nm)

Figure 2.9 (a) Scattering spectra of single silver NPs with various shapes.’%* (b)
Absorption spectra of Au nanorod with changed aspect ratios. Every curve appears

two separate peaks corresponding to the transverse and longitudinal resonances.'%

The scattering spectra of silver NPs with various shapes are investigated in Figure
2.9 (a), which illustrate the influence of the shape. When the shape of the NPs is changed
from the spherical to pentagonal and then triangular, their corresponding resonant
wavelength is shifted from 445 to 520 nm, and then 670 nm.}%* Besides, multiple
resonance peaks appear in metal NPs with other shapes because of the multipolar
resonance in different directions. For instance, one of the most striking features in the
UV-vis-NIR absorption spectrum for the Au nanorods is the emergence of multiple
plasmon bands. For the NPs in rod shape, the two resonances along both of the short axis
and the long axis endow a higher LSPR wavelength than that of Au NPs in spherical
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shape. With the increase of the length-to-width ratio of the rod, the wavelength position
of the long axis SPR shifts from the visible to the near-infrared region, increasing the
oscillator strength progressively as shown in Figure 2.9 (b).1% Moreover, the aspect ratio
of the Au nanorods strongly influence the energy of the longitudinal plasmon. That is to
say, the multiple plasmon of the nanorod with the different sizes exhibit different
absorption features.
(b) Influence of the local environment

The LSPR status can also be tuned by the local environment. Since the noble-metal
NPs are often fabricated on the surface of the photocatalyst, it is important to understand
the influence of their interaction with the substrate on plasmon resonance properties. The
noble-metal NPs (e.g. Au nanospheres) can be contact with the photocatalysts (e.g. TiO2)
in various situations. The shift of the resonant wavelength are diagramed in Figure 2.10
(a) by employing a silver nanosphere (radius 10 nm) embedded into a mica shell (10 nm
thick) gradually. They could only have the surface contact, or the metal NPs could be
surrounded by the photocatalyst completely or partially. Corresponding to the increased

contact area, the peak of the resonant wavelength shifts from 350 to 430 nm.
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Figure 2.10 (a) the resonant wavelength shifts with the embedment state of the silver
nanosphere (radius 10 nm) into the mica shell. (b) Comparison between the discrete
dipole approximation (DDA) and experimental results for the effect on the extinction

of a truncated tetrahedron.88

Figure 2.10 (b) demonstrates how the substrate influences the resonance wavelength
of truncated tetrahedral particles by comparing the discrete dipole approximation (DDA)
and experimental result. The DDA calculations include the results both with and without
a mica slab attached to a truncated tetrahedron. The extinction peak with the presence of
the substrate slab is shifted by about 120 nm to the red, in consistent with the measured

value. The refraction index effect of the substrate on the plasmon wavelength of the
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truncated tetrahedral particles further indicates that the substrate-induced spectral shift is
linear with the refractive index of the substrate slab. A similar phenomenon will occur
when the Au NPs are embedded into TiOz thin films or particles since the LSPR of Au
NPs varies with the embedded states, which is beneficial to plasmonic photocatalysis as
well. Typically, various embedding states may exist simultaneously when the noble-metal
NPs are mixed with the photocatalyst. Thus the absorption spectral range can be
broadened significantly by tuning the surrounding condition, which will yield a better

utilization of the broadband light source.8®
2.3.4 Systematic naming of plasmonic photocatalysts

For the plasmonic photocatalysis, the noble metals usually exist in the shape of NPs; the
semiconductor photocatalyst turns out to be a particle or thin film. The particle and the
thin film possess their own advantages, the former reveals a large specific surface area
and the latter has good electron transport ability, both are favorable for various
photocatalytic applications. In this thesis, the noble metal is Au, which exist in forms of
both NPs and film, while the semiconductor photocatalyst investigated is TiO2 films
fabricated by the atomic layer deposition (ALD) or the sol-gel method. Herein, the
naming of plasmonic photocatalysts aims to reveal the substantial structure characters of
photocatalysts and differentiate them simply and conveniently. A series of simple naming
rules for these photocatalysts is feasible. Therefore, we propose the following rules in this

thesis:
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— The noble-metal NPs (Au) deposited on the surface of the semiconductor film
(TiO2) is denoted by Au NPs/TiO2. Au may be embedded into TiO: partially but
the majority part of its surface is exposed to the surroundings. The symbol </’
represents the surface contact between the Au NPs and TiO.. It also corresponds
to many other material systems in this form.

— The noble-metal NPs (Au) fully covered by semiconductor film(TiOz2) is denoted
as TiO2-Au NPs. The -’ represents a flat thin film surface. Therefore, Au NPs are
surrounded by the TiOzand no exposure to the surroundings.

— The noble-metal film (Au) fully covered by semiconductor film (TiO2) is denoted
as TiO2-Au. The -’ represents a flat thin film surface. Therefore, Au film is
surrounded by the TiOz film and has no exposure to the surroundings.

These symbols are often used in Chapter 4 and 5, which help represent different

materials and contact forms.

2.4 Understanding of the plasmonic enhanced photocatalysis

2.4.1  Plasmonic enhancements in the primary steps of photocatalysis

A typical photocatalysis process mainly consists of four steps as shown in Figure 2.11.
Briefly, the incident photos are first absorbed and then induces a local electric field.
Afterwards, active charge carriers are generated and then separated. During the whole

photocatalysis steps, the LSPR contributes to their enhancements to different extents.*®
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Figure 2.11 Plasmonic enhancements for the primary steps of photocatalysis.*

The optical absorption may be enhanced in two ways: the LSPR and multiple-
scattering. For the former, the LSPR-enhanced photon absorption is very common. The
principle and influence factors of the plasmon-induced optical absorption has been
explained in section 2.3.3, respectively. For the latter, the increase of photon path length
attributes to the metal NPs’ scattering at the surface of the semiconductor, thus enhancing
the optical absorption, as shown in Figure 2.12. Usually, the photons can penetrate into
the semiconductor photocatalysts by a few nanometers to a few micrometers, but only a
portion of photons is used efficiently. Thus, photons that are absorbed deep into the body
of the semiconductor contribute little to the photoreaction since those photogenerated
charge carriers have to go through such a long diffusion distance that they will probably
recombine before reaching the surface. The scattering allows these plasmonic NPs acting
as mirrors to increase the travel path of photons within the semiconductor photocatalysts
and the adjacent surface of these plasmonic metal. As a result, more photons can be

utilized to generate the electron-hole pairs. The size of the plasmonic metal is another
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significant factor that affects the absorption and scattering properties. Large metal NPs
will scatter the unabsorbed photons near the surface of the semiconductor, which can
increase the average photon path length. For noble-metal NPs in small size (typically< 60
nm), the absorption is dominant as compared to the scattering. However, for the NPs in
large size (typically > 100 nm), the scattering comes into effect and creates a long path
for the photons. The scattering also highly relies on the density of the metal NPs. Multiple
scattering with too low loading is negligible, whereas metal NPs with high loading absorb

majority of photons, leaving few to the multiple scattering.

Photon scattering
hv : hv

\ 4 \ 4

O Optically
Semiconductor S

| excited
only O/O met

\ I :".|J'[Jw-
¥

Unused photons Unused photons

Average photon
pathlength increased

Figure 2.12 Scattering effect of the metal NPs leads to an absorption enhancement

through increasing the average photon path length in the metal/semiconductor composite.

The absorbed photons permeate into the space-charge region between the

semiconductor and the noble-metal NPs, which will arouse immediate enhanced local
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electric field for the single mental NP and/or coupled metal NPs. For both of the single
metal NP and the coupled metal NPs, the enhanced electric field have been explained in
section 2.3.2.

The local electric field with higher intensity will assist the generation and transfer
of electrons and holes, which will be explained in detail in the following section 2.4.2 In
addition, the Schottky junction reduces the recombination chance drastically and
increases the lifetime of photo-excited charge carriers significantly. As a result, the charge
carrier separation is enhanced. A prerequisite of this vital effect is the direct electrical
contact of the metal NPs with the semiconductor. Without the direct electric contact, the
metal in the sole or isolated form cannot contribute to the separation of the photo-excited
electrons and holes in the photocatalytic systems. Besides, other factors must also be
taken into consideration, especially the type of semiconductor (n- or p-type), the Femi
level position of the semiconductor relative to the work function of the metal (or to the

electrochemical potential level when it is exposed to the electrolyte).*392
2.4.2  Mechanism of charge carrier generation in plasmonic photocatalysis

Compared to the traditional approaches such as doping, the integration of plasmonic
materials can extend the absorption of semiconductors with large bandgap to a wider
range more efficiently, since the traditional approaches may bring in many defects to
decrease the separation efficiency of electrons and holes. Many Au-based plasmonic

photocatalysts reveal enhanced photocatalytic activity relative to the bare supporting
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semiconductor photocatalyst, which probably results from the LSPR of Au NPs. There
are two primary mechanisms have been identified to explain how the collective plasmon
resonance is established in a metal nanoparticle within the nanocomposite electrode in
this thesis: (1) plasmon-induced resonance energy transfer (PRET), an intense oscillating
electric field around the metal; (2) hot-electron injection from the metal to the
semiconductor,107:108.109

(a) Plasmon resonance energy transfer (PRET)

The PRET explains photocatalysis enhancement via the flow of electromagnetic
energy around the metal NPs. It can be regarded as energy transfer from the plasmon to
the absorber (usually semiconductors) through the electromagnetic field or the interaction
between the dipoles. The electromagnetic field induced by the LSPR will be created in
the neighboring of these plasmonic metals (regards as near-field), whose intensity is
several orders of magnitude stronger than that of the triggering photons. Hence, the
plasmonic metals can be regarded as an amplifier of the near-field electromagnetic
resonance through the plasmon-resonance transfer.

The spatial distribution of plasmonically excited electrons and holes by PRET
depends on the electric field intensity, just as in ordinary photoexcitation. The intensity
of the localized electromagnetic field is influenced by the spatial distance from the
semiconductor’s surface to the center of the plasmonic metal nanoparticle, as well as the
size of the plasmonic metal. When the resonating electrons establish an oscillating electric

field E, the associated intensity is proportional to E? and decays from the nanoparticle as
1
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1/d® at large distances (d is the distance from the center of the nanoparticle). At shorter
distances, where the curved surface of the plasmonic nanoparticle can be approximately
regards as a flat surface, the decay of the electric field intensity is 1/s* (s is the distance
from the surface of the nanoparticle). As a result, both the photons and plasmons are
polarized in specific directions, which lead to significant variation in the electric field
intensity. The Figure 2.13(a) illustrates the electric field intensity for an incident
electromagnetic wave near a plasmonic metal nanoparticle in which a dipolar resonance
is established. The arrows represent Poynting vectors, i.e., the energy flux of incident
light, showing that the metal NPs absorb photons from an area much larger than their
geometric cross section. When two plasmonic metal NPs move close to each other, the
electromagnetic field intensity is enhanced dramatically due to the coupling of their
localized electromagnetic field.

The rate of optical energy absorption by a semiconductor is proportional to the
electric field intensity. The PRET effect is to enhance the electric field intensity in a small,
well-defined location of semiconductor, thereby increasing the power absorbed in this
region. For a semiconductor with a short minority carrier transport distance, localizing
the dissipation of electromagnetic energy at the semiconductor-water interface provides
a way to minimize the average distance that holes must travel to reach the electrolyte. For
semiconductors that are limited by majority carrier transport, localizing light absorption
near the semiconductor-substrate interface mitigates this limitation.

(b) Hot-electron transfer injection
1
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For the PRET effect, the enhancement can be observed at wavelengths where the
plasmon resonance and semiconductor resonance overlap. For hot electron transfer
injection, it provides an alternative way to enhance the photocatalysis well below the
semiconductor bandgap. This is a distinctive characteristic of hot-electron transfer. If a
plasmon is neither emitted as a photon (scattered) nor undergoes the PRET, it will be
absorbed by the metal NPs to excite hot electrons. The hot-electron inject effect is also
known as the LSPR-sensitization effect, which can inject hot electrons directly to the
conduction band (CB) of the nearby semiconductor, as shown in Figure 2.13. The hot-
electron injection occurs only at the place where the plasmonic metal NPs are in direct
contact with the semiconductor photocatalysts, since a Schottky barrier can be formed
since the work function of the plasmonic material is often higher than that of an n-type

semiconductor or lower than that of a p-type semiconductor.

