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Abstract

This thesis explores applications of nanostructured metal oxides in photocatalysis,
electrochromism and Raman spectroscopy. A variety of highly periodic nanoscale
morphologies derived from block-copolymer self-assembly inspire the fabrication of
well-ordered nanoporous metal oxide materials. Beginning with block-copolymer di-
rected sol-gel chemistry, we have synthesized crystalline tungsten oxide consisting of
micellar or cylindrical pores with uniform sizes. This porous structure reduced diffu-
sion limitations of the reagents, allowing the easy access to a large surface area, there-
fore improving the photocatalytic activity compared to the non-structured material.

This is followed by the fabrication of 3D highly interconnected gyroid-structured va-
nadium oxide via a simple, scalable and low cost replication strategy using a sacrifi-
cial polymer template derived from block-copolymer microphase separation. The
electrochromic device fabricated using gyroid-structured vanadium oxide film showed
significantly improved coloration responses, because the interconnected porous net-
work greatly shortened the diffusion length of electrolyte ions.

Then, the usage of metallic nanoparticles in enhanced Raman spectroscopy is ex-
plored. Au nanoparticles were employed as the Raman enhancer to probe the influ-
ence of interfacial reactions on the molecules adsorbed on a metal oxide (vanadium
oxide) electrode. The spectral intensities and Raman shifts were found to be strongly
dependent on the interfacial ion intercalation/extraction processes associated with the
variations of the applied electric field.

Next, the use of metal oxide nanoparticles in enhanced Raman spectroscopy is inves-
tigated. Metal oxide nanoparticles with high refractive indices when placed on top of
metal surfaces can effectively enhance the Raman scattering field at the interface.
This capability of Raman enhancement in combination with the range of functions of
metal oxide nanoparticles opens up a novel approach to study the interfacial phenom-
ena. Using this system, interfacial photocatalytic reactions of an organic dye catalyzed
by titanium oxide nanoparticles were investigated by directly monitoring Raman scat-
tering signals enhanced by the same nanoparticles.

A diversion from metal oxides uses an Au nanoparticle on Au plane system as a sur-
face-enhanced Raman scattering substrate. At the junction between an Au nanoparti-
cle and an Au film, the electromagnetic field can be enhanced to an extent that single
molecules can be detected. The use of such substrates to probe various molecules was
also explored.
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Chapter 1

Introduction

Metal oxides have always been an important class of materials which are wildly used
in various fields, such as catalysis, transistors, energy storage and conversion, bio-
medicine and sensors.!") Nanostructured metal oxides have attracted tremendous inter-
est in recent years because of their unique electrical, mechanical and optical properties
when their structural feature size is down to nanoscale. There are a variety of metal
oxide nanostructures, ranging from nanoparticles, nanowires, nanotubes and nanopor-
ous structures. In our studies, we focus only on metal oxides with nanoporous struc-

tures and metal oxides nanoparticles.

A structure is referred to as nanoporous when it has pore sizes between 0.2 nm and
1000 nm." Nanoporous materials usually exhibit high surface area, allowing efficient
adsorption of ions, molecules and small nanoparticles. The porous network ensures a
large number of easily accessible active sites, significantly reducing the diffusion
length and hence the diffusion limitation. Therefore, the performance of nanoporous
metal oxides in device applications can be greatly improved compared to their solid
counterparts. Many techniques have been developed to fabricate nanoporous metal
oxide materials. For example, sol-gel chemistry assisted by block-copolymers or sur-
factants as structure-directing agents,[3] and replication methods based on the infiltra-
tion of metal oxide precursors into pre-made templates with the desired feature sizes
by using various techniques, including chemical vapour deposition,m atomic layer

deposition™ and electrodeposition.’

Because of our group’s expertise in the field of polymer science, the synthetic ap-
proaches based on block-copolymer self-assembly have been pursued in our studies to
fabricate nanoporous metal oxides. In Chapter 2, the theoretical background of block-
copolymer self-assembly as well as two main synthetic routes — the block-copolymer

directed sol-gel process and block-copolymer confined pattern replication are intro-
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duced in detail. Some background knowledge of Raman spectroscopy and catalysis
are also introduced in Chapter 2. Materials used in our studies and some general ex-
perimental techniques are briefly described in Chapter 3. Chapter 4 then focuses on
the synthesis of nanoporous tungsten oxide using block-copolymer directed sol-gel
chemistry. In Chapter 5, we extend this method to fabricate nanoporous vanadium ox-
ide by replicating a gyroid-structured template which is pre-made via block-
copolymer microphase separation. Their improved performances in visible light
photocatalysis and electrochromic devices are demonstrated in these two chapters,

respectively.

While the optical response in an electrochromic device can be monitored by collecting
the transmittance or reflectance spectra, the changes at the molecular level at the inter-
face between the electrochromic layer and electrolyte can not be investigated directly.
In Chapter 6, we employ Au nanoparticles to amplify the Raman scattering signals of
molecules adsorbed on a metal oxide (vanadium oxide) electrode to investigate the

ion intercalation/extraction processes in the metal oxide/electrolyte interface.

Despite the wide usage in various disciplines, the utilization of metal oxides in en-
hanced Raman spectroscopy has been rare. In Chapter 7, we discover that the reverse
case of that studied in Chapter 6 — placing metal oxide nanoparticles on top of metal
surfaces can enhance Raman scattering signals from molecules located at the interface.
We explore its application in the study of interfacial reactions by directly monitoring

the photocatalytic decomposition of an organic dye catalyzed by titania nanoparticles.

Chapter 8 extends the study of Chapter 7 when working on an analogous system con-
structed by placing an Au nanoparticle onto an Au plane. We demonstrate its capabil-
ity of detecting single molecules and its use as a convenient surface-enhanced Raman
scattering substrate in probing various types of molecules, including thiols, dyes and

biomolecules.
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Chapter 2
Background

Many different fields have been explored in this thesis, therefore in this chapter, some
of the background knowledge will be briefly introduced, including block-copolymer

self-assembly, Raman spectroscopy and catalysis.

2.1 Block-copolymer self-assembly

2.1.1 Microphase separation in block-copolymer

Polymers are a class of macromolecules composed of repeating monomer units linked
by covalent bonds. Polymers can be classified into two types: homopolymers com-
posed of only one type of monomer unit and copolymers composed of two or more
types of monomer units. Block copolymers are an interesting subclass, in which two
or more chemically different subunits are covalently arranged into distinct blocks.!"!
The simplest example is (A-B), block-copolymer (A and B represent different mono-
mer units), e.g poly(styrene-block-methyl methacrylate) (PS-b-PMMA) or
poly(isoprene-block-ethylene oxide) (PI-b-PEO). The phase behaviour of (A-B),
block-copolymers is controlled by three factors: the degree of polymerization N, N,
Ng, and the A-B segment-segment (Flory-Huggins) interaction parameter y, the vol-

ume fraction of each block fa and fB.[l’z]

The blocks of most block-copolymers tend to phase separate because they are immis-
cible. However, due to the covalent bonding between the blocks, phase separation is
limited to the 5—100 nm length scale, known as microphase separation. The transition
from a homogeneous melt of copolymer chains to the heterogeneous ordered micro-
domains occurs at a critical value of yN, called the order-disorder transition (ODT).
The structure of microdomains is determined by the volume ratio between two blocks,
while the size of the microdomains depends on the molecular weight of block-

copolymer.
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In a block-copolymer melt, the enthalpic forces driving separation are counterbal-
anced by entropic forces (sometimes called chain elasticity) from the covalent link-
ages, which limit the phase separation between blocks to mesoscopic dimensions. For
a block of N monomers extended to a distance R, this can be express as Hookian

3k, TR

, 2.1
2Na* @D

term:P1 F =

where a is a monomer size that depends on the local structure of the polymer chain.

For a symmetric block-copolymer (fa = fz = /%), the sum of the interaction and elastic

energies per copolymer chain result in a lamellar phase:"!

2
FLAM _ 3(1/2) + yABA (22)

kT 2Na® kT~

The first term is the stretching energy for a chain of N total monomers required to
form a half-period in the lamellar phase. The second term describes monomer-
monomer interactions that are confined to the narrow interfacial regions between A
and B microdomains. 4 is the lamellar domain period (Figure 2.1), 4 is the interfacial

area per chain, y,, is A-B interfacial tension, expressed as:"’

oo =2 [ Ken 23)
The interfacial area is constrained by the volume filling condition:

AA/2=Na’. 24
Inserting equations 2.3 and 2.4 into 2.2 yields the equilibrium lamellar period:
A=1.03aySN*" (2.5)
and

Foau =1.19( N, (2.6)

This predicts that the lamellar domain period scales as the two-thirds power of the

molecular weight of the block-copolymer.

The free energy per chain in the homogeneously mixed disordered phase can be ap-

proximated by the A-B contact energy,

F.
—dbsorder. XasSaSsN = 2N /4. (2.7)
kgT

The order-disorder phase boundary can be estimated by equating F|,,, to F,

disorder *

which leads to y,; N = 10.4. Therefore symmetric block-copolymers of high molecu-
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lar weight or with strongly incompatible blocks ( y,z N > 10.4) are predicted to mi-

crophase separate into a lamellar morphology.

aw%b a- -
AV L

“«—>
A

Figure 2.1 Microphase separation in block-copolymers. The coloured regions are
domains rich in A or B blocks. (a) When fj = fg = %2, lamellar morphology is formed.
(b) When fa > ', curvature of domains towards the minority phase results in cylindri-
cal or spherical morphologies."!
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Figure 2.2 Phase diagram and the resulting equilibrium phase morphologies of a
block-copolymer. L: lamellar; G: bicontinuous gyroid; H: hexagonally packed cylin-
ders; S: body centred cubic spheres; CPS: close-packed spheres."*! (4dapted from ref.
4.)
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Around the critical value described above, the extent of segregation can be divided

into three regimes: weak ( y,;N ~ 10), intermediate ( y,,N ~ 10—100) and strong
(xasN = 100) segregation. Many mean-field and analytical theories have been devel-

oped for microphase separation in each regime.”*! Matsen and Bates have unified
these theories and calculated a phase diagram!®! for AB block-copolymer which fits

experimental results remarkably well,”'"!

as shown in Figure 2.2. When f) > '%, the
smaller B blocks pack into cylinders. This energetically preferable arrangement al-
lows the longer A blocks to reside on the convex side of the A-B interface (Figure
2.1), which affords them more configurational entropy. As fa increases even further, a
body-centred cubic spherical (S) phase is formed, followed by a narrow region of
close-packed spheres (CPS), delimiting the disordered phase at the composition ex-

tremes. A bicontinuous gyroid (G) phase in a narrow region between the L and H

phases was also predicted.

2.1.2 Block-copolymer directed synthesis of nanoporous metal oxides

Metal oxides are of great importance in many scientific and technological fields, in-
cluding catalysis, sensors, energy devices (batteries, solar cells and fuel cells), optics
and biomedicine.!""! Nanoporous metal oxides have therefore gained tremendous in-
terest during the past decades. They show greatly improved performance in various
applications compared to their nonporous counterparts due to large surface area and
accessible porous network.['">"®! Their porous structure also enables the easy function-

(19201 or encapsulation of nanoparticles.*'**! This capability of integrating

alization
different components into a single entity is undoubtedly very attractive in many fields,
such as multiplexed signalling and recoverable photocatalysis, as was demonstrated in

(20) and nanoporous silica spheres

nanoporous titania films doped with rare-earth ions
encapsulating iron oxide nanoparticles and drug molecules.”*?* The ability of block-
copolymer to self-assemble into various highly periodic nanoscale morphologies of-
fers great potentials to fabricate nanoporous metal oxide materials. Two routes have
been generally used for block-copolymer directed synthesis of nanoporous materials,
and they will be introduced in detail in the following sections: (I) block-copolymer

directed sol-gel processes and (II) block-copolymer confined pattern replication.
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Block-copolymer directed sol-gel processes

A sol is a stable suspension of colloidal solid particles with diameters of 1-100 nm in
a liquid.[zs] A gel is a porous, three-dimensionally interconnected solid network that
extends in a stable fashion throughout a liquid medium. The typical sol-gel process is
described as follows:* precursors, typically metal chlorides or metal alkoxides, un-
dergo hydrolysis, forming sol particles. With time, the sol particles link together to
form a three-dimensional network (i.e. gel) containing internal pores and localized
solution. The transition from a sol to a gel is defined as the gelation point, where the
viscosity increases sharply. The condensation reaction continues with localized solu-
tion, which condenses and stiffens the network. This process is called ageing. The re-
moval of the remaining solvent trapped inside the network takes places in the drying
process. Large capillary forces of the evaporating solvents often cause cracks. In some
cases, subsequent heat treatment at high temperatures transforms metals or metal ox-
ides into a ceramic phase. A number of conditions such as hydrolysis and condensa-
tion rate, ageing time, ageing temperature and drying rate can play important roles in

the properties of final materials.

The block-copolymer directed sol-gel synthesis of nanoporous materials can therefore
be divided into two main processes. (1) The creation of an ordered structure derived
from the microphase separation of block-copolymer, which divides the space into two
domains: hydrophilic and hydrophobic in the simplest case. (2) The formation of an
inorganic network resulting from condensation reactions during sol-gel process,
which can be tuned to take place simultaneously or subsequently as the block-
copolymer microphase separation proceeds. These processes can be described by the
cooperative assembly model proposed by Huo et al. (261 which was used for explaining
the formation of mesostructured materials (pores with diameters between 2 and 50

nm)27

using cationic or anionic surfactants. According to this model, the free energy
of mesostructure formation is composed of four main parts:

AG,, = AG,, +AG,

meso

+AG.  +AG

inter inore Solvent (2.8)
(1) The sufficient segregation of hydrophilic and hydrophobic regions of block-
copolymer (mainly AGoyg).

(2) The selective positioning of the inorganic phase without disrupting the microphase

separation of block-copolymer, which is reflected in AGinger.
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(3) The kinetics of the sol-gel process (AGinorg). For example non-aqueous solvents
and metal halides are often used as they effectively slow the hydrolysis and condensa-
tion rates of the metal species.***)

(4) The contribution of solvent (AGsolvent)- Solvent participates during the sol-gel proc-
ess, particularly during hydrolysis and condensation steps. The polarity of solvent also
effects the phase separation of polymer.

Thus, the formation of a well-ordered mesostructured hybrid requires a delicate ther-

modynamic and kinetic balance between these multiple free energy components.

In 1998, Stucky et al.*** developed block-copolymer directed sol-gel process to
synthesize mesoporous metal oxides with semicrystalline framework, including TiO,,
ZrO,, NbyOs, Ta,0s, Al,03, SnO,, WO3 and HfO,. In their pioneering work, amphi-
philic Pluronic copolymers (P23, HO(CH,CH,0),o(CH,CH(CHj3)O)7o(CH,CH,0)20H,
M,, = 5800 kg mol™; F 27, (HO(CH2CH,0);06(CH,CH(CH3)0)70(CH,CH,0)106H, M,
= 12500 kg mol™) were used as structure-directing agents in alcohol solutions such as
ethanol and butanol; while corresponding metal chlorides were used as inorganic pre-
cursors. Metal chlorides react vigorously with alcohol to form M(OR),Cl,., (n = 4-6,
x = 1-3), which can associate preferentially with the hydrophilic alkylene oxide seg-
ments through weak coordination bonds. The resulting complexes then self-assemble
according to the mesoscopic ordering directed by the microphase separation of the
block-copolymer. Upon calcination, block-copolymers were removed and inorganic
frameworks simultaneously crystallized, giving rise to ordered mesoporous metal ox-

ides.