(a) (13)A
| b g
o+

Metal Semiconductor

Figure 2.13 (a) The illustration of the energy flux (Poynting vectors) and the electric
field intensity for an incident electromagnetic wave with an electric field in the plane

of image; (b) hot electron injection from a metal into an n-type semiconductor.%®
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From the above discussion, it can be inferred that the amount of the excited hot
electrons with energy higher than the Schottky barrier determines the injection efficiency
of the hot-electron injection process. Both of the semiconductor photocatalysts and the
plasmonic materials determine the energy barrier. The shape, size, the essence of the
plasmonic metals, and the electron chemical properties of the vicinal photocatalysts
influence the hot-electron injection process corporately. It is found that the holes
generated by gold and copper are hotter than the electrons by 1-2 eV, whereas electrons
and holes from silver and aluminum have equitably distributed energies. It demonstrates
that the energy distributions of plasmonic hot carriers are sensitive to the electronic band
structure of the metal. The electron chemical property of the semiconductor is another
significant factors. Particularly, plasmonic metals would also function as electron traps,
which experience a reverse process to the hot-electron injection. When the LSPR is
negligible as compared to the electron-hole generation in the semiconductor, the electrons
will transfer from the semiconductor to the plasmonic metals. For example, Au NPs on
TiO2 show lower dissociation activity than those on SiOz, thus the hot-electrons are
transferred into the TiO2 matrix, resulting in a decreased amount of electrons for the Hz
dissociation. Many strategies have been introduced to enhance the hot-electron-injection
effect, including the optimization of calcination conditions and the control of morphology.
Adjusting the interface between the plasmonic metals and semiconductor photocatalysts
could reinforce the hot-electron-injection process and reduce the possible recombination

rate of charge carriers.
1
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2.5 Visible-light absorbers for photothermal applications

In addition to the semiconductors with narrow bandgap, the above explanation has
demonstrated that the shape and size of noble metal NPs offers the handle for tuning the
light absorption without changing the particle volume. That is, the nanostructure
geometries offer plasmon resonance tunability with high plasmon sensitivity. As
mentioned in Section 2.3, the TiO2 containing various Au NPs can enhance the absorption
and photocatalytic activity under the visible-light illumination. Recently, there has been
much progress in the development of plasmonic NPs for photothermal therapy
applications due to its LSPR properties as well as their inherently low toxicities. When
the conductive electrons are excited to induce surface plasmon oscillations, non-radiative
relaxation occurs through electron-phonon and phonon-phonon interactions, generating
efficiently localized heat that can be transferred to the surrounding environment. Since
the absorption band of the noble metal NPs is tunable by altering the shape or size of NPs,
designing photothermal absorbing agents in the NIR region is possible. A wide variety of
Au nanostructures, including aggregates of colloidal particles, nanoshells, nanocages,
nanorods and hollow nanospheres, have large surface plasmon absorption in the NIR
region, which may be effective for photothermal therapy.!'®!! For example, the LSPR
peak position of Au nanocages can be precisely tuned to any desired wavelength in the
range of 600-1200 nm; hollow gold nanospheres combine small size, spherical shape, and

strong, narrow and tunable SPR, and satisfy the requirement for photothermal ablation
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therapy.'*? Although the NPs are good candidates for photocatalysis and photothermal
therapy due to the ability to control the absorption peak at the required wavelength
accurately, but the relatively narrow absorption band, the low stability, the low duration

and the complexity of procedures limit their practical use.
2.6 Rough Au film as broadband plasmonic absorber

Efficient absorption of visible light by nanostructured metal surfaces open new exciting
perspectives within broadband plasmonic absorbers. So far, significant effort has been
paid to optimize LSPR absorbers with broadband absorption within visible range, for
instance by optimizing structural geometries and by using gain materials. Previously, Liu
et al. fabricate a perfect plasmonic absorber with polarization-independent absorbance.
This plasmonic device yields ~ 99% absorbance and remains highly absorption over a
wide range of incident angles.®® Similarly, Moreau and his colleagues create a
metamaterial absorber by randomly adsorbing chemically synthesized silver nanocubes
onto a nanoscale-thick polymer spacer layer on a gold film.*** This film-coupled
nanocubes provide an absorption spectrum that can be tailored by varying the geometry
(the size of the cubes and/or the thickness of the spacer). Besides, Thomas et al. realized
non-resonant light absorption via a well-defined geometry of ultra-sharp convex metal
grooves.*™® The two-dimensional arrays of sharp convex grooves in gold ensure efficient
(> 87%) broadband (450-850 nm) absorption of incident light, reaching an average level

of 96%. Hedayati et al. design, fabricate and character a perfect plasmonic absorber in a

TAN Furui 52



@ CHAPTER 2

THE HONG KONG POLYTECHNIC UNIVERSITY

stack of metal and nanocomposite, showing almost 100% absorbance spanning a broad
range of frequencies from ultraviolet to the near-infrared, which proposes an outstanding
candidate for broadband absorber.’'® Recently, Liu et al. theoretically propose and
experimentally demonstrate a unique broadband plasmonic metamaterial absorber by
utilizing a sub-10 nm meta-surface film structure to replace the precisely designed
metamaterial crystal in the common metal-dielectric-metal absorbers. The average value
of absorbance across the whole spectral range of 370-880 nm reaches 83%.%7

However, up to date, all of the above mentioned methods that probably achieve
broadband visible absorption, including perforated metallic films, grating structured
systems and metamaterials turn out to be complex to fabricate, costly and/or with a
relative narrow spectral range of absorption. The work in this thesis employs a rough Au
film in conduct with a TiO2 film to realize the broadband absorption for photocatalysis in
the UV and visible ranges. This rough Au film as broadband plasmonic absorber is quite
simple, cost-effective for large-scale fabrication, which makes it an excellent candidate

for advanced high-efficiency absorber materials.
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Table 2-1 The property comparison between the four approaches to adjust

photoresponse, including the rough Au film connect with TiO2 film (Rough Au
film/TiOz film), Au NPs for photothermal, the Au NPs connect with TiO2 film (Au

NPs/TiO2) and semiconductors with narrowband (Narrow—band semiconductors)

Narrow-band | Au NPs/TiO; Au NPs for Rough Au
semiconductors Photothermal | film/TiO- film
i +Vis+
Absorption Vis, narrow Vis, narrow NIR, narrow UV+VIstNIR,
band broad
Photo-generated Plasmonic Plasmonic Plasmonic
Energy transfer .
carriers electrons thermal electrons
Stability Unstable Stable Unstable Stable
Toxicity Yes No No No
Fabricati :
'a 'rlca 'on Low Moderate High Low
difficulty

Moreover, compared to the traditional narrow-band semiconductor, the composite Au
NPs/TiO2, the Au NPs for photothermal, the new design and fabrication is superior to
the previous approaches in many aspects, which is listed in the Table 2-1. Apparently,
the novel structure of rough Au film/TiO: film endows a wide absorption range, from
UV, to Vis and NIR region. Based on the energy transfer in the form of plasmonic
electrons, it can also make more efficient utilization of the incident light. Additionally,
the rough Au film/TiOz2 film structure is stable, non-toxicity and easy to be fabricated,

all of which are preponderant for the photocatalysis.

2.7 Summary

In summary, plasmonic photocatalysis enables to utilize visible light to improve the
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efficiency of water purification and water splitting, exhibiting unique such as strong
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visible absorption, multi-scattering enhanced photon-semiconductor interaction,
improved charge separation by Schottky barrier and many others. Although a number of
studies have been reported for plasmonic photocatalysis, there are still many limitations
such as low stability, narrow absorption band and so on. Therefore, it is necessary to
develop new plasmonic photocatalysts to overcome the existing problems and to fulfil the

great potential for real applications
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CHAPTER 3

FABRICATION, CHARACTERIZATION AND CALCULATIONS

This chapter will present the fabrication method, the measurement setups and the
simulation tools to be used in the next chapters. During my PhD study, two types of TiO2
preparation methods, sol-gel deposition and atomic laser deposition (ALD), are involved
and developed. Both the Au film and the Au NPs are obtained by the sputtering with
sputtering deposition method. The simulation is conducted by using the finite-difference
time-domain (FDTD) method. Their optical properties are characterized to give
transmission spectrum, absorption spectrum and reflection spectrum. Their morphologies
and structure properties are analyzed using the scanning electron microscopy (SEM), the
atomic force microscopy (AFM) and the X-ray diffractometry (XRD), respectively. Their
electrochemical properties are characterized using an electrochemical working station.

The details of them are presented in this Chapter.

3.1 Fabrication of photocatalytic devices

3.1.1 Fabrication of TiO film

The quality of the TiO2 film is a significant factor for plasmonic photocatalysis, herein
we have adopted two types of fabrication methods, sol-gel deposition and ALD
deposition, to obtain TiOz2 films in the present study. The TiOz2 films of the sol-gel method

is thicker than that of the ALD deposition.
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Figure 3.1 Scheme of the overall synthesis process developed to TiOz sol-gel thin films.

The preparation process of the sol-gel deposition method is depicted in Figure 3.1,
which starts with the preparation of TiO2 sol-gel. Titanium isopropoxide (TIP)
Ti[OCH(CHs3)z2]4 with purity 98% is introduced as the source of titanium and 2.5-ml
diethanolamine {HO(CH2)}2NH is dissolved in 70-ml ethanol (CHsCH2OH) with the
purity of 99.7%. The mixture is sealed and stirred at 40 °C for 20 min with a magnetic
stirrer. After adding the precursor of 9-ml TIP is added into the water-free mixture, the
stirring process is continued for another 20 min. When a slightly yellow and transparent
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gel is formed, 20-ml water and 1-ml ethanol are added into the gel and stirred for another
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20 min. The obtained solution is kept at ambient temperature for 24 h. After the sol-gel is
ready, it is spin-coated onto the Au layer with a spinning speed of 2000 rpm for 30 s. The

obtained TiOz layer is sintered at 500 °C in air for 1 h to get the anatase phase.

A Ultratech

Figure 3.2 Digital image of the ALD system (Cambridge NanoTech, G2 Savannah).

The ALD is also carried out to prepare TiO2 using a commercial system (Cambridge
NanoTech, G2 Savannah) as shown in Figure 3.2. The ALD procedure involves an
alternating exposure of Tetrakis dinethylamido titanium (TDMAT), Ti(NMe2)4 and
deionized water vapor as the precursor carriers at a process temperature of 100 °C with

N2, and then the purge gas at a pressure of 90 sccm. Both the pulse time and the purge
1
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time for the precursors are 2 s. The deposition rate of TiO: is estimated to be 0.55 A per
cycle. The thickness of TiO2 film is tuned by controlling the deposition time. After the
ALD deposition, the TiO2 films are annealed at 500 °C for 1 h. To study the influence of
TiOz2 thickness, TiO2 films with a series of thicknesses (i.e., 5, 10, 20, 30 and 50 nm) can

be obtained by controlling the deposition time.

3.1.2 Fabrication of Au film and Au NPs

Deposition of rough Au film on the FTO glass is performed in a magnetron sputtering
system that is equipped with three cathodes in a pure Ar atmosphere at 6 x 10 Pa. Before
deposition, the FTO glass with a size of 10 x 10 x 2 mm?3 is rinsed successively with
acetone and methanol in an ultrasonic bath for 10 min, and then dried with a pure nitrogen
flow. The separation distance between the target and the substrate is maintained at 10 cm
throughout the deposition, while the substrate speed is set at 6 rpm. For the formation of

rough Au films, a thin Cr film is first deposited on the FTO as an adhesion layer.
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Figure 3.3 (a) Photographs of the Au films with the sputtering time of 3 s, 5, 10's, 15
s and 25 s, before and after annealing at 500 °C; SEM images of the Au nanoparticles
after annealing the Au films with the sputtering time of (b) 3 s; (¢) 5s; (d) 10's; (e) 15s
and (f) 25 s. Before annealing, the colors of the Au films are deep. After annealing, the
films turn to lighter color and are mostly pink. For the sizes of Au nanoparticles, they

increase with longer deposition time.
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The Au NPs with random distribution are fabricated by using the sputtering and the
thermal annealing. Herein, a thin Au layer is first deposited by magnetron sputtering.
After being annealed at 500 °C for 1 h, the thin Au layer is transformed into Au NPs
during the annealing-cooling process.*'® The obtained Au NPs are mostly spherical but
with random sizes. The Au layers deposited with different sputtering times (and thus
different thicknesses, in the range of 3 — 25 nm) result in the Au NPs of different sizes,

as shown in Figure 3.3.

3.2 Characterization

3.2.1  Transmission, reflection and absorption spectra measurement

The optical reflection and transmission spectra of the films are all recorded over a
wavelength range of 400 — 800 nm using a UV-Vis spectrophotometer (Shimadzu, UV-
2550) as shown in Figure 3.4(a). Transmission spectrum gives the transmitted percentage
of the incident light as a function of wavelength. Reflection measurements are performed
with an integrating sphere that uses a BaSO4 plate as the reference as shown in Figure
3.4(b). This means that both the direct reflected light and the diffuse scattering light are
included in the reflection measurement. In this PhD research, all the absorption spectra
of these samples are determined from A=1-R - T, where A, R and T are the normalized

absorption, reflection and transmission, respectively.

TAN Furui 61



Q/:?‘b CHAPTER 3

THE HONG KONG POLYTECHNIC UNIVERSITY

Reference cellfor  Sample cell for
transmission transmission
imeasurerrent measurerment
./ ! I

Reference
&\—;_/—_ heam

Sample
A

BaS04 standard
\_\//._i__ white hoard

MUY
Photomuttiplier |
— Sample beam

Optical system
Figure 3.4 (a) Photograph of the UV-Vis spectrophotometer equipment and (b) the

attachment ISR-240A integrating sphere.

3.2.2  X-ray diffraction (XRD) measurement

The XRD results of the samples are measured by a Rigaku automated multipurpose
Smartlab X-ray diffractometer (Rigaku Corp., Tokyu, Japan) in order to determine the

crystal structure. The digital image of the equipment is shown in Figure 3.5.

Figure 3.5 Digital image of the Smartlab X-ray diffractometer.
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3.2.3  Scanning electron microscopy (SEM) measurement

The layer structures of the sample in this thesis are investigated with a JEOL Model JSM-
6490 SEM equipped with an energy dispersive X-ray spectroscopy detector. Gold is
coated on the TiO2 sample surface in advance to produce clear images. The SEM
technique uses a high-energy electron beam to generate various signals at the surface of
solid specimens. These accelerated electrons carry significant amounts of kinetic energy,
which is dissipated into a variety of signals via electron-sample interactions, including
backscattered electrons (BSE), secondary electrons, photons (characteristic X-rays for
elemental analysis and continuum X-rays), diffracted backscattered electrons (EBSD to
determine crystal structures and orientations of minerals), visible light
(cathodoluminescence, CL), and heat. The secondary electrons and the BSE are used most
commonly to image samples. SEM analysis is considered to be “non-destructive”; that is,
X-rays generated by electron interactions do not bring volume loss of the sample. Hence

it is possible to analyze the same materials repeatedly.

3.2.4  Atomic force microscopy (AFM) measurement

The AFM provides a 3D image of the surface in a nanoscale, which is popular for the
surface analysis of materials. It mainly has three measurement modes, including contact
mode, tapping mode and non-contact mode. Among them, tapping mode is most common.
During the tapping-mode scanning, the tip approaches the surface, taps on the sample
surface slightly, and contacts the surface with the bottom of its swing. This mode can
overcome many problems associated with friction, adhesion and so on. The AFM images
of Au film presented in this thesis is carried out using a Bruker Nanoscope 8 atomic force

microscope.
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3.3 Photoelectrochemical methods for the visible-light photoactivity

When the photocatalytic material is immobilized onto an electrically conducting
supporting substrate, it can be used as an electrode in a photoelectrochemical cell to
measure its properties including the flat band potential, the bandgap energy, the kinetics
of electron and hole transfers, et al. When the potential-current response is examined with
potentiometric analysis, taking an n-type semiconductor TiO2 for example, no significant
anodic (positive) current is observed in the dark since there are no essential holes in the
valence band. When incident light with energy equal to or greater than the bandgap energy,
electrons are excited to the conduction band, leaving positive holes in the valence band.
At potentials more positive than the flat band potential Em, an increased anodic current
can be observed. The photocurrent (Jpn) is the difference between the current observed in
the irradiation and in the dark, indicating the transfer rate of electrons and/or hole at the
interface of the working electrode and the electrolyte. At the flat band potential, no net
current is observed because of the electron-hole recombination. The situation of a p-type
semiconductor under the irradiation is reversed, that is, an increased cathode current is
observed at potentials more negative than Em. If the electrode is irradiated by a
polychromatic source (e.g. xenon) along with a series of monochromators, the spectral
photocurrent response can be measured. The incident photon to current conversion

efficiency (IPCE) can be determined according to the following formula,

|PCE(%)=MX100 (3.1)

x Plight
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where A is the wavelength of the incident light, Piignt is the illumination power density at
the specific wavelength and Isc is the measured density of short circuit photocurrent at the
specific wavelength. For an n-type semiconductor, this is the quantum efficiency for holes
transferring to the electrolyte. The maximum wavelength at which photocurrent can be
observed is related to the bandgap energy of the material. Therefore, the visible light
activity can be determined simply by using a desired emission light to excite the electrode

while the current is monitored as a function of applied potential.>?

The photocatalytic reaction and the IPCE action spectra are measured with an
electrochemical workstation (CH Instruments, CHI 660E) in a standard three-electrode
configuration. To obtain the IPCE action spectra, band-pass filters with a bandwidth less
than 15 nm full-width at half-maximum (FWHM) are used. The photocatalytic films
(such as the TiO2-Au bilayer, the TiO2-AuNP hybrid and the bare TiO: film) are used as
the working electrode. A Pt wire electrode is used as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. Besides, KOH aqueous solution (1
M) is commonly used as the electrolyte. The working electrode is illuminated over an

area of about 1 cm? under a simulated solar source (AM 1.5G, 300 mW/cm?) with a UV-

cutoff filter to obtain visible light with A > 400 nm.

3.4 Theoretical calculations

The finite-difference time-domain (FDTD) method is the simplest full-wave techniques,
both conceptually and practically, to solve problems in electromagnetics.!'°12 The FDTD

method can fit into the category of resonance region techniques, in which the
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characteristic dimensions of the domain are on the order of a wavelength in size. When
the size of the object is very small as compared to the wavelength, quasi-static
approximations can provide more effective solutions. Generally, the FDTD method
introduces finite differences as approximations to both the spatial and temporal
derivatives that appear in Maxwell’s equations (specifically Ampere’s and Faraday’s

laws). The Taylor series expansions of the function f (x) expanded about the point Xo

with an offset of £5/2, the central-difference approximation is given by

f| Xo+—

Sl f(Xo—5J
2 2

X=X0 o

df (x)
dx

, (3.2)

which provides an approximation of the derivative of the function at xo.1?* The change in
the E-field in time (the time derivative) is dependent on the change in the H-field across
space (the curl). The electric and magnetic fields are determined at every point in space
within the computational domain. Figure 3.6 illustrates a standard cartesian Yee cell using

FDTD, where E and H field vector components are distributed.
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Figure 3.6 Illustration of a standard Cartesian Yee cell used FDTD, which electric and

magnetic field vector components are distributed, from Wikipedia.

A commercial FDTD software (Lumerical FDTD Solutions) is implemented to
conduct all the optical simulations. A 3D simulation model is built up according to the

physical structure, the material, and the fabrication process of the actual samples.

3.5 Summary

This chapter describes the fabrication methods, the measurement setups and approaches
and the simulation tools that will be used in the following two chapters, and provides the
methodologies for the sample preparations, the performance characterizations and the

numerical analyses in this Ph.D. study.
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CHAPTER 4

PLASMONIC BROADBAND VISIBLE-LIGHT ABSORBERS

BASED ON ROUGH AU FILMS

This chapter present a TiO2-Au bilayer presents a TiO2-Au bilayer that consists of a rough
Au film under a TiOz film, which aims to enhance the photocurrent of TiO2 over the
whole visible region and may be the first attempt to use rough Au films to sensitize TiOx.
It is the first absorber that has developed in this PhD study. Experiments show that the
bilayer structure gives the optimal optical and photoelectrochemical performance when
the TiOz layer is 30 nm thick, measuring the absorption 80% — 90% over 400-800 nm
and the photocurrent intensity of 15 pA-cm, much better than those of the TiO2-AuNP
hybrid (i.e., Au nanoparticle covered by the TiO2 film) and the bare TiO2 film. The
superior properties of the TiO2-Au bilayer can be attributed to the plasmonic resonance
of the rough Au film as the hot electron generator and the photoactive TiO2 film as the
electron accepter. As the Au film is fully covered by the TiOz2 film, the TiO2-Au bilayer
avoids the photocorrosion and leakage of Au materials and is expected to be stable for

long-term operation, making it an excellent photoelectrode for photocatalysis applications.

4.1 Introduction

TiO2 has been extensively investigated as a photoelectrode for various applications,
including photoelectrochemical water splitting,'?21% pollutant degradation,'?1%* et al.,
thanks to its excellent chemical stability, photocorrosion resistance and low cost. As an

n-type semiconductor with a wide band gap around 3.2 eV, it can only absorb UV light

TAN Furui 68



&

(cutoff wavelength ~ 388 nm), causing a low utilization efficiency of solar light that spans
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from UV to infrared region. Therefore, an ideal photoelectrode for the solar
photocatalysis should have a broadband absorption in the wavelength range of 400 — 800
nm. For practical applications, the photoelectrode should be stable, low cost and easy to
fabricate large area samples. In the past decade, plasmonic metal nanoparticles (NPs)
have been widely used to sensitize the host semiconductor TiO2 to visible light 48125,
However, most studies rely on the metal NPs with uniform shape and size to obtain visible
light response, whose absorption due to the localized surface plasmon resonance (LSPR)
is often limited to a narrow spectral range.1?6127 Since the broad absorption band can be
regarded as a combination of many absorption peaks, Au NPs with different sizes and/or
shapes may be used, but it is not favorable due to the fabrication complexity. Additionally,
multiple resonant peaks could also be obtained by use of the multipolar resonances in
different directions,?®2° put the processing techniques appear to be complicated. 30132
To address this problem, broadband resonant nanostructures with simple fabrication are

highly desired.

Here we present the design, fabrication, and characterization of a broadband
plasmonic absorber for solar energy harvesting and photocatalysis application in the
visible region. This absorber, the TiO2-Au bilayer, consists of two simple layers, a rough
Au film at the bottom as the plasmonic antenna to absorb optical energy to generate hot
electrons and a TiOz2 film at the top as the photocatalyst to receive the hot electrons for
the photoactivity below the bandgap. The sputtering technique is adopted to fabricate the
rough Au film, which is equivalent to a collection of random Au nanostructures with

different geometries and sizes. Consequentially, this TiO2-Au bilayer supports the
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plasmon resonances and the accompanied plasmonic coupling effect, and enables the
broadband absorption in the visible wavelength range from 400 to 800 nm, acting
effectively as a broadband visible-light absorber. This kind of visible-light absorbers have
been used in photothermal systems that rely on the heat but not the electron generation
and transfer!?®133 Their great potential for the photocurrent generation has been merely
overlooked. The photoelectrochemical performance of the TiO2-Au bilayer demonstrates
apparent enhancement as compared to the TiO2-AuNP hybrid (i.e., Au NPs covered by
TiO2 film) and the bare TiOz2 film, indicating superior ability of electron generation and
transfer. We further examine the influence of the thickness of TiO2 film on the properties
of the TiO2-Au bilayer, and find that the optimal thickness is 30 nm. The fabrication
techniques of the TiO2-Au bilayer are relatively simple and cost-effective. Additionally,
in contrast to the previously reported AUNP-TiO2 systems (i.e., Au NPs on top of the TiO2
film)134135136 the TiO2-Au bilayer buries the Au film under TiO2 film that protects the
Au film from the photocorrosion and leakage during the photochemical reactions, making

it promising for long-term operations.