Wiesner et al. simultaneously developed another system using poly(isoprene-b-
ethylene oxide) (PI-6-PEO).”” The formation of nanostructures occurs on a much
short time span using PI-6-PEO than PEO-PPO-PEO (Pluronic copolymers), which

(28291 This can be attributed to a higher

often requires several days to self assemble.
solubility difference and a higher interaction parameter between PI and PEO than that
between PPO and PEO. The Flory interaction parameter ypr.s.pgo = 65/T + 0.1255" is
0.34 at 25 °C, more than two times higher than Ypjyronic = 0.15.521 The former aspect
ensures the lack of interaction between PI blocks and the inorganic framework as op-

posed to PPO, while the latter aspect ensures a strong segregation. Moreover, the low

glass transition temperatures (T, = 210 K) of both PI and PEO blocks allow high

10
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chain mobilities at ambient temperatures, therefore ensuring the rapid formation of
long range order even in the bulk. When mixing PI-56-PEO with two inorganic precur-
sors (3-glycidyloxypropyl-)trimethoxysilane (GLYMO) and aluminium sec-butoxide
(AI(OBu)3), the metal oxides selectively swell only the PEO block, giving rise to a
microphase morphology of PI in a matrix of PEO swollen by the precursors. With in-
creasing inorganic content, different morphologies expected from the phase diagram
of PI-b-PEO were obtained: sphere, cylinder, lamella morphologies and the corre-
sponding inverse morphologies.”* Both the length scale of the microstructures and
the extent of alignment were varied using concepts known from the study of block-
copolymer. The influence of nanoparticle size on the mesostructure was also investi-
gated based on silica-type nanoparticles and PI-b-PEO as a model system.** The ratio
d/Rpeo (d 1s the nanoparticle diameter, Rpgo is the root-mean-square end-to-end dis-
tance of PEO block) was found to be a critical parameter. When d/Rpgo is between 0.1
and 1.0, the sol nanoparticles do not significantly alter morphology formation other
than increasing the effective PEO volume fraction. When size distribution of nanopar-
ticles becomes broader, an onion type morphology was observed, particles larger than
Rpro segregate out, forming a silica-rich core surrounded by a lamellar or lamel-
lar/hexagonal structure. This can be understood by the entropic contributions of PEO
blocks.**! As particle size increases, the PEO chains must stretch to surround the par-
ticles, incurring a loss in conformational entropy, and the stretching is reduced by the
segregation of the big particles into a central core. The small nanoparticles are more

uniformly dispersed and the entropic free energy per PEO block increases.

Block-copolymer confined pattern replication

The replication of pre-formed templates is a powerful approach for creating nanos-
tructured inorganic materials. The conventional photolithography is a widely used
technique to fabricate templates; however, its resolution is limited by the wavelength
of the light that is used. Although patterning of features down to 10 nm and below has
been demonstrated by using some alternative techniques of conventional photolitho-
graphy, such as electron beam lithography, extreme ultraviolet lithography, immer-
sion lithography and dip-pen nanolithography, the complexity and the cost of the
processes involved may cause these approaches uneconomical.”® The ability of

block-copolymer to self-assemble into a wealth of periodic nanoscale patterns there-

11
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fore provides a promising technique to fabricate nanostructured inorganic materials
with a much lower cost and less time. This approach typically involves four mains
steps,”*’>") take a simple block-copolymer (A-B), as an example: (1) the formation of
nanostructure; (2) selective etching of block A, leaving behind a well-defined porous
network formed by block B; (3) the growth of desired materials into the confined net-
work formed by B; (4) removal of remaining block B. The resulted nanostructure is
the replica of network formed by block A. The key requirements are: (1) block A is
chemically, thermally or otherwise etchable, while block B is able to maintain its or-
dered nanostructure during step 2 and 3, but can be easily removed during step 4.
More complex hybrid materials can be obtained if complicated polymers with more
blocks are used as templates and the casting process is repeated with different combi-
nations of materials. A number of techniques have been used to introduce inorganic
materials into the template, such as electrochemical deposition,*” solution phase re-

(4142 and atomic layer deposition.!*! This templating approach is particularly

action
useful to fabricate materials which are difficult to synthesize via block-copolymer di-
rected sol-gel processes. Moreover, the polymer template can be easily removed using
organic solvents, without damaging the obtained inorganic materials, in contrast to
other hard templates (e.g. anodic porous alumina and silica) where a strong acid or
base is often needed to remove the template. Many inorganic materials have been fab-
ricated using this approach, including cobalt nanowire arrays,*! gold nanoparticle

5] (9 and calcite.*”! The ease of fabrica-

arrays,[4 nanoporous gyroid-structured titania,
tion processes together with the wealth of nanostructures available and the flexibility
of tuning the structural dimension size suggest its potential in semiconductor microe-
lectronics. Some large innovative companies have already been developing the com-
mercial product. For example, a flash electronic memory device fabricated via tem-
plate replication method using block-copolymer PS-PMMA was reported by IBM in

2003.14¢]
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2.2 Raman spectroscopy

2.2.1 Raman scattering

Quantum explanation”

In a “quantum view”, Raman scattering is broken into two steps and considered as the
combination of simultaneous absorption of the incident photon and emission of the
scattered photon. In order for the absorption to occur, the molecule should be excited
to a higher-energy level, which is represented as an intermediate virtual state since it
might not exist. As illustrated in Figure 2.3, the scattering process can be classified
into two types.

(1) Elastic scattering (Rayleigh scattering). The incident and scattered photons have
the same energy (no energy transfer) but typically a different direction and/or polari-
zation. This is referred to as Rayleigh scattering. The molecule undergoes Rayleigh
scattering returns to the same energy level.

(2) Inelastic scattering (Raman scattering). The incident photons are inelastically
scattered from a molecule and shifted in frequency. The frequency difference corre-
sponds to the energy difference of the accompanying transition between two states in
the molecule. The scattered photons may have lower or higher energy with respect to
the incident photons, depending on whether they interact with a molecule in the vibra-
tional ground state or the excited vibrational state. If the scattered photon has less en-

ergy than the incident photon (£ < E, ), this is referred to as the Stokes scattering. It
typically corresponds to the excitation of the molecule from the vibrational ground
state (v = 0) to the first excited state (v = 1) of a vibrational mode with energy
hew,=E, — E; . If the scattered photon has more energy than the incident photon
(Eg > E)), this is referred to as anti-Stokes scattering. In this case, the molecule must

be in an excited vibrational state (v = 1) in the first place, then the scattered photon

gains energy from the molecular vibration 7w, = E¢ — E, , and the molecule relaxes to

its vibrational ground state (v = 0).

13
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Figure 2.3 Energy levels diagram showing Stokes and anti-Stokes Raman scattering,
and Rayleigh scattering processes. The vibrational ground state v = 0 is shown at the
foot with states of increasing energy above it. The scattering can be viewed as two
simultaneous processes: absorption of an incident photon through a transition to an
intermediate virtual state, from where a relaxation to the ground state follows. (In-
spired by ref. 47.)