4.2 Experimental section

4.2.1 Device fabrication

A 100 nm-thick Au film and Au NPs are deposited by the sputtering method as described
in Section 3.1.2 , respectively. The Au film is about 150 nm. A thin Au layer is deposited

onto TiOz2 film for about 10 s, and then transformed into Au NPs during the annealing-
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cooling process, as shown in Figure 3.3(a) and (d).}*® The obtained Au NPs are mostly

spherical but with random sizes, resulting in the Au NPs of different sizes. Among various
preparation methods of Au NPs, this physical sputtering method is simple, low cost, and
easy to fabricate diverse composite films with uniformly distributed metal particles.*3"1%

The TiO2 film is deposited onto three different substrates, including the Au film, the
Au NPs and the FTO glass slide, respectively, using a commercial atomic laser deposition
(ALD) reactor (Cambridge NanoTech, G2 Savannah). Correspondingly, three types of
samples, the TiO2-Au bilayer, the TiO2-AuNP hybrid and the bare TiOz film, are obtained
as shown in Figure 4.1. The fabrication procedures of the ALD process is elaborated in
section 3.1.1. To study the influence of TiO2 thickness, TiO2 films with a series of
thicknesses (i.e., 5, 10, 20, 30 and 50 nm) are deposited on the 30-nm-thick Au film to

obtain five samples of the TiO2-Au bilayer.

(@) TiOrAubilayer (D) TiOrAuNPhybrid  (C)  Bare TiO, film

TiO, film — AuNP
1 1im i
T ) / TiO, film
FTO
o) FTO

Figure 4.1 Photographs and schematic diagrams of the three samples, from left to right,
(@) the TiO2-Au bilayer, (b) the TiO2-AuNP hybrid and (c) the bare TiO2 film, each

sample has the footprint of 1 cm x 1 cm.

4.2.2  Characterization of Bilayer Structures

The characterization methods are elaborated in section 3.2.2-3.2.4. The morphology and
X
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the particle size of the samples, including the Au film, the Au NPs and the TiO2 film, are

observed by SEM. The surface morphology and the height information of the Au film are
also obtained by the AFM. The XRD pattern is recorded using a X-ray diffractometer.
The TiO2 films with different thicknesses on the Au film are recorded using the Cu K

radiation and the scanning speed of 5°/min with the 26 range from 10 to 80°.

4.2.3  Optical and photoelectrochemical measurements

Based on the optical spectral measurement methods in section 3.2.1., the optical reflection
and transmission spectra of the TiO2-Au bilayer, the TiO2-AuNP hybrid and the bare TiO2
film are recorded over a wavelength range of 400 — 800 nm using a UV-Vis
spectrophotometer. The photocatalytic reaction and the IPCE action spectra are measured
with an electrochemical workstation (CH Instruments, CHI 660E) in a standard three-
electrode configuration as discussed in section 3.3.4. The TiO2-Au bilayer, the TiO2-

AuNP hybrid and the bare TiOz2 film are used as the working electrode, respectively.
424  Simulation

Based on the discussions in section 3.4, a 3D simulation model is build up according to
the physical structure, the material, and the fabrication process of the actual samples. The
refractive indices of Au are simulated using the built-in data of FDTD Solution software.
The category labeled as CRC is chosen, which provides the model by fitting the
experimental data in CRC Handbook of Chemistry & Physics. The refractive indices of

TiO2 are simulated with the dispersion formula as n?=5.913 + 0.2441/(4?>— 0.0803)2. The
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4.3 Results and Discussion

4.3.1  Comparison of TiO2-Au bilayer, TiO2-AuNP hybrid and bare TiO; film.

Figure 4.1 shows the photos and the schematic diagrams of the proposed structures,
including the TiO2-Au bilayer, the TiO2-AuNP hybrid and the bare TiO2 film. For the
bare Au film deposited on the FTO glass, it appears dark yellow. After this bare Au film
is covered by the 30-nm TiO:z film to form the TiO2-Au bilayer, it turns to dark blue after
the annealing treatment (see the Figure 4.1(a)). The characteristic color of Au NPs is
pinkish, which turns into light blue after the coverage of the 30-nm-thick TiO2 film to
form the TiO2-AuNP hybrid (see the Figure 4.1(b)). The bare TiO2 film exhibits a light
gray color (see the Figure 4.1(c)). It is noted that the edge parts of samples have slightly
different colors from the central parts, because the central parts have TiO2 deposited only
on one side, whereas the edge parts are covered on both sides due to some process details.
One-sided TiO2 deposition is favorable for optical spectrum measurements as compared
to two-sided TiOzdeposition since the latter may result in a non-uniform film on the back
side. In experiments, only the central parts with a diameter of 1 mm is used to investigate

the photoelectrochemical properties.®
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Figure 4.2 (a) Reflection spectra, (b) transmission spectra and (c) absorption spectra of
the bare TiOz film (black dashed lines), the TiO2-AuNP hybrid (blue dotted lines) and
the TiO2-Au bilayer (red solid lines), respectively; and (d) absorption spectra of the
rough Au film itself and the bare Au NPs. It is noted that the ranges of y axis are different,
i.e., 0 —50% in (a), 0 — 100% in (b), 0 — 100% in (c), and 0 — 100% in (d). Here the
reflection measurements are performed with an integrating sphere that uses a BaSO4
plate as the reference. This means that both the direct reflected light and the diffuse

scattering light are included in the reflection measurement.

A key step to improving the photocurrent is to increase the optical absorption in
visible range. Figure 4.2 compares the absorption spectra of the TiO2-Au bilayer, the
TiO2-AuNP hybrid and the bare TiO2 film. Here the absorption A is calculated by the

equation A=1-R - T, where R and T are the normalized reflection and transmission,
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reflection and transmission over 400 — 800 nm, resulting in very weak absorption (see
Figure 4.2(c)). The TiO2-AuNP hybrid shows obvious enhancement of absorption,
especially near 680 nm, which can be attributed to the LSPR effect of the Au NPs. In
contrast, the TiO2-Au bilayer exhibits much stronger absorption. Particularly, the
absorption spectrum is flat over the whole range of 400 — 800 nm, with the minimum
absorption of 80% and the maximum 90%. The absorption spectra of the bare Au film
and the Au NPs are presented in Figure 4.2(d)). For the Au NPs, its absorption spectrum
shows an apparent peak at around 580 nm. When the Au NPs are covered by the TiO2
film, the absorption peak of the TiO2-AuNP hybrid is shifted to a longer wavelength (at
~ 700 nm, see Figure 4.2(c)). For the rough Au film that consists of Au clusters with
different shapes and sizes, the absorption peaks are overlapped to form a broad absorption
spectrum.

The light-harvesting capability plays an important role in the enhanced
photoelectrochemical activity under the visible light irradiation. The photoactivities of
these three TiO2-based samples are evaluated using the I-t technique. Figure 4.1 plots the
curves of photocurrent density at the 0-V bias potential. The transient photocurrent
responses of the three TiO2-based samples are measured for several on-off cycles of
irradiation. The rise and fall of the photocurrent respond well to the switching on and off
of the visible-light irradiation (wavelength > 400 nm). The photocurrent drops to zero as
soon as the irradiation is turned off, and recovers immediately when the irradiation is
turned on again. It indicates that the current is completely due to the visible-light response
of the photoelectrode, and the charge transport is very fast. As can be read from Figure

4.13(c), the TiO2-Au bilayer produces the transient photocurrent density of 12.4 uA-cm-
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2, higher than the TiO2-AuNP hybrid (3.2 pA-cm) and the bare TiOz film (1.5 pA-cm)

CHAPTER 4

by a factor of 3.8 and 8.2. This suggests that the TiO2-Au bilayer has the best effect on
charge generation, separation and transport'#°. In addition, the order of the photocurrent
densities agrees with the absorption measurements in Figure 4.2(c), that is, TiO2-Au

bilayer > TiO2-AuNP hybrid > bare TiOz2 film.
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Figure 4.3 The absorption spectra and (b) I-t plots of the TiO2-Au bilayer (red solid
lines), the TiO2-AuNP hybrid (blue dashed lines) and the bare TiO2 film (black dotted
lines), respectively. The TiO2 films of the three samples are all 30 nm thick. The

potential for the I-t measurement is 0 V vs SCE (saturated calomel electrode).

As a supplement, the I-t plots of the TiO2-AuNP hybrid and the bare TiO2 film are
tested as plotted in Figure 4.4. Figure 4.4 (a) is the calibrated emission spectrum of the

light source after the UV-cutoff filter (> 400 nm), the overall intensity is ~ 300 mW/cm?
at the photoelectrode surface.'*! When the narrow-band optical filters are used to get

monochromatic light for the measurement of action spectrum, the calibrated optical
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intensities of the light source at different wavelengths are plotted in Figure 4.4(b).
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Figure 4.4 (a) Calibrated emission spectrum of the light source after the UV-cutoff filter
(> 400 nm), the overall intensity is ~ 300 mW/cm? at the photoelectrode surface. (b)
Calibrated optical intensities of the light source at different wavelengths when the
narrow-band optical filters are used to get monochromatic light for the measurement of

action spectrum.
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Figure 4.5 I-t plots of (a) the bare TiO2 film and (b) the TiO2-AuNP hybrid under
monochromatic lights of 420, 450, 475, 500, 520, 550, 600 and 650 nm, respectively.
(c) Action spectra (i.e., photocurrent versus light wavelength) of the TiO2-Au bilayer
(red solid line), the TiO2-AuNP hybrid (blue dashed line) and the bare TiO2 film (black

dotted line). In these three samples, the TiO2 layers are all 30 nm thick.
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Under monochromatic lights at the wavelengths of 420, 450, 475, 500, 520, 550, 600
and 650 nm, respectively, I-t plots of the bare TiO2 film and the TiO2-AuNP hybrid are
shown in Figure 4.5(a) and (b), respectively. The action spectra (i.e., photocurrent density
versus light wavelength) are plotted in Figure 4.5(c) for the three samples for quantitative
comparison. It is seen that the TiO2-Au bilayer has the highest response under every
monochromatic light illumination, showing significant enhancement by a factor of about
2 as compared to the TiO2-AuNP hybrid and the bare TiOz2 film.

For the TiO2-Au bilayer and the TiO2-AuNP hybrid, their differences in the I-t plot
and the action spectrum can be explained below. From the physical mechanisms, the
enhancement of photocurrent in the TiO2-Au bilayer and the TiO2-AuNP hybrid should
be attributed to the Au nanostructures and the formation of Schottky junctions at the
interfaces of Au and TiO2. The former enables the optical absorption to visible light,
whereas the latter improves the separation of photo-generated electron-hole pairs and
suppresses the recombination of photogenerated charge. But there are still some
differences between the TiO2-Au bilayer and the TiO2-AuNP hybrid, lying mostly in the
density of Au nanostructures. In the TiO2-Au bilayer, the rough Au film can be regarded
as an assembly of densely-packed random Au nanostructures (e.g., NPs, nanocavities)
with different shapes and sizes (see detailed discussion below). The dense packing results
in a large number of Au nanostructures, and the LSPR effect of every single Au
nanostructure sums up to high absorption over a wide span of wavelength; moreover, the
dense packing enables the plasmonic coupling of neighboring Au nanostructures and
further enhances the optical absorption. In addition, the dense packing provides good

electrical connections among the Au nanostructures for the transport and distribution of
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CHAPTER 4

THE HONG KONG POLYTECHNIC UNIVERSITY

between the Au and TiOz for the Schottky junction and enables the efficient transfer of
photo-excited electrons and holes between Au to TiO2. In comparison, the TiO2-AuNP
hybrid has relatively low density of Au NPs, causing not that ideal absorption and charge
transfer. As a result, the TiO2-Au bilayer has stronger absorption than the TiO2-AuNP

hybrid and is expected to have larger photocurrent.

Figure 4.6 Scanning electron micrographs of the surface morphologies of different
layers in the samples. (a) FTO glass; (b) Au NPs on FTO glass, deposited by the
sputtering process; (c) rough Au film on FTO glass; (d) ALD-deposited TiO2 film on

the rough Au film. The inset in (b) is the histogram of the size of Au NPs.
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Figure 4.6 displays the surface morphologies of the respective layers of the three
types of TiO2-based samples. The surface of FTO glass itself is already very rough as
shown in Figure 4.6(a). For the Au NPs on the FTO glass, the deposited thin Au film with
a thickness around 8 nm is transformed to discontinuous Au NPs after the annealing as
shown in Figure 4.6(b).*2143 When viewed from the top, the Au NPs exhibit nearly round
shape and similar particle size. The histogram of the particle size distribution is obtained
with the free software ImageJ as shown in the inset of Figure 4.6(b). The Au NPs have
an average size of 35 nm with a standard deviation of approximately 11 nm. When the
thickness of the deposited Au film is increased to 100 nm, the surface of Au film becomes
rough and thus a pattern of densely packed metallic cluster grows up, which seems like a
collection of many Au nanostructures with large variations of shape and size, as shown
in Figure 4.6(c). The TiO2 film deposited by the atomic layer deposition (ALD) process
on the rough Au film has quite uniform grain size of TiO2 nanoparticles as shown in

Figure 4.6(d). These structural layers in a larger area are shown in Figure 4.7.
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Figure 4.7 SEM surface morphologies of different layers in large area. (a) FTO glass;
(b) Au NPs on the FTO glass, deposited by the sputtering process; (c) rough Au film on

the FTO glass; (d) TiOz film deposited by the ALD method.