Classical explanation™

In a “classical view” of the Raman scattering, light is an electromagnetic (EM) wave
which induces a dipole moment in the molecule. The strength of the induced dipole
moment is given by

P=cqE. 2.9)
Here « is the Raman polarizability tensor, which is an intrinsic material property that
depends on the molecular structure and nature of the bonds. And FE is the amplitude of
the electric field of the incident EM wave, can be expressed as

E = E cos(2rv,t), (2.10)
where v, is the frequency of the incident EM wave. Inserting (2.10) into (2.9) gives

the time-dependent induced dipole moment,
P =aE cos(2mvt). (2.11)

If the molecule is vibrating with a frequency v, , the nuclear displacement g is ex-

pressed as
q=q,cos(2mv,t), (2.12)
where ¢, is the vibrational amplitude. For a small amplitude of vibration, « is a linear

function of ¢ . Therefore, we have

a=a0+(a—a] qo + . (2.13)
aq ),
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Here ¢, is the polarizability at the equilibrium position, and (80:/&1)0 is the rate of

change of o with respect to the change in ¢, evaluated at the equilibrium position.

Combining (2.11) with (2.12) and (2.13), we could get

P=qaE, cos2rvyt) = a,E,cos(2rv,t) + (g—aj qE,cos(2mv,t)
q

0

=a,E,cos(2rv,t) + (Z—ZJ qoE, cos(2rv t)cos(2zv, t) (2.14)

0
1{da
=qa,E,cos(2rv,t) + 5 E q.E, [cos {27(vy+v, )t} +cos{2x(v, -V, )t}}
0

According to classical theory, the first term represents an oscillating dipole that radi-

ates light of frequency v, (Rayleigh scattering), while the second term corresponds to
the Raman scattering frequency v, + v, (anti-Stokes scattering) and v, —v,, (Stokes

scattering). If (@ /q), is zero, the vibration is not Raman-active.

2.2.2 Surface-enhanced Raman scattering

Raman spectroscopy provides a rich information about the structure and composition
of molecule, therefore it has been a powerful tool widely used in many fields, such as
chemistry, biology, pharmacology and condensed matter physics.[47] It offers a non-
invasive and non-destructive fingerprint characterization. Also its ability to detect
multiple species simultaneously and operation in aqueous environments make it par-
ticularly useful in biological analysis.*’”) However, its application is severely ham-
pered due to the extremely small Raman scattering cross section. For example, the
benzene molecule, which is a relatively strong Raman scatterer, exhibits a scattering
cross section of 2.8x10° cm” per molecule, ™ which is about 12 orders of magnitude
lower than that of typical fluorescent dyes (~107'° cm’ per molecule).[so] This is be-
cause only about 0.001% of the incident photons undergo inelastic Raman scattering.
Much effort has been devoted into improving Raman scattering efficiency. In particu-
lar increasing attention and extensive research have been focused on the study of sur-
face-enhanced Raman scattering (SERS). The SERS effect was discovered by
Fleishmann e al.®" in 1974 while examining the Raman spectra of pyridine on an
electrochemically roughened Ag surface. After extensive research during the past
three decades, it is currently widely accepted that the EM and chemical enhancements

contribute to the intense SERS signals.[47]
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Electromagnetic SERS enhancement”

In the vicinity of metal nanostructures, field enhancement occurs due to the resonant
interaction between the optical field and surface plasmons in the metal. To understand
the concept of EM SERS enhancement, we consider a simplified model of a metal
sphere that is much smaller than the wavelength of the incident light (2r < 1). As
shown in Figure 2.4, the metal sphere has a complex dielectric constant ¢, and is in a

surrounding medium with a dielectric constantg,. Under the influence of the light’s
time-varying electric field E,, the collective movement of free electrons in the metal

against the restoring force of the ionic cores produces an oscillating electron density —
that is called a localized surface plasmon. When the incident light is in resonant with
the surface plasmon, the metal sphere radiates its own dipolar field E, .

3
E—& r
E, = 0 E,. 2.15

S 8+280[}"+dj 0 ( )

So a molecule in the vicinity of the sphere (distance d) is exposed to an enhanced lo-

cal field E,, = E, + E,. The field enhancement A4(v) at the molecule is then deter-

mined by the ratio of the field amplitudes.

3
A(V)ZE_MNQ( r j (2.16)
E, &e+2¢\r+d

If the denominator were close to zero, then the field enhancement A4(v) would be very
large. This is not possible for standard dielectrics, for which ¢is typically between 1
and ~10. But for metals, this condition can be approximately met if the absorption is

small (Im(¢) = 0) at a wavelength where Re(¢) = —2¢,. These conditions describe the

resonant excitation of surface plasmons of the metal sphere.

The Raman scattered (Stokes and anti-Stokes) field will also be enhanced if it is in
resonance with the surface plasmons of the metal sphere. Therefore, the EM SERS
enhancement factor is determined by the enhancements of both excitation and Raman

scattered fields, can be expressed as:

|2

— 2 2~|3(VL)_50 |2 |5(Vs)_50 ( r jlz
Gy (vVs) =l AW [T A(vs) | ~|g(vL)+2gO| X|e(vs)+2go| <\ ) (2.17)

16



Chapter 2

In many instances, the Raman shift is small and additional approximation can be

made, v, = v,. This leads to the expression of the SERS enhancement for zero-Stokes

shift:

Gy (1) = £V =50 | [ ’ j . (2.18)

|8(VL)+280| r+d

This expression shows that the EM SERS enhancement scales as the fourth power of
the local field of the metal nanostructure, which is often referred to as the | E|* ap-

proximation in the literature. This explains a moderate field enhancement can gener-
ate a very intense EM SERS enhancement. In most cases, this approximation is suffi-
cient to obtain the right order of the magnitude of the EM SERS enhancement factor.
This expression also explains the EM SERS enhancement decreases rapidly as the dis-

tance d increases.

N

\

Figure 2.4 The EM wave interacts with a metal sphere, causing the free electrons to
coherently oscillate at the plasmon frequency against the immobile positive ion lattice.
The molecule located nearby experiences an enhanced local field E), which is a su-
perposition of the incoming field £y and the field of a dipole Esp. For a detailed ex-
planation see the text. (Redrawn from ref. 52.)

Chemical SERS enhancement™”

Many chemical effects such as molecule adsorption or orientation can affect the SERS
signal. For example, a negatively charged dye cannot adsorb onto a negatively
charged gold colloid due to strong electrostatic repulsion, therefore no SERS signal
can be obtained. This should be referred to as a “chemical effect”, as it is not related
to the SERS process itself. When the Raman polarizability tensor « is modified upon
adsorption of the molecule onto the metal surface and becomes more resonant with
the excitation than the original one, the Raman intensity increases as a result of this

resonant condition. This is referred to as the chemical SERS enhancement. Chemical
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SERS enhancement is often much weaker than the EM SERS enhancement. In most
cases, both EM and chemical enhancements contribute simultaneously, in which the
former can generate up to 10'* enhancement while the latter is usually in the range of

10-100.1*!

The most studied chemical SERS enhancement mechanism is the charge transfer
mechanism, as illustrated in Figure 2.5. Three main types have been proposed, as will
be briefly discussed below:

Type I may occur when the adsorbate does not bind covalently to the metal surface.
Metal functions as a “mild” perturbation to the electronic structure of the molecule,
hence modifying the Raman polarizability tensor of the molecule.

Type II involves the formation of a surface complex between metal and molecule.
This can be achieved either by direct covalent binding of the molecule to the metal
surface or by indirect binding with the assistance of an electrolyte ion (e.g. chloride,
this is often referred to as the anion enhancement[53]). The formation of the molecule-
metal complex significantly alters the polarizability of the molecule. The molecular
orbitals are broadened and become resonant with the laser. Also a new electronic state
which is in resonance or close to resonance with the laser may emerge.

Type Il involves the process of photo-driven charge transfer between the analyte and
the metal. This occurs when the difference between the Fermi level Er of the metal
and the highest occupied molecular orbital (HOMO) or lowest unoccupied molecular
orbital (LUMO) energies is matched by the laser. In this circumstance, a photo-driven
charge-transfer between the HOMO and unoccupied states above the Er (or between

the LUMO and occupied states slightly below Er) can be triggered.

A u LUMO

Energy

HOMO

Adsorbate

Metal

Figure 2.5 Energy level diagram of a charge transfer mechanism in SERS. The occu-
pied and unoccupied molecular orbitals are broadened into resonance by interacting
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with the metal states. Possible charge transfer excitations are shown: (a) the excitation
energy is directly in resonance with an electronic transition of the molecule-metal
complex; (b) + (c) new electronic states which arise from chemisorption serve as
resonant intermediate states, in such case, charge transfer excitations can occur at
about half the energy of the intrinsic intramolecular excitations of the molecule.”>*!
(Redrawn from ref. 47.)

2.3 Catalysis

A catalyst is defined as a substance that changes the rate of reaction but that itself is
not consumed in the process.””! Catalysts work by providing an alterative reaction
pathway that involves different transition states and much lower activation energies.
There are two types of catalysts: homogeneous catalysts and heterogeneous catalysts,
depending on whether a catalyst exists in the same phase as the reactants. Homogene-
ous catalysts function in the same phase as the reactants, typically are dissolved into
the reacting mixture. For example, acids or bases, metal salts, enzymes, radical initia-
tors and solvents. Heterogeneous catalysts typically are solids that do not dissolve.
For example, supported metals, transition metal oxides and sulfides, solid acids and
bases, immobilized enzymes and photocatalysts. Heterogeneous catalysts are usually
impenetrable unless they are porous. Reactions take place at or near the interface be-
tween the solid and the reactant mixture.” Hence the total surface area of solid has a

crucial effect on the reaction rate.

Consider a catalytic reaction: 4+ B—<— P. The non-catalytic and the catalytic reac-
tion pathways are illustrated in the energy diagram in Figure 2.6. For the non-catalytic
reaction, the reaction proceeds when 4 and B collide with sufficient energy to over-
come the activation barrier £;. The change in Gibbs free energy between the reactants
and the product is AG. The catalytic reaction works by bonding of the reactants 4 and
B to the catalyst in a spontaneous reaction, forming a complex. The free energy is
lowered because the formation of this complex is exothermic. Then the reaction be-
tween A and B takes place while bonding to the catalyst. The activation energy now is
much lower than that in the non-catalytic reaction. According to Arrhenius equation,
k= Ae "'*" where k is the rate constant, 4 is the pre-exponential factor, E, is the
activation energy and R is the gas constant, hence, the rate of the catalytic reaction is
much larger. Finally, the product P separates from the catalyst in an endothermic step.

As the catalyst is regenerated at the end of the reaction, hence the catalyst is not con-
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sumed in the reaction. Note that the overall change in free energy in the catalytic reac-

tion equals that in the non-catalytic reaction. A catalyst does not change the thermo-

dynamics but only the kinetics. Therefore if a reaction is thermodynamically unfa-
[56]

vourable, a catalyst cannot change it.

Energy

Y

Reaction coordinate

Figure 2.6 The energy diagram of a catalytic reaction: 4+ B—S— P, where C is the
catalyst, 4 and B are the reactants, P is the product. The non-catalytic reaction has to
overcome a much higher energy barrier than the catalytic reaction. (Redrawn from ref.
56.)
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Materials and Techniques

3.1 Materials

In this section, the materials used for the studies of this thesis are listed.

Chemicals Brand Properties
Aminobenzenethiol Aldrich 97%

Benzenethiol Fluka >99.5%
CH;COONa Sigma 99%

Chloroform Fisher Scientific Anhydrous, 99.99 %
4-cyanophenyl isothio- | Aldrich 98%

cyanate

Cyclohexane Aldrich Anhydrous, 99.5%
4,4'-dimercaptostilbene | Aldrich > 96%

Ethanol

Sigma-Aldrich

ACS reagent, > 99.5%, absolute

Ethylene glycol Sigma-Aldrich Anhydrous, 99.8%
FeCls-6H,0 Sigma-Aldrich Reagent grade, > 98%
L-glutathione Sigma-Aldrich BioXtra, > 98%
LiClO4 Aldrich 95%

L-tyrosine Sigma BioUltra, > 99.0%
1,6-hexanediamine Acros Organics > 99.5%
4-mercaptobenzoic acid | Aldrich 99%
4-mercaptopyridine Aldrich 99%

Methylene blue BDH Chemical Ltd. | —

Nile blue 690 Exciton -
Octyltrichlorosilane Aldrich 97%

Oxytocin Sigma-Aldrich -
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Chemicals Brand Properties

Phenylalanine Lancaster 99%
M, = 373 kg mol”, 27 wt%
PEO (synthesized by Dr. Mor-

PI-6-PEO - gan Stefik in the group of Pro-
fessor Ulrich Wiesner, Cornell
University, Ithaca, USA)
M, = 23.8 kg mol”, 39.9 wt%

P(F)S-b-PLA - PLA (synthesized by Maik
Scherer)

Propylene carbonate Aldrich Anhydrous, 99.7%

R6G Sigma 98%

Sodium trisilicate solu-

. Sigma-Aldrich reagent grade

tion

SU-8 MicroChem 2000.5

Tetrahydrofuran Sigma-Aldrich Anhydrous, > 99.9%

Tris(2- )

carboxyethyl)phosphine | Aldrich -

hydrochloride

VOSO4xH,0 Alfa Aesar 99.9%

WClg Aldrich 99.9 % trace metals basis

Nanoparticles Brand Size

Au nanoparticles BBI life sciences 100 nm and 250 nm

PS microspheres Duke Scientific Cor- | 0.4 pm

poration

Ti10,-rutile NPs Aldrich -

WO3 NPs Aldrich < 100 nm particle size

ZnO NPs Aldrich < 130 nm particle size

Others Brand

FTO Solaronix R~15Q

ITO VisionTek R~85Q

Cover glass Agar 22 mm (thickness:

0.130 mm—0.160 mm)
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3.2 Electron microscopy!"

Electron microscopes were developed because optical microscopes are limited by dif-
fraction to about 200 nm resolution. Electron microscopes use a beam of highly ener-
getic electrons instead of light to image the specimen and gain information of its
structure and composition. The incident electron beam interacts with a finite volume
of the sample in various different ways, as illustrated in Figure 3.1. This opens up a

variety of ways to employ electron microscopes.

Incident e- beam

X-rays Backscattered e-
Cathodoluminescence

SEM
Auger e-
g Y Secondary e-
Sample O Interaction
¢ volume
TEM
Inelastically Elastically
scattered e- scattered e-

Unscattered e-

Figure 3.1 Schematic showing possible interactions of an incident electron beam with
a specimen in electron microscopes. Scanning electron microscope (SEM) makes use
of the electrons emitted on the incident side while transmission electron microscope
(TEM) constructs image from the electrons transmitted through the sample. (Redrawn

from ref. 1.)

Scanning electron microscopy

SEM produces images by detecting secondary electrons or backscattered electrons
which are emitted from the sample surface due to excitation by the electron beam. In
SEM, the electron beam is scanned across the surface of the sample in a raster pattern.
Various detectors collect either electron or photon emission from the interaction vol-
ume which is used to obtain information about topography and composition of speci-
men surface. The SEM image is constructed by mapping the detected signals to posi-
tion of the scanning beam. Secondary electron imaging is the most common detection

mode in a SEM, which collects low energy (< 50 eV) secondary electrons ejected
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from sample surface by inelastic scattering interactions with incident electrons. The
emission of secondary electrons is highly dependent on the sample topography, and it
is therefore very useful to produce images with a three-dimensional appearance. The
resolution of SEM is limited by the size of focal spot and interaction volume. Depend-
ing on the instrument, the resolution can range from less than 1 nm to the macroscopic
scale. In this work a LEO 1530 VP SEM was used with a field emission source oper-

ated at a typically 5 kV electron acceleration voltage.