4.3.2  Influence of TiO; film thickness of TiO.-Au bilayer

The thickness of the TiO2 film plays an important role in the optical and
photoelectrochemical properties of the TiO2-Au bilayer. To examine this influence, a
series of TiOz thin film are deposited onto the Au film by the ALD method, including 0,
5, 10, 20, 30 and 50 nm. The ALD is a precision growth technique that can passivate
surface states to decrease the surface recombination velocity, which can synthesize thin
film from only a few atomic layers to hundreds of nanometers!#44°, Its layer-by-layer
deposition allows highly conformal coating even on the dense and rough surfaces of
nanostructures. Therefore, the as-deposited TiOz films with excellent step coverage have

an amorphous structure. The thickness of TiO2 film can be controlled by the deposition
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time according to the deposition condition. Moreover, the XRD patterns (Figure 4.8) of

the TiO2 films match the Joint Committee on Powder Diffraction Standards File (JCPDS
n0.21-1272), which confirms the anatase phase of TiO2.14¢ The XRD patterns of the bare
TiO2, the bare Au film and the FTO substrate are exhibited in Figure 4.9(c). It is well
known that the anatase phase of TiO2 has greater photocatalytic activity than the rutile

phase due to the lower conduction band and higher hydrophilicity. 4

* TiO, Anatase (101)

—t=5nm
— t=10 nm
, —t=20nm
‘ ——t=30nm
“ —t=50 nm

Intensity (a.u.)

20 (degree)

Figure 4.8 XRD plots of the TiO2-Au bilayer samples with the TiOz film thicknesses of
5, 10, 20, 30 and 50 nm. For all the samples, the diffraction peak appears at 26 = 25.3°,
corresponding to the (101) orientation of anatase phase, while the other diffraction peaks
are very weak. This indicates that the crystallographic phases of these TiOz2 films are all
anatase-type. Moreover, the XRD intensity of these TiO2 films goes up with the increase

of the TiOz thickness.
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Color photographs of the TiO2-Au bilayer samples with various TiO2 thicknesses

are shown in Figure 4.9(a). The sample with the 0-nm TiOz film represents only the rough
Au film, which looks bright yellow. The samples appear deepened yellow when the TiO2
thickness is increased from 5 to 20 nm. The sample becomes dark blue when the TiO2
thickness is 30 nm, and turns to jade for the 50-nm TiO2. The AFM is also employed to
characterize the surface morphology of the rough Au film (Figure 4.9(b)), which agrees
well with the measured SEM image (Figure 4.6(c)). The mean roughness of the rough Au
film is approximately 5 nm within the area of 2 um x 2 um and the root-mean-square
(rms) roughness is 15 nm, indicating significant surface roughening. For the influence of
the Au film thickness, it has little effect as long as the Au film is thick enough to block
all the light and rough enough to enable strong, broadband absorption of visible light.
Therefore, this study does not investigate the influence of Au film thickness, but simply
maintains the Au film thickness at 100 nm, which is much thicker than the skin depth of
Au film (about 13 nm). The surface of the 100-nm Au film after annealing is still very
rough for plasmonic absorption.14

The reflection and transmission spectra of these TiO2-Au bilayer samples are given
in Figure 4.9(d) and (e). Figure 4.9(d) shows that the reflection first decreases with thicker
TiO2, reaches the minimum at 30 nm and then increases. From Figure 4.9(d), the
transmission shares the similar trend, except that it has two peaks at around 500 nm and
700 nm, though the level of transmission is always < 10%. The absorption spectra of these
TiO2-Au bilayer samples with different TiOz thicknesses are also determined by A =1 —
R — T as shown in Figure 4.9(f). It is seen that the absorption increases with the TiO2

thickness from 0 to 30 nm, but starts to decrease when the thickness is over 30 nm.
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Figure 4.9 (a) Photographs and (f) absorption spectra of the TiO2-Au bilayer samples
with the TiOz thicknesses of 0, 5, 10, 20, 30 and 50 nm. The films are deposited by ALD
at 100 °C and then annealed at 500 °C for 1 h; (b) atomic force micrograph of the surface
morphology of the rough Au film on the FTO substrate; (c) the XRD patterns of the bare
TiOg, the bare Au film and the FTO substrate. (d) reflection spectra and (e) transmission

spectra of the TiO2-Au bilayers with the TiOz thicknesses of 5, 10, 20, 30 and 50 nm;
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Figure 4.10 (a) I-t plots and (b) photocurrent intensities of the TiO2-Au bilayer samples
with different TiO2 thicknesses of 0, 5, 10, 20, 30 and 50 nm.; (c) I-t plots under the
irradiation of monochromatic light; and (d) action spectra (i.e., photocurrent versus light
wavelength) of the TiO2-Au bilayer with 30-nm-thick TiOz film (red line), the 30-nm-

thick bare TiO2 film (black line) and the bare Au film (blue line).

The results of I-t measurements are plotted in Figure 4.10(a) for the TiO2-Au bilayer
samples with different TiO2 film thicknesses. It is seen that the photocurrents respond
immediately and repeatedly to the turning on and off of light source. Figure 4.10(b) plots
the measured photocurrent density as a function of the TiO2 thickness, showing the
maximum 12.4 uA-cm? at 30 nm. Therefore, the TiO2-Au bilayer sample with the 30-
nm-thick TiOz2 film has the highest photocurrent, this sample is named as the “optimal

bilayer sample”. To further investigate the wavelength dependence, the optimal bilayer
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sample is illuminated with a broadband visible light source (1 > 400 nm) that delivers a
total power of ~ 300 mW/cm? as mentioned in Section 4.3.1 . The I-t plots of the optimal
bilayer sample are shown in Figure 4.10(c) for the wavelengths of 420, 450, 475, 500,
520, 550, 600 and 650 nm, respectively. For quantitative comparison, the action spectra
(i.e., photocurrent density versus light wavelength) are plotted in Figure 4.10(d) for the
optimal bilayer sample and its constituent layers — the 30-nm-thick bare TiO2 film and
the bare Au film. It is seen that the bare Au film has almost no response whereas the
optimal bilayer sample has the highest result, showing significant enhancement as
compared to the bare TiO2 film. For the optimal bilayer sample, the photocurrent density
drops quickly when the wavelength goes up to 600 nm and becomes very low afterward.
The energy conversion efficiencies of the three samples can also be indicated by the
incident photon to current efficiency (IPCE), which are extracted from the measured
photocurrents and the incident spectrum. The IPCE of the optimal TiO2-Au bilayer
sample reveals a clear enhancement as compared to the bare TiO2 film and the bare Au

film, which is consistent with the action spectra plotted in Figure 4.10(d).

4.3.3  Simulation results of absorption spectra and electrical fields

Using the simulation methods as discussed in section 3.4 , the absorption spectral of the
TiO2-Au bilayer samples are calculated for different TiO2 thickness. The results are

plotted in .
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Figure 4.11 Simulated results of the absorption spectra of the TiO2-Au bilayer samples.

The thickness of TiO2 film varies from 5, 10, 20, 30 to 50 nm.

Based on the physical structure and materials of the actual TiO2-Au bilayer sample,
the simulation model is built up as depicted in Figure 4.12(a), with the Au portion and the
TiOz2 portion denoted by yellow and blue color, respectively. The model consists of three
layers, from bottom to top, a flat Au film layer, an Au NPs layer and a TiO2 layer. The
FTO thin film is not included in the simulation since there is almost no transmission of
light through the Au layer. As an approximation, the thickness of the flat Au film layer is
100 nm in the simulation. Considering the roughness of the Au film (see the AFM image
in Figure 4.9(b)), the rough surface is represented by randomly-distributed particles.** In
the simulation, the particles are randomly scattered on the surface in a space of 1 um x 1
um x 30 nm, with their diameters varying from 60 to 120 nm. The vertical positions of
the particles are adjusted so that the highest particles are always attached to the upper

boundary of the flat Au layer while the other particles may be partially embedded into the
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flat Au layer. The Au nanoparticles can be overlapped with each other, in which some

larger domain can be formed occasionally to further account for the randomness of the
distribution, the shape and the size. To mimic the TiOz film, the template method is
adopted.™® Each Au NPs is embraced by a shell layer of TiO2, whose thickness is equal
to the ALD deposition thickness approximately. For the bare area without the Au NPs
covered, a flat TiO2 film layer with the deposition thickness is also added above the flat
Au layer. The meshing order of these Au NPs has higher priority than the TiO2 layers to
ensure the coverage by TiO:2 at only the outer boundaries. The transverse dimension of
the model structure is 1 um x 1 um and the number of Au NPs is 320 in the simulation.
With the random positioning, the number of Au NPs is essential for simulating the surface
roughness of the Au film, and a relatively small number generally implies a larger surface
roughness. In this way, the roughness of Au surface of the real TiO2-Au bilayer can be
well represented. The simulated absorption spectrum (Figure 4.11) is in good agreement
with the experimental result (Figure 4.9(f)).

Regarding the boundary condition, Perfectly Matched Layer (PML) is used for both
the top and bottom boundaries, while periodic condition is employed for the other side
boundaries. The periodic condition is a good approximation as the model’s transverse
dimension is large as compared to the particle size to support the randomness of
distribution. The 4th level auto non-uniform meshing is applied to balance the simulation
accuracy and the computation load. The S parameter analysis group is implemented for
the absorption analysis, in which a plane source is used and the far-field measurement is
conducted. In the simulations, the average thickness of the TiO: layer is varied from 5 to
50 nm. The absorption spectrum of the absorber is recorded for each thickness, within the

wavelength range of 400 — 800 nm.
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The simulated absorption spectrum (black line) for the TiO2-Au bilayer sample with

the 30-nm TiOz2 film resembles approximately the measured spectrum (red line) as shown
in Figure 4.12(b). As for the various values of TiOz2 thickness, including 5, 10, 20, 30, and
50 nm, the absorption spectra of the absorbers are presented in Figure 4.11, which
coincide with the experimental results in Figure 4.9(f). The optimal absorption occurs at
the thickness of 30 nm.

According to Figure 4.12(b), the maximum absorption is about 90% near 650 nm,
and a shallow dip occurs near 500 nm. To further understand the optical property of the
30-nm TiO2-Au bilayer, the electric field distributions are also simulated in some
transverse cross-sections. The position Z of the cross-section is defined using the vertical
displacement from the upper surface of the flat Au layer. The electric field distributions
for cross-sections at Z = 0, 30, 60, and 90 nm are depicted in Figure 4.12(c)-(f),
respectively. It can be seen that some hot spots occur near the sites of the particles,
indicating the LSPR effect and the plasmonic coupling effect. These effects play a central
role in the overall enhancement of absorption. For the broadband absorption, the shell
layer and the flat layer of TiO2 can be regarded as the effective index media for index
matching. The TiOz2 layer also modifies the coupling between the Au NPs, which can be

used to tailor the absorption in the visible light band.
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Figure 4.12 Simulation results. (a) Perspective view, top cross-sectional view (XY plane)
and side cross-sectional view (XZ plane) of the model for the TiO2-Au bilayer sample;
(b) comparison of the measured absorption spectrum with the calculated one using the
FDTD method for the TiO2-Au bilayer sample whose TiO2 film is 30-nm thick; The
electric field distributions on the transverse cross-sections located at (c) Z=0nm, (d) Z
=30 nm, (e) Z=60nm and (f) Z =90 nm, here Z = 0 is located at the upper surface of

the flat Au layer.
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For effective generation of photocurrent, the optical absorption is only the first step. As
mentioned above, the enhancement of optical absorption is due to the LSPR effect and
the plasmonic coupling of the random Au nanostructures in the rough Au film,48117.151,152
The next step to the photocurrent generation relies on the excitation, separation and

transfer of charge carriers.
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Figure 4.13 Mechanisms of the photocurrent generation in the TiO2-Au bilayer. (a) Hot
electron injection, for which the rough Au film absorbs photons of different wavelengths
to generate hot electrons, whose potential levels of excited states are high enough to
overcome the potential barrier to be injected into the TiO2 layer. (b) Plasmonic
resonance energy transfer, for which the plasmonic resonance of Au nanostructures
generates intense electric fields in the TiO2 layer and excites the electrons of TiOzto the
conduction band. For the energy’s point of view, the photon energy excites the Au
electrons, which falls back and transfers the energy to the TiOz electrons via the intense

electric field near the plasmonic hot spots.
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Figure 4.13 depicts the two mechanisms of the photocurrent generation in the TiO2-