Transmission electron microscopy

Unlike SEM, TEM gathers information from electrons transmitted through a thin
specimen (on the order of 100 nm thick). The spatial variation of the interaction be-
tween electrons and specimen is then magnified and recorded by an imaging device,
such as a CCD camera. The resolution of TEM is about an order of magnitude better
than that of SEM and can be down to 0.5 A TEM was only occasionally used in
these studies and was done by Sebastian W. Pattinson in Department of Materials Sci-

ence & Metallurgy, Cambridge using a JEOL 2000FX TEM.

3.3 Optical microscopy

An optical microscope (Olympus BX-51) was used to study the local optical proper-
ties. A halogen lamp (spectral range 400—800 nm) served as light source. Specific pa-
rameters such as magnifications and numerical apertures of objectives, diameters of

optical fibers are listed in the experimental sections in the following chapters.

3.4 X-ray diffraction”

The composition and crystalline structure of a sample can be determined using X-ray
diffraction (XRD). An X-ray diffractometer consists of an X-ray tube, a sample stage
and an X-ray detector (Figure 3.2). The X-rays are focused onto the sample at a cer-
tain angle 6, while the detector records the scattered intensity at 26 away from the
source path. The interaction of the incident radiation with the sample produces con-
structive interference when the Bragg condition (Figure 3.3) is satisfied:

nA =2d sin6, 3.1
where 7 is an integer, 4 is the X-ray wavelength, d is the lattice spacing of the crystal-

line sample and 0 is the angle of incidence.
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Figure 3.2 Schematic of an X-ray diffractometer. The X-ray tube generates X-rays,
focusing onto the sample at an angle of 6. The detector records the scattered intensity
at 26 away from the source path. (Redrawn from ref. 3.)

N

T
—@ @ .(é ® @ ® o—

dsinO

Figure 3.3 Bragg’s diffraction. The incident waves are scattered from lattice planes
separated by the interplanar distance d. The diffracted waves undergo constructive
interference when the path difference 2d sind is an integer multiple of the wave-
length of the incident beam A. (Redrawn from ref. 3.)

The particle size of the powder can be determined using the Scherrer formula:

=KL (3.2)
fcosb

where K is the shape factor, A is the X-ray wavelength, § is the full width at half maxi-
mum line broadening, 4 is the Bragg angle, and 7 is the mean size of the crystalline
domains. All the XRD patterns in our studies were acquired using a Bruker D8 ad-
vanced X-ray diffractometer with a Cu Ka (1 = 1.54178A) radiation source. The crys-
talline structure and phase were determined by comparison with JCPDS (joint com-
mittee on powder diffraction standards) standard patterns from PCPDFWIN crystallo-
graphic database.
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3.5 Ultraviolet-visible spectroscopy'

A Perkin Elmer, Lambda 850 ultraviolet-visible (UV-VIS) spectrophotometer was
used to quantify the concentration of methylene blue in the photocatalytic study of
nanoporous WO;. A UV-VIS spectrophotometer measures the intensity of light pass-
ing through a sample (/) and compares it to the intensity of light before passing
through the sample (/y). The ratio //]j is defined as the transmittance (7), and the ab-

sorbance (A4) is correlated to the transmittance:
A=—-logT =—-logl/I,=c,eL, (3.3)

where e is the molar extinction coefficient, ¢, is the concentration of a solution of

molecules, Lis the path length, which is 1 cm in typical experimental implementa-
tions. This expression is called Beer-Lamber law. For a solution of known molar ex-
tinction coefficient, UV-VIS spectroscopy can be used to determine the concentration

of a solution of molecules.

3.6 Nitrogen adsorption"

The determination of pore size distribution and specific surface area of nanoporous
WOs3 powders was carried out on a Tristar 3000 surface area and porosity system in
Department of Materials Science and Metallurgy by Dr. Dominik Eder. The samples
were pre-treated to remove adsorbed contaminants, and then cooled under vacuum to
a cryogenic temperature (~77 K). Then the nitrogen flow is admitted in controlled in-
crements. Nitrogen molecules first adsorb onto isolated sites on the sample surface at
low pressure, followed by the formation of a monolayer of nitrogen. Further increas-
ing gas pressure forms multilayer adsorption and the gas molecules begin to condense
in small pores until the saturation is reached, at which time all pores are filled with
liquid. The gas pressure is then reduced incrementally, evaporating the condensed gas.
The gas volume desorbed at each incremental pressure step is measured, defining the
adsorption/desorption isotherm, from which the information about the surface and in-

ternal pore characteristics of the material can be determined.
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3.7 Electrochemistry

Electrodeposition is a widely used technique to backfill desired materials into porous
templates. It produces a dense material in the template voids, minimising volume con-
traction after removing the template. Since the material is deposited from the substrate,
continuous conducting pathways to the substrate are formed, guaranteeing the electri-
cal conductivity required in many devices. Furthermore the degree of filling can be
easily monitored and controlled during the electrodeposition process. Because of these
advantages, electrodeposition combined with porous templates has been used to pro-
duce a variety of materials, including metals,'® metal oxides,'” and conducting poly-
mers.™ A three-electrode cell controlled by a potentiostat is typically used, as shown
in Figure 3.4. The working electrode (WE) is the electrode on which the reaction of
interest occurs, i.e. the substrate to be coated or the film on a conducting substrate to
be tested. The reference electrode (RE) is an electrode with a stable and well-known
electrode potential, such as Ag/AgCl electrode, which is used for measuring the WE
potential. A RE should have a constant electrochemical potential as long as no current
flows through it. The counter electrode (CE) is a conductor that completes the cell cir-
cuit. Generally an inert conductor, such as Pt or graphite, is used. The current flows
into the solution via the WE and leaves the solution via the CE. All three electrodes

are immersed in an electrolyte.

All electrochemical work was carried out using a PGSTAT302N Potentiostat (Eco-
Chemie). Cyclic voltammetry (CV) and chronoamperometry (CA) and were used dur-
ing the course of the work presented in this thesis. CV is the most widely used elec-
trochemical measurement technique. It is performed by measuring the current at the
WE during potential scans. CV can be used to acquire qualitative information about
electrochemical reactions, such as redox potentials and reversibility of a reaction. CA
records the variation of current in response to an applied potential step. It is useful for
measuring electrode surface area, diffusion coefficients and the time window of an
electrochemical cell.”? The individual conditions will be mentioned where the specific

experiments are discussed.
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Control Amplifier

Input Voltage } +

RE

' N

Electrometer

I/E converter

Figure 3.4 A schematic of a three-electrode electrochemical cell controlled by a po-
tentiostat. The electrometer measures the voltage difference between the RE and WE.
Its output has two functions: the feedback signal and the signal that is measured
whenever the cell voltage is needed. An ideal electrometer has zero input current and
an infinite input impedance. The current flow through the RE can change its potential.
In practice, electrometers have input currents close enough to zero so that this effect
can be neglected. The current-to-voltage (I/E) converter measures the cell current and
forces it to flow through a current measurement resistor Ry,. The voltage drop across
R is then a measure of the cell current. The control amplifier compares the measured
cell voltage with the input voltage and drives current into the cell to adjust the volt-
ages to be the same. The measured voltage is input into the negative input of the con-
trol amplifier. So a positive perturbation in the measured voltage creates a negative
control amplifier output, which counteracts the initial perturbation. " (Redrawn firom
ref. 10.)

3.8 Raman spectroscopy

Raman spectra were acquired using a Renishaw inVia Raman system equipped with
an integral microscope. Objectives with magnifications of 100x (Leica, NA: 0.85),
50x (NA: 0.5) and 20x (NA: 0.45) were used unless stated otherwise. 532 nm, 633
nm and 785 nm lasers were used as excitation sources. Raman spectra were recorded

in the back-scattered geometry between 100 cm™ to 2500 cm™.
For the electrochemical Raman spectroscopy experiments (Chapter 6), a custom-

designed spectro-electrochemistry cell was used, as shown in Figure 3.5. The cell

chamber is approximately 14 mm x 6 mm, and the sample was cut beforehand to fit

32



Chapter 3

into the cell. The Pt wire on the periphery serves as the WE and Ag/AgCl serves as
the RE. The electric contact of the WE is made using a thin Pt wire. The O-ring serves
as the spacer and cover glass is used as the optical window. The electrolyte is injected

into the cell using syringe until all air was displaced.

Figure 3.5 Photo of the custom-designed spectro-electrochemistry cell for in situ
spectroscopic and electrochemical measurements conducted in Chapter 6. The sample
is placed inside the chamber and connected through a Pt wire; the O-ring functions as
the spacer, the Pt wire is used as the CE and the Ag/AgCl wire is used as the RE.
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Chapter 4

Enhanced Photocatalytic Properties
in Nanoporous Tungsten Oxide

4.1 Introduction

Semiconductor photocatalysis is the acceleration of a photochemical reaction in the
presence of a semiconductor catalyst. As a green technology, it has attracted increas-
ing interest driven by the search of new energy sources during the past few decades.!"!
The process of semiconductor photocatalysis is generally referred to as a semiconduc-
tor-sensitized photoreaction. The proposed mechanism is as follows:!*!

(1) Absorption of photons with energy higher than the band gap of TiO,

TiO, +hv—>h" +e-. (4.1

(2) Interaction between holes and water molecules or hydroxide ions produces very

reactive OH" radicals

(HO&H +0OH ), +h" > H" +OH". (4.2)
(3) Oxygen ionosorption through Ti™ sites

Ti" +e- - Ti", 4.3)
Ti"+0, > Ti"V +0,". (4.4)

(4) Neutralization of O, " radicals by H"

0,"+H" > HO;. (4.5)
(5) Transient H,O, formation and dismutation of O,

2HO; - H,0, +0,. (4.6)
(6) Decomposition of H,O, and second reduction of O,

H,0,+e- ->OH" +OH". 4.7)
(7) Oxidation of organic compound via successive attacks by OH" radicals

R+OH" - R"+H,0. (4.8)

or direct oxidation by reaction with holes before they are trapped
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R +h" - R™ — degredation products. 4.9)

These processes can be summarized as the following reaction and illustrated in Figure
4.1:11

organic compound + O, —emiconductor(w=Fg) , oo 4 | 0 + Mineralacids.  (4.10)
TiYOH 02—-_.|-|20
Light /£ CB ©—>\ l )C
Ti"OH 0,
CO, TiVOH
Mineral acids l \——o VB
Organic _
pollutant TiVOH'

Figure 4.1 Illustration of the energy diagram and primary photocatalytic decomposi-
tion processes of organic pollutant sensitized by TiO; particles. Upon irradiation of
the light with sufficient energy, electrons are promoted from valence band (VB) to
conduction band (CB), with the simultaneous generation of holes in VB, leading to
the formation of free hydroxyl radicals able to initiate the acrobic oxidation of many
organic compounds. For a detailed explanation see the text. (Redrawn from ref. 1.)

The performance of semiconductor photocatalysts strongly depend on their physical
properties, including crystal structure, morphology, surface area, particle aggregate
size and surface density of hydroxyls groups.!'?! It is widely recognized that high
crystallinity and a continuous network architecture with controlled pore sizes that fa-
cilitate molecular access to high surface areas are highly desired for maximizing their
photocatalytic performance.™* This has recently stimulated intensive research in de-
signing nanoporous metal oxides, such as TiO,, Nb,Os and ZrO,.*” The major draw-
back of these attempts is that the oxide structures often contain a significant amount
of undesired amorphous content, which facilitates the recombination of electrons and
holes, thereby limiting the catalytic efficiency.”) The crystallinity can be improved by
annealing at high temperatures, however, the ordered structure typically collapses.
Hence, synthesizing well-ordered nanoporous structures with high crystallinity still

remains a major challenge.®
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Our group used poly(isoprene)-block-poly(ethylene oxide) (PI-b-PEO) copolymer as a
structure-directing agent to synthesize TiO, with controlled nanoporous structures.”!”
The large interaction parameter between PI and PEO blocks and the high degree of
polymerization allow the rapid formation of structures with long-range order. In addi-
tion, the PI-b-PEO morphology has relatively large pore sizes (20—25 nm), signifi-
cantly higher than the conventional Pluronic derived structures (6.5—7 nm),'® which
favor the effective infiltration of functional materials. The resulting TiO, exhibited
excellent performance in dye-sensitized solar cells. Although TiO, in the anatase form
is currently the most studied semiconductor photocatalyst, its wide band gap (3.2 eV)
limits TiO; to a small ultraviolet fraction of solar energy, only about 3—5% of the so-
lar light energy.'"'® Therefore much effort has been devoted to develop efficient
visible-light photocatalysts. One approach is to modify the band structure of TiO; by

14 or Fel'™) or non metallic (N!®! or C!'")

doping it with either metallic (Cr,"">' v
elements. In such case, lattice substitution leads to localized states, making visible-
light sensitization possible. However, there are contradictory reports describing either
an increase or a decrease of the catalytic activity and the sensitization mechanism is

still ambiguities.'®"”!

o o Oh:
CH, AT CHT /{EO\C/C}OH

Figure 4.2 Monomer units of block-copolymer PI-5-PEO. (a) isoprene, M,, = 68.118
g mol™; (b) ethylene oxide M,, =40.021 g mol™.

Another approach is to search for alternative small-band-gap semiconductor photo-
catalysts working in the visible light region. For example, WO3 has a narrower band
gap (2.4-2.8 eV) that enables harvesting visible 1ight.[20] WOs is an inexpensive mate-
rial, easy to synthesize and stable against photocorrosion. Only a few studies have so
far been devoted to the synthesis of porous WO, i.e. using PMMA spheres'>' and by
anodization of tungsten foil.* However, sacrificial templating using PMMA spheres
only results in a macroporous structure, which does not possess a big surface area.
Mesopores fabricated through anodization are not well-developed and hardly control-

lable. Despite yielding only macroporous and weakly-ordered structures these studies
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still demonstrated improved photocatalytic properties compared with their dense
counterparts. It is therefore likely that improving the porous structure and crystallinity
will maximise the photocatalytic performance of WO;. Herein, we demonstrate the
synthesis of crystalline nanoporous WO3 with well-ordered porous architectures using
a sol-gel process and PI-h-PEO as a structure-directing agent. We have investigated
the effect of polymer-to-WO3; weight ratio on the morphology and tested the photo-
catalytic performance for the degradation of methylene blue (MB) under visible light.

4.2 Experimental

In a typical synthesis, 45 mg PI-b-PEO block-copolymer (M, = 37.3 kg mol™, 27 wt%
PEO) was dissolved in 1.2 ml anhydrous chloroform. The polymer solution was then
added into 200 ml ethanol containing 77 mg WCls. The mixture was vigorously
stirred for 4 hrs and then left to gel overnight in an open Petri dish at 70 °C. The as-
made bulk samples were calcined in air at 400 °C for 4 hrs with a ramp rate of 3 °C
min”', which induced crystallisation and simultaneously removed the polymer tem-
plate. The polymer-to-WO; weight ratio was varied between 0 : 1 and 1.67 : 1 to in-

vestigate the effect of the polymer content on the resulting morphology.