Au bilayer: hot electron injection (HEI) and plasmonic resonance energy transfer (PRET).
Both mechanisms are widely used for the plasmonic enhancement of photocurrent in
literature,10848.125,136.139.141 The HE] is illustrated in Figure 4.13(a), the light incident on
the sample excites the plasmonic resonance of electrons in the Au nanostructures, part of
these plasmons decays into hot electrons, which are then fed into the conduction band of
TiO2. This enables the creation of active electrons in the TiO2 nanoparticles even in the
absence of direct light absorption by Ti02.%21% As the rough Au film of the TiO2-Au
bilayer enables the plasmons at different wavelengths, hot electrons of different energies
may be excited and injected to the TiO2 conduction band. In contrast, the PRET goes
through a different way as shown in Figure 4.13(b). The plasmonically excited electrons
in the Au film do not migrate into the TiO2 film, instead they can transfer the energy to
the valence-band electrons of TiOz film to excite them to the conduction band of TiOx.
This energy transfer process can be enabled by the intense electric field of plasmonic
resonance. More specifically, the incident photons excite the collective oscillation of the
electrons in Au nanostructures, and thus generate intense oscillating electric fields nearby
the Au surface. The region with intense electric field is often called hot spot. The hot
spots can penetrate into the TiO2 film (typically by a distance of ~10 nm) and thus the
oscillating electric fields can excite the TiOz2 electrons.

The HEI and the PRET have different requirements. The former needs the Au
nanostructures to be directly in physical contact with the TiO2 for hot electron transfer
and also the photon energy to be high enough to overcome the potential barrier at the
AU/TiOz interface, which has a barrier height of about ~1 eV. The latter requires the

overlapping of the absorption spectra of the Au nanostructure and the TiO2 film, and
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needs also the extension of the hot spot into the TiO2 film. Fortunately, all of these

conditions are satisfied in our TiO2-Au bilayer. For example, the rough Au surface is
directly covered by the TiOz2 film, and thus the direct electron transfer is enabled and the
hot spots can cover part of the TiO2 film near the rough Au surface; over the strong
absorption band of 400 — 800 nm of the TiO2-Au bilayer (see Figure 4.2(c)), the
corresponding photons energy is in the range of 3.1 — 1.55 eV, sufficiently higher than
the potential barrier ~ 1 eV; in addition, the TiO2 film has certain absorption over 400 —
700 nm (see Figure 4.2(c)) due to the defects in the TiO2 film whereas the rough Au film
itself has flat absorption over 400 — 800 nm, enabling the overlapping of the absorption
spectra. Based on these, we attribute to both the HEI and the PRET for the photocurrent
enhancement.

For the influence of the TiO2 film thickness on the photocurrent of the TiO2-Au
bilayer structure, the TiO2 film serves three functions. First, the TiO2 film is a dielectric
layer and acts as the index matching layer and assists the optical coupling of the incident
light into the rough Au film.®® Thicker or thinner TiOz2 film would deteriorate the effects
of index matching and optical coupling. As a result, there is an optimal TiO2 thickness
for optical coupling. Second, the ALD-deposited and thermally-annealed TiO2 film has
more defects and causes additional energy states inside the TiO2 bandgap, enabling to
absorb visible light. Since the defects and the associated energy states vary with the TiO2
thickness, the absorption of visible light is changed. Third, the TiOz film of the TiO2-Au
bilayer provides an electron receptor and also an diffusion layer for the transport of the
hot electrons to the TiO2/solution interface for photochemical reactions.™®* > Thin TiO2
film causes low volume to receive electrons but enables fast transport of electrons due to

the short diffusion length, whereas thick TiO2 film benefits the electron reception but
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impairs the electron transport due to the long diffusion length. The combined effect of the

optical coupling, the defect-induced visible absorption and the electron
reception/transport results in the existence of an optimal thickness of TiO2 film, which
happens to be 30 nm in this work. This is the reason that the TiO2-Au bilayer yields the
highest photocurrent when the TiO2 film is 30 nm thick, as shown in Figure 4.10(b). As
a consequence, the optimal efficiency of photocurrent generation is achieved when the

TiO2—Au bilayer sample has the 30-nm-thick TiOz film.

4.4 Summary

In summary, we have examined the rough Au film to sensitize TiOz to visible light over
400 — 800 nm. Burying the rough Au film under the TiO2 film forms the TiO2-Au bilayer
and induces the broadband optical absorption and the significant enhancement of
photocurrent as compared to the other two types of control samples, the TiO2-AuNP
hybrid and the bare TiO2 film. Such enhancement is ascribed to the LSPR and coupling
effects of the random Au nanostructures in the rough Au film for the strong visible
absorption and to also the Schottky junction in the Au/TiO2 interface for the separation
of photogenerated electrons and holes. Besides, the optimal thickness of TiOz2 film for the
TiO2-Au bilayer is found to be 30 nm. The superior optical and photoelectrochemical
properties of the TiO2-Au bilayer demonstrate its great potential as the photoelectrode for
future environmental and energy technologies. Moreover, this new photoelectrode
possesses the merits of high absorption efficiency, broadband absorption of visible light,
low production cost and easy fabrication process, and brings new insight into the design

and preparation of advanced visible-light responsive photocatalytic materials.
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CHAPTER S5

PLASMONIC BROADBAND VISIBLE-LIGHT ABSORBERS
BASED ON SANDWICHED AU NANOPARTICLES AND AU

ROUGH FILMS

The previous Chapter has introduced the TiO2-Au bilayer with superior absorption and
photocatalysis properties by the ALD deposition method. In order to further improve the
electron transfer between the absorber (TiOz surface) and electrolyte, as well as to reduce
the complexity of TiO2 fabrication, in this chapter we report an original work of
plasmonic black absorber that sandwiches a 150-nm TiO: layer between a layer of random
Au nanoparticles and a rough Au surface (200 nm thick) by the sol-gel method. The
combined plasmonic effect of the Au nanoparticles and the Au rough surface enables a
strong absorption (72% — 91%) over 400 — 900 nm and a significantly enhanced
photocurrent (by 20 folds) as compared to the bare TiO2 film. The strong absorption to
visible and near infrared light, and the much enhanced photocurrent make the black
absorber an ideal material for solar applications such as photocatalytic, photosynthetic,

photovoltaic and photothermal systems.
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5.1 Introduction

As an abundant and irreplaceable resource, solar energy has been intensively exploited
for human activities. Photocatalysis utilizes semiconductors to transform photon energy
into chemical energy by absorbing photons and generating electrons without harmful
byproduct.>6157:1%8 Although TiO: is the most promising photocatalyst thanks to its many
merits such as superior photoactivity, high photostability, proven biosafety and abundant
supply, it has its own Achilles’ heel — the wide bandgap (~3.2 eV). This limits its
absorption to only the UV light (< ~ 388 nm), making it absorb only about ~ 4% of solar
energy. Many attempts have been made to enhance the response of TiO:2 to the visible
light and even the near infrared light. Among them, doping of non-metallic elements such
as nitrogen, %80 carbon, 61162 and sulphur, 241 have attracted much attention, however,
the doped TiOz2 photocatalysts are often not stable enough.

Recently, plasmonic photocatalysis has risen up as a very promising technology for
high-performance photocatalysis.'®41% It involves dispersal of noble metal nanoparticles
(NPs) (commonly Au NPs and Ag NPs in the sizes of tens to hundreds of nanometers)
into semiconductor photocatalysts by either dispensing on the surface or embedded in the
semiconductors.66167.168 The |ocalized surface plasmonic resonance (LSPR) effect of
noble metal NPs enables it to absorb the visible light and transfer the energy to TiO2 for
photocatalysis.16%170171172 Nevertheless, the LSPR effect has two fundamental limits.
One is that the resonant effect limits its absorption bandwidth to a narrow wavelength
range (typically ~ 50 nm or smaller for uniform nanospheres).!’> The other is that the
absorption coefficient is usually low due to the strong scattering. To shift the LSPR
resonance to the visible range, the size of NPs has to be large (~ 50 — 100 nm) and thus

the scattering becomes prominent. For instance, the Au nanosphere with the diameter of
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80 nm has the resonance wavelength at 550 nm, but its scattering coefficient is already

0.65 of the absorption coefficient.1”® And larger nanospheres shift the resonance peak to
longer wavelength, but at the cost of larger scattering. Although the scattering may
contribute to the photocurrent by increasing the photon-photocatalyst interaction
length,® it is more desirable to have photons strongly absorbed by the NPs, especially
when the photon energy is lower than the bandgap of photocatalyst materials (e.g., visible
light to TiO2). Therefore, a blackbody-like absorber would be ideal to make full use of
the whole solar spectrum. 1613317411517 Recently, blackbody-like metallic layers in the
form of diffraction grating have been reported for strong absorption over a wide
wavelength.”® Special efforts have been made to enhance the absorption to the infrared
light as well.X"17817° However, those man-made regular nanostructures are often
polarization dependent and involve complicated photolithographic processes.

This section reports a unique black absorber based on the plasmonic effect of random
Au nanostructures, which exhibits strong absorption (> 70%) of non-coherent sunlight
over 400 — 900 nm and overcomes the major problems of current LSPR-based
photocatalysis technology. The absorber is composed of a TiO2 layer sandwiched
between a layer of Au nanoparticles (AuNPs) and a rough Au layer (in short, AUNP/TiO2-
Au film). For comparison, another three structures such as the bare TiOz2 film, the AuNPs
on TiO2 layer (named as AUNP/TiO2 hereafter) and the TiO2 layer on Au layer (named as
TiO2-Au film) are developed as well. Experiments will be conducted to prove that the
black absorber has apparently superior photocatalytic performance than the other three
structures, and simulations will be carried out to show the origin of strong absorption. It

is worth noting that the fabrication involves only simple processes, such as sputtering and
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annealing, and requires no photopatterns, making it easy to fabricate large-area samples

at low cost.

5.2 Experimental details

5.2.1  Device Design and Fabrication

Figure 5.1 (a) Scanning electron micrograph of the cross-section of the absorber. The
thicknesses of the Au layer and the TiO2 layer are about 200 nm and 150 nm,
respectively; and those of the FTO layer and the Cr layer are about 100 nm and 10 nm,
respectively. (b) The Au nanoparticles on the top surface. (c) The TiO2 film layer. (d)
Top view of the Au layer exposed from an etched window of the TiO: layer, showing

that the Au layer is very rough and consists of nanopores and nanoparticles.

99

TAN Furui



@ CHAPTER 5

THE HONG KONG POLYTECHNIC UNIVERSITY

The plasmonic black absorber and all the other films are fabricated on the substrate of
fluorine-doped tin oxide (FTO) glass. First, a thin Cr layer (~ 10 nm thick) and a
continuous Au layer (~ 200 nm thick) are deposited by magnetron sputtering on the FTO
substrate. The working pressure of Ar and the sputtering power are 6 pa and 60 W,
respectively. The layer thicknesses are controlled by the sputtering time. The Cr layer is
to enhance the adhesion and the electrical conduction of the Au layer to the FTO substrate.

Then, the TiO2 layer is deposited by the spin-coating method as elaborated in section
3.1.1 . Although the annealing temperature of 500 °C is pretty high and may cause the
oxidation problem, previous studies and our experience show that stable Au films and Au
nanoparticles can still be obtained safely.

Finally, sputtering and thermal annealing are utilized to fabricate the random
distribution of AuNPs onto the surface of TiO2 layer. The fabrication procedures are
presented in section 3.1.2 . The SEM micrographs are shown in Figure 5.1. When the Au
layer is deposited onto the TiOz layer for 10 s, the AuNPs after annealing have the size in

the range of 40 — 80 nm, as shown in Figure 5.2.
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Figure 5.2 (a) Profile of Au nanoparticles in a small region of Figure 5.1(d). (b)

Histogram of the size of Au nanoparticles in Figure 5.1(d), as analyzed by using the free

software tool ImageJ.
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5.2.2 Characterization

The surface morphology and the cross-section of the plasmonic blackbody-like structure
are evaluated by the scanning electron microscope (Hitachi S-4800, Hitachi High-
Technologies Corporation, Tokyo, Japan) with a cold field emission electron source and
an in-lens secondary detector. Typically, the images are acquired with an acceleration
voltage of 5 kV. UV-Vis spectrophotometer (Perkin EImer Lambda 750) is employed to
measure the absorption of the black absorber and the other samples of control experiments.
The reflection spectra are performed with an integrating sphere that uses a BaSO4 plate
as the reference. This means that both the direct reflected light and the diffuse scattering
light are included in the reflection measurement. The photocurrent is characterized using
a three-terminal potentiostat (Figure 5.3 (b)). The black absorber, a Pt electrode and a
saturated calomel electrode (SCE) are used as the working, the counter, and the reference
electrode, respectively. The working electrode potential is set at 0 V versus SCE.
Photocurrent is measured under the irradiation of a Xe lamp (100 mw/cm?) fixed with a

UV filter (cut-off wavelength 400 nm).

5.2.3 FDTD simulation

To model the complicated structure, the AUNP/TiO2-Au film is simplified into five layers.
More specifically, Layers A and B represent the continuous part and the rough surface of
the Au layer, respectively; Layer C stands for the continuous part of the TiO2 layer; Layer
D represents the overlapping of the TiO2 rough surface and the AuNPs; and Layer E
represents the independent AuNPs on the surface of TiO2. The 3D FDTD has been

performed in a domain of 1 um x 1 um x 100 nm. For Layer A, the Au layer is 100 nm
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20 — 40 nm. For Layer C, the TiO2 layer is 100 nm thick. For Layer D, it is represented
by 800 random TiOz2 particles with the diameter in 40 — 60 nm. For Layer E, it contains
300 AuNPs with the size in 20 — 100 nm, following the histogram in Figure 5.2(b).

Inthe 3D FDTD simulation using Lumerical FDTD Solutions, the periodic boundary
conditions are employed in both x and y directions, and the perfectly matched layer (PML)
boundary condition is employed in the z direction. Although the distribution of random
particles is not periodic, the periodicity of the unite cell in both the x and y directions are
set as 1000 nm, which is far greater than the radius of the random particles to simulate
the rough Au surface in the real structure. The FDTD lattice is completed with the auto
non-uniform mesh type, the 6th level with the mesh type of high accuracy to ensure
reliable results.

The absorption is calculated by the equation A(Z) = 1-R(1)-T(4), where R(1) = |Su/|?
is the reflection and T(1) = |S21/? is the transmission. Since the bottom Au layer (thickness
160 nm) is much thicker than its typical skin depth, there is almost no transmission in the
whole wavelength range, i.e. T(1) = 0. In this case, the formulation of absorption can be
simplified into A(4) = 1 — R(4). Frequency-domain field and power monitor are used to
investigate the S-parameters of transmission (Sz1) and reflection (S11) of a single unite

cell.
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Figure 5.3 Plasmonic black absorber that is constructed by the AUNP/TiO2-Au film. (a)
Layer structure. From bottom to top, it consists of a rough Au layer on the FTO glass
substrate, a thin TiO2 layer as the photocatalytic layer and a layer of Au nanoparticles on
the top. (b) Three-terminal potentiostat setup for measuring the photocurrent of the perfect
absorber. (c) Excitation and transfer of hot electrons in the absorber. The electrons flow

from the Au layer toward the Au nanoparticles.

5.3 Experimental results

5.3.1  Layer structure

From top to bottom, the structure of black absorber consists of a layer of randomly
distributed AuNPs as the plasmonic absorber, a TiOz2 thin layer as the photocatalyst and
a layer of rough Au layer as another plasmonic absorber (see Figure 5.3 (a)). To lead out
the photocurrent, the rough Au layer sits on a glass substrate coated with a transparent
conducting FTO film. To enhance the adhesion between the FTO film and the rough Au

layer, a thin chromium layer is coated. Figure 5.3 (b) shows the three-terminal potentiostat
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setup for the measurement of photocurrent in the KOH solution. The black absorber acts
as the working electrode, a platinum plate as the counter-electrode and a saturated cell as
the reference electrode. Figure 5.3 (c) exemplifies the working principle. The rough Au
layer absorbs photons of various energies to generate hot electrons, which are fed into the
TiO2 layer.8%181 The AuNPs serve mainly two functions, an electron trap and an LSPR
absorber. As the electron trap, the AuNPs accumulates the hot electrons from the TiO2
layer and also provides a fast lane for the transfer of electrons to the electrolyte.8? As the
LSPR absorber, the AuNPs assist the absorption of the photons of its own LSPR
wavelength and contributes to the photocatalysis as well. In this manner, the Au rough
layer and the AuNPs work together to absorb a broad range of visible and near-infrared

light in the solar light.

5.3.2  Micrographs

Figure 5.4(a) shows the pseudo-color SEMs of the cross-section of the plasmonic black
absorber (see Figure 5.1 for the corresponding grayscale picture). For the Au layer and
the TiO2 layer, large grains can be observed and their boundary is not straight and not
clear. In fact, they have partial overlap along the boundary and form effectively a thin
Au-TiO2 composite layer, which ensures good physical contact for the transport of photo-
excited electrons from the Au layer to the TiOz2 layer. It is interesting to see that most of
the TiO2 gains run continuously along the vertical direction, which is beneficial to the
charge transfer across the TiOz layer. Thicknesses of the Au layer and the TiOz layer are

about 200 nm and 150 nm, respectively. It is noted that the Au layer is thick enough to
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block all incidence light and thus the transmission becomes negligible. The AuNPs on the

surface of TiO2 layer are fabricated by the sputtering and annealing method. Particle sizes

are controlled by the deposition thickness of Au and the annealing conditions.

;" o

iy
-

Figure 5.4 (a) Pseudo-color scanning electron micrograph of the cross-section of the
absorber. The thicknesses of the Au layer and the TiO2 layer are about 200 nm and 150
nm, respectively; and those of the FTO layer and the Cr layer are about 100 nm and 10
nm, respectively. (b) The Au nanoparticles on the top surface. (c) The TiO2 film layer.
(d) Top view of the Au layer exposed from an etched window of the TiOz2 layer, showing

that the Au layer is very rough and consists of nanopores and nanoparticles.
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From Figure 5.4(b), most of the AuNPs are well dispersed. The histogram shows the

size of AuNPs mainly ranges from 40 to 100 nm, and is mostly at 70 nm (see Figure
5.2(b)). Figure 5.4(c) show the typical morphology of the interlayer TiO2, which is
uniform and continuous. A thin Au-TiO2 composition layer forms at the boundary. Figure
5.4(d) shows the top-views of the Au layer (by etching a window in the TiOz2 layer).

The Au layer is very rough, with dense nano-cavities (or nanopores) and Au
nanostructures of varying geometries. The average roughness is 11.0 nm (see Figure 5.5).
Such a rough surface of the Au layer is the key to the broad absorption due to the

plasmonic effects of the nano-cavities and the Au nanostructures and their coupling effect.

116,133,174,118,183

Figure 5.5 AFM surface profile of the rough Au layer under the TiO2 layer. The area is

5 um x 5 um. The root mean squared (RMS) roughness is 11.0 nm.
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5.3.3 Characterization

Figure 5.6 plots the absorption spectrum of the black absorber (i.e., AUNP/TiO2-Au film)
as compared with those of the bare TiO2 film, the AUNP/TiO2 film and the TiO2-Au film.
The insets of Figure 5.6 show the corresponding photos under the UV cut-off solar light
(4 > 400 nm). The bare TiO2 film looks pale white under sunlight and has very low
absorption. For the TiOz layer that are loaded only with AuNPs (i.e., the AUNP/TiOz film),
it shows a color of light pink (see the inset of Figure 5.6). The spectrum has an absorption
peak at around 560 nm but the absorption coefficient is still low (< 15%). The absorption
peak can be ascribed to the LSPR excitation effect of the AuNPs. For the TiO2-Au film,
its photo becomes dark brown, and the absorption coefficient is significantly increased (>
50%) over the whole range of 400 — 900 nm. This is an evidence of high absorption of
the rough Au layer, though there is a valley of absorption near 600 nm. It is particularly
interesting to see that the absorption rises up when the wavelength is > 600 nm. This is
opposite to most of the photocatalysts that use uniform noble metal NPs, whose
absorption often drops significantly for the long wavelength part of visible light and the
near-infrared region.®* This feature can be regarded as a spectral signature of the black
absorbers.!® For the AUNP/TiO2-Au film of our research focus, the absorption coefficient
is further enhanced to > 72% over 400 — 900 nm. Particularly, a peak absorption of 91%
appears at ~ 600 nm, thanks to the LSPR absorption of AuNPs.418 |t is worth
highlighting that the photo of the sample shows a deep dark color (see the inset of Figure
5.6), well proving its likeness to “blackbody”. For the colors of different samples, the pale
white color of the bare TiOz2 film is attributed to its low and quite flat absorption in 450 —
750 nm; the pink appearance of the AUNP/TiOz film is rendered by its relatively higher

absorption in short wavelength region in 400 — 550 nm; the brown color of the TiO2-Au
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film is owning to the drop of absorption in 500 — 650 nm; and the dark color of the

AUNP/TiO2-Au film is a result of the very high absorption over the whole range of 400 —

900 nm.
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Figure 5.6 The measured absorption spectra of different film samples. The insets show
the photos of the films. The bare TiO2 film presents very low absorption, the AUNP/TiO2
film has also low absorption but a plasmonic absorption peak at ~560 nm, the TiO2-Au
film shows a much enhanced absorption, where the AUNP/TiO2-Au film exhibits strong
absorption (> 72%) over the whole range of 400 — 900 nm and the maximum absorption

of 91% at ~600 nm.

5.3.4  Photoelectrochemical properties

To study the photo-induced charge separation, the photoelectrochemical (PEC) properties
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of the bare TiOz film, the AUNP/TiOz2 film, the AUNP/TiO2-Au film and the TiO2-Au film

are tested under the on-off illumination of a broadband visible source (400 — 900 nm, ~50
mW/cm?) using the setup as shown in Figure 5.7 (b). The linear sweep voltammograms
(LSV) are performed both in dark and under visible-light illumination (see Figure 5.7(a)),
which reveals an apparent response to light on/off switching at different bias potentials.
The chopped I-t curves are measured and recorded at a constant potential of 0 V (see
Figure 5.7(b)), which is in good agreement with the I-V curves at 0 V bias voltage. Clearly,
the bare TiO2 produced little photocurrent density, < 0.7 pA cm 2, which is just above the
background dark current. As expected, a significant photocurrent density enhancement is
observed on the AuNP/TiO2-Au film (i.e., the black absorber), with a photocurrent
density of ~15 uA-cm (take the values at 90 s). The enhancement factor is ~ 20 as
compared to the bare TiO:2 film. The TiO2-Au film enhances the photocurrent density to
~5 pA.cm? in the absence of AuNPs loading, yielding an enhancement factor of ~ 8 with
respect to that of the bare TiO2. On the other hand, the addition of AuNPs onto the TiO2
layer has just doubled the photocurrent in the absence of Au layer. Generally, the
magnitude of photocurrent follows the AUNP/TiO2-Au film > the TiO2-Au film > the
AUNP/TiOz film > the bare TiO2 film, which is in good agreement with the order of
absorption spectra in Figure 5.6. The large photocurrent of the AUNP/TiO2-Au film as
compared to that of the TiO2-Au film is attribute to the fast-lane transfer and the LSPR
absorption of the AuNPs as explained above. For the AuNP/TiOz film, its photocurrent is
very small as compared to the AUNP/TiO2-Au film, owing to the low absorption ability
as seen in Figure 5.6. Regarding to the influence of the layer thicknesses in the
AUNP/TiO2-Au film, it is found that the current combination (i.e., 200 nm thick for the
Au layer and 150 nm for the TiO2 layer) yields the best absorption spectrum and the
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highest photocurrent; a thicker or thinner Au layer would reduce the level of absorption

coefficient and the flatness of the absorption spectrum; similarly, a thinner TiO2 layer
causes a reduction of absorption but a thicker TiO2 layer lowers the photocurrent slightly,
possibly due to the larger grain size and the longer transport distance of electron from the
Au layer to the electrolyte. For the origins of photocurrents in the AUNP/TiO2-Au film
and the TiO2-Au film, the contribution of hot electrons can be inferred from the
corresponding chopped I-V curves in Figure 5.7(a) and the I-t plots in Figure 5.7(b): their
values are positive in the circuit connection of Figure 5.7 (c), showing that the electrons
flow from the rough Au layer to the TiO2 layer and then to the electrolyte; the photon
energy (3.1 — 1.4 eV for the wavelength 400 — 900 nm) is lower than the TiO2 bandgap
(~ 3.2 eV) and thus the photo-generated electrons have to result from the plasmonic
resonance of Au nanostructures of the rough Au films. The contribution of hot electrons
to photocurrent has been extensively used in the TiO: films sensitized by the AuNPs, 80181

it is reasonable to apply the similar mechanism to the rough Au films of this work.

The incident photons to current conversion efficiency (IPCE) expresses the number

of electrons per unit number of incident photons at a given irradiation wavelength. Figure
5.7(c) displays the photocurrent vs. wavelength curves, which are measured by using the
bandpass filters (bandwidth 20 nm, central wavelengths at 425, 450, 475, 500, 520, 550,
600 and 650 nm, respectively). For all the four TiO2-based samples, the photocurrent
peaks appear at 450 nm. Figure 5.7(d) plots the IPCE vs. wavelength curves that are
calculated from the PEC data in Figure 5.7(c) according to the formula

1240 X |sc
—X

A x Piight

IPCE(%)= 100, (5.1)

where A is the wavelength of the incident light, Piignt is the illumination power density at
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specific wavelength. It is seen that the IPCE value drops quickly in 424 — 475 nm and
then becomes flat at longer wavelengths. Nevertheless, the use of Au NPs or Au film
leads to an increase of IPCE over the wide visible range, and the AuNP/TiO2-Au film
presents the highest IPCE, which is consistent with the absorption spectra. At
wavelengths shorter than 550 nm, the AuNP/TiO2-Au film presents much higher IPCE
values compared to the AUNP/TiOz film photoelectrode, indicating that the high IPCE is

mainly attributed to the presence of the rough Au film rather than Au NPs.
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Figure 5.7 Comparisons of the photoelectrochemical properties of the four film samples.
(@) Chopped I-V curves and (b) I-t plots under the irradiation of the UV cut-off solar light

(with only A > 400 nm). The photoelectrodes are measured versus the saturated calomel
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electrode (SCE) in the 1-M KOH solution. (c) Photocurrent action spectra and (d) the

deduced IPCE spectra. In (b) — (d), the bias potential is kept at 0 V.

5.3.5 Numerical simulation

Finite-difference time-domain (FDTD) simulations are carried out to calculate the
absorption spectra of the AuNP/TiO2-Au film using a commercial software package,
Lumerical FDTD Solutions.*®¢187 Here, we investigate the electromagnetic response of
the AuNP/TiO2-Au film under visible light and then compare it with the measured
spectrum. The perspective view of the structure and the cross-sectional view in the xz
plane (y = 0) are showed in Figure 5.8(a) and 5.8(b), respectively. In the simulation, the
physical structures, from bottom to top, are represented by five layers: Layer A, a
continuous Au layer at the bottom (200 nm thick); Layer B, a layer of random Au particles
(represented by 3,000 AuNPs with the size randomly distributed in 20 — 40 nm); Layer
C, aTiOz layer (150 nm thick); Layer D, a TiO2-Au particle composite (800 random TiO2
particles in 40 — 60 nm); and Layer E, another layer of Au nanoparticles (300 AuNPs in
20 — 100 nm). These layers are chosen to resemble the real structures of the AUNP/TiOz-
Au film (see Figure 5.4(a)) as much as possible but using only simple structures like films

and nanospheres. More details of simulation are described in Section 5.2.3.

Figure 5.8(c) plots the simulated absorption spectrum of the AUNP/TiO2-Au film. It
resembles closely the shape of measured spectrum over the whole range of 400 — 900 nm.
Particularly, the positions of the absorption peak and two valleys given by the simulation

align well with those by the experiment. Nevertheless, the simulation shows higher
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absorption coefficient at the peak than the experiment, which is probably ascribed to the

imperfections of using the five simple layers to represent the real structure.
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Figure 5.8 FDTD simulation. (a) Perspective view of the representative structure of
black absorber for simulation. (b) Cross-sectional view in the xz plane. (c) Simulated
absorption spectrum (blue dashed line) matches approximately the experimentally

measured spectrum (black line).

The field enhancement is further confirmed by the 3D FDTD software. From the
simulation curve in Figure 5.8(c), the absorption reaches the minimum at 500 nm (77%)

and 700 nm (70%), and the maximum at 410 nm (97%) and 600 nm (95%). Therefore,
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the wavelengths of 410, 500, 600, 700, 800 and 900 nm are chosen as the working

wavelengths to simulate the electric field intensity distribution in the xz plane. As shown
in Figure 5.9(a), the electric field intensity is enhanced in two random Au particle layers,
Layer B and E, though Layer E has a greater enhancement. In Figure 5.9(b) and 5.9(d)
that have 4 = 500 nm and 700 nm, the electric fields in Layer E are reduced, showing a
low contribution from the AuNPs. This corresponds to the absorption valleys at 500 nm
and 700 nm in Figure 5.8(c). In Figure 5.9(c) that has 4 = 600 nm, the electric field in
Layer E becomes apparent again, indicating a strong absorption of the AuNPs due to the
LSPR effect. This corresponds to the absorption peak at 600 nm in Figure 5.8(c). In Figure
5.9(e) and 5.9(f), only Layer B shows strong electric field. Based on Figure 5.9(a)-(f), it
can be observed that the rough Au layer (Layer B) always has intense electric field and
becomes dominant when the wavelength is apart from the plasmonic resonant wavelength
of AuNPs (4 = 600 nm). This proves that the rough Au surface always has strong
plasmonic absorption over 400 — 900 nm and the AuNPs mainly contribute to the LSPR
absorption at 600 nm. In the other word, the blackbody-like absorption is a combination

of the plasmonic absorptions of the rough Au layer and the AuNPs.
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Figure 5.9 Distributions of electric field intensity for the perfect structure in the xz plane
at six selected wavelengths: (a) 410 nm, (b) 500 nm, (c) 600 nm, (d) 700 nm, (e) 800
nm, and (f) 900 nm. The rough Au layer (i.e., Layer B) has always strong plasmonic
resonance at different wavelengths and becomes the dominant absorber when the

wavelength is longer than the plasmonic resonance wavelength 600 nm.
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5.4 Summary

In summary, an original study on the plasmonic black absorber is demonstrated using the
sandwiched structure that comprises a layer of AuNPs, a TiO2 layer and a rough Au layer.
It obtains an excellent absorption over the range of 400 — 900 nm due to the combined
plasmonic absorptions of the rough Au layer and the AuNPs as verified by the FDTD
simulation. By transferring hot electrons to the TiOz2 layer, the black absorber is able to
enhance the photocurrent by 20 folds as compared to the bare TiO2 under the UV cut-off
solar light (> 400 nm). Such an absorber is simple, easy to fabricate and superior to other
plasmonic materials. Its broadband strong absorption of the visible and near infrared light
is particularly favorable for the photocatalysis using sunlight and would find potential

applications in water splitting, environmental remediation and photosynthesis.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The ability to construct plasmonic absorbers that are optically thick but physically very
thin could revolutionize high-efficiency photocatalysis device designs. This becomes
possible through light trapping in noble metal NPs, or by light coupling into surface
plasmon polaritons and photonic modes which propagate in the plane of the
semiconductor layer. In this way, extremely thin absorber layers (tens to hundreds of
nanometers thick) may absorber the whole visible light. In addition, the utilization of thin
absorber layers also avoids some problems of materials scarcity for compound
semiconductors.

In this thesis, we have realized the broadband plasmonic absorbers for enhanced
photocurrent in visible light range. The great advantages of the broadband plasmonic
photocatalysis may encourage the studies of photocatalytic processes based on plasmon
such as degradation of methyl blue and heavy metal ions, water splitting and air
purification. As mentioned above, the plasmon resonance energy strongly depends on the

particle size and the thickness of TiO2, therefore, the photocatalytic properties of
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favorable size or TiO2 film thickness.

In our first design, a series of TiO2-Au film hybrids with different TiO2 thicknesses

are fabricated by the ALD method. The design and fabrication can be seen in Chapter 4.

Firstly, the structure of TiO2-Au film hybrids reveals superior absorption and

photocatalytic activity as compared to the bare TiO2 film and the Au film, which result

from the LSPR and coupling effects of the random Au nanostructures in the rough Au

film for the strong visible absorption and also from the Schottky junction in the Au/TiO2

interface for the separation of photogenerated electrons and holes. The influence of the

TiO2 thickness is further investigated by controlling the deposition time. The optimal

thickness of TiO2 film for the TiO2-Au bilayer turns out to be 30 nm. Thicker or thinner

TiOz2 film would deteriorate the effects of index matching and optical coupling. However,

this device has the problems of complex fabrication and is not suitable for large-scale

fabrication. In addition, the TiO2 film is contacted directly with the electrolyte, which

may not be profitable for electron transport.

To optimize the structure of absorber, anther novel structure of Au NPs/TiO2-Au

film nanostructure is introduced by the sol-gel method so as to realize broadband

plasmonic absorption. The plasmonic effect of neighboring Au NPs and Au film are

utilized, as well as the reflection property of Au film. As a result, TiOz2 itself is modified
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metal NPs and films to boost the localized electric field intensity. The developed new
plasmonic absorber presents an excellent absorption over the whole visible spectrum. Its
fabrication technique is cost-effective and suitable for large-area films. In addition, the
small thickness of the whole film and its potential to obtain broadband absorption make

it an excellent candidate for the solar absorber and/or anti-reflector coatings.

6.2 Future work

The present thesis focuses on two structures with strong absorption and enhanced
photocurrent, TiO2-Au bilayer using ALD method and Au NPs/TiO2-Au film
nanostructures using sol-gel method. It involves the fabrication of microstructures and
the investigation of photocatalysis mechanism. Fortunately, both of these two structures
exhibit visible-light absorption around 80% and generate enhanced photocurrent to about
15 uA-cm. A severe problem is the noble metals are still expensive and rare for large-
scale applications. Besides, photo-corrosion could cause a gradual release of the noble
metal into the solution, which is undesirable in water purification.

However, the separation rate of the photo-excited electrons and holes is still lower

than their generated rate, which leaves an ample room to increase the photocurrent. For
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when the light on and off. The sharp increase and decrease of the photocurrent indicate

recombination of abundant electron and hole carriers. New designs could be introduced

to overcome these disadvantage by adding a hole collector layer (such as NiOz) to the

TiOz2 layer or electron sacrificial agent to the electrolyte, both of which may bring a better

electron-hole separation.

On the other hand, compared to the TiO2 nanoparticles, TiO2 in other shapes such

as nanotube or nanoballs can provide more reaction sites due to the larger specific surface

area, which is benefit for highly efficient photocatalysis. Therefore, the substitution of

TiOz2 film with TiO2 nanotubes or nanoballs in TiO2-Au bilayer and Au NPs/TiO2-Au film

nanostructures may provide preferable structure for photocatalysis.

Besides, the enhancement of the photocatalytic efficiency has not been investigated

thoroughly in the present work. Actually, some studies have already tried for water

splitting, CO2 reduction, degradation of methyl orange, but most are on the infant stage.

There are still a lot more to explore. The mentioned TiO2-Au bilayer and Au NPs/TiOz-

Au film nanostructures deserve further develop in many photocatalysis fields.

Beyond this, new plasmonic photocatalyst materials with better performance and

lower cost are still at the top of the ‘wanted’ list. In the long run, the material cost will be

a limiting factor even if the noble metal-based plasmonic photocatalysis achieves high
]
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cheap and abundant such as Al and Cu may be useful. Plasmonic resonance of these

metals has been experimentally observed in the UV and visible regions but their uses for

photocatalysis are yet to be demonstrated, which may be an uncharted field for plasmonic

photocatalysis.

The proposed nanostructures based on rough Au film in this thesis exhibit excellent

absorption and enhanced photocurrent response, which indicates high potential to be the

optical photocatalysts under visible range. However, the photocatalysis efficiency and

relative high cost limit its practical applications. Therefore, it is necessary to develop its

applications for efficient photocatalysis and cut down the cost for large-scale industrial

production.
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