4.3 Results and Discussion

Figure 4.3 shows typical SEM and TEM images of WO;3; samples synthesized with
various polymer-to-WO3; weight ratios. In the absence of the polymer (Figure 4.3a)
the sample consisted of densely-packed agglomerates of particles with sizes between
25-30 nm. In contrast, the addition of polymer resulted in porous structures. For in-
stance, a ratio of 0.17 : 1 (Figure 4.3b) gave rise to micellar mesopores of uniform di-
ameter (10—13 nm). The pore size increased with increasing polymer content to ap-
proximately 20—25 nm for the 1 : 1 ratio. At the same time, the wall thickness of WO3
remained almost unchanged (10—15 nm). It is important to note that along with the
pore diameters also the porous architecture can be effectively controlled by the poly-
mer content. For example, for ratios below 1 : 1, the structure is micellar in nature,
while ratios between 1 : 1 and 1.25 : 1 yielded vertically aligned, cylindrical
mesopores with length similar to the film thickness (Figures 4.3c-d); only a small
fraction of micellar pores was found near fractures and edges. As the polymer content

was further increased to 1.67 : 1, the ordered structure collapsed, indicating that the
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WO; content was likely not sufficient to mechanically support the ensuing porous net-

work (Figure 4.3¢).

R

Figure 4.3 SEM images of WO; synthesized with various polymer-to-WO; weight
ratios (a) 0 : 1, (b) 0.17: 1, (c) 1 : 1, (d) 1.25 : 1 and (e) 1.67 : 1 after calcination at
400 °C. TEM (f-g) images of sample with ratio 1 : 1 after photocatalysis showing pre-
served porous structure. Scale bars: 200 nm.

The porosity and surface area were determined by nitrogen adsorption. Figure 4.4a
shows the pore size distributions for the samples synthesised with various polymer-to-
WOs; ratios. With the exception of the reference sample (0 : 1 ratio), all templated
samples showed a sharp peak in the nanoporous regime, indicating a narrow pore size
distribution. The average pore size increased from 9 nm to 23 nm for 0.17: 1 and 1 : 1
ratios, respectively, which agrees well with the SEM observations. Starting from a
value of 32.5 m’ g'1 for the reference sample, the surface area increased with increas-

ing polymer content to a maximum of 55.5 m* g for the 1 : 1 ratio. The sample with

39



Chapter 4

the highest ratio (1.67 : 1) showed a broader pore size distribution and yielded a
slightly lower surface area (48.2 m* g"') compared to the 1 : 1 sample. This is in
agreement with a partially collapsed porous network. Wide-angle XRD confirms that
all samples are crystalline and of monoclinic phase (Figure 4.4b). The crystal size was
calculated from Scherrer’s equation using the (111) diffraction peak at 28.8°. Interest-
ingly, the crystal sizes of all nanoporous samples were similar (121 nm) to the refer-
ence sample. It appears that the formation of WO; crystals was not noticeably altered
by the confinement imposed by the block-copolymer. The combined results indicate

the simultaneous achievement of ordered porous structure and crystallinity by our pro-

tocol.
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Figure 4.4 (a) Pore size distributions obtained from nitrogen adsorption and (b) XRD
patterns of WO3; samples (JCPDS: 20-1324) synthesized using the various polymer :
WO; weight ratios after calcination at 400 °C.

The photocatalytic properties of the WO; samples were evaluated for the photodegra-
dation of MB under visible light. Typically, 10 mg of the WO3 sample was dispersed
in 50 ml of distilled water containing 4.2 ppm MB. The suspension was stirred in the
dark for 2 hrs to ensure equilibrium of the dye adsorption on the surface of the photo-
catalysts, after which the samples were exposed to visible light (72 W, UV cut-off at
~420 nm). An aliquot part of the solution (~1 ml) was taken in regular intervals and

centrifuged for 2 min to separate the solution from catalyst residues. The MB concen-
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tration was quantified by UV-VIS spectrometer (Figure 4.5), following the absorption
maximum at A = 664 nm. It is important to note that the micellar and cylindrical pore
structures of the catalysts were not changed by the photocatalytic testing, as proved by
TEM images of sample with ratio 1:1 after the photocatalysis reaction (Figures 4.3f-g).
These images clearly show that the well-ordered nanoporous structure has been pre-

served upon photocatalytic reaction, indicating a mechanically stable architecture.
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Figure 4.5 Absorbance of MB decreased over time on polymer : WO; weight ratio 0 :
1 sample.

The initial concentration of MB decreased noticeably upon equilibrium in the dark. As
a result of their larger surface area, the nanoporous samples adsorbed considerably
more dye molecules (i.e. 67% for the 1 : 1 ratio) than the reference (31%). Taking

(3] the adsorbed quantities correspond to

1.97 nm? as the unit area of adsorbed MB,
surface coverages of ~75% for the reference and ~95% for the nanoporous sample
with 1 : 1 ratio. Consequently, the entire surface area of the nanoporous samples is
accessible, while the adsorption of MB in the reference may be blocked by agglomer-
ated WOs; particles resulting in pores smaller than 2.6 nm, the minimum diameter al-

lowing the passage of MB molecules.”!
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Figure 4.6 (a) Decrease in absorbance of MB with time; (b) conversion after 5 hrs
reaction time in visible-light and surface area vs. weight ratios.

Figure 4.6a presents the decrease of MB concentration vs. time for the different WO;
samples under visible light, normalised for the equilibrated MB concentration. In ab-
sence of a catalyst the MB concentration remained stable throughout the entire reac-
tion, providing a solid base line. All nanoporous samples degraded MB considerably
faster than the reference, hence exhibiting higher photocatalytic activities. For in-
stance, the conversion of MB after 5 hrs of irradiation using the reference was only
18%, while 53% of MB was degraded by the sample with 1 : 1 ratio (Figure 4.6b).
This corresponds to an almost three-fold increase in activity. Considering that the cor-
responding specific surface area of the nanoporous sample was increased by only 70%,
it is likely that any restrictions imposed on the transport of reactant molecules by the
small pores in the reference sample is significantly reduced in the mesopores. Fur-
thermore, we analysed a highly-dispersed commercial WOj; nanopowder (< 100 nm
particle size, shown in Figure 4.7) and observed a similar activity compared with the
nanoporous sample (Figure 4.8). The commercial nano-sized powder possesses no
apparent diffusion limitations, which was used as an alternative reference and showed
similar activity as the nanoporous samples. This therefore confirms that diffusion

limitations in our nanoporous samples were indeed effectively eliminated.
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Figure 4.7 SEM image of commercial WOs3 powder.
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Figure 4.8 Decrease in MB concentration over time under visible light using com-
mercial powder as the reference and various catalysts with different polymer : WO;
weight ratios.

To identify the reactant molecule that is most strongly affected by diffusion limitation,
we need to consider the photocatalytic degradation pathway of MB in water. Accord-
ing to Houas et al.,” the MB molecule adsorbs perpendicularly to the surface of the
photocatalyst via its cationic sulfur group, which is first oxidised to the sulfoxide via
an electrophilic attack of OH’, formed upon oxidation of water by photo-produced
holes in the photocatalyst (Figure 4.9). This induces the C—N activation in its middle
ring and the subsequent opening of the central aromatic ring in order to conserve the
double bond conjugation. The sulfoxide group immediately oxidises to sulfone, caus-
ing the definitive dissociation of the two rings. These aromatic compounds are then
decomposed completely via the photo-Kolbe reaction to CO,, NH,", NO;~ and SO4*
ions, which leave the pores and make way for the degradation of new MB molecules.

Considering the similar sizes of the two largest molecules in this process, MB (0.72
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nm) and sulfoxide (0.76 nm), as calculated from their corresponding cross-sectional

[23] any pore size confinement that affects the transport of MB itself to its ad-

areas,
sorption site inside the pore will impede the continuous supply of the reactant. The
diffusion of liquids in pores has been studied by Ternan, who observed that even
pores as large as 40 nm can impose serious diffusion limitations on molecules as
small as 2 nm.*” The Van der Waals’ forces from the pore wall make solvents in its

vicinity more viscous than the solvent further away from the pore wall.?¥

HC ©/Si(© N~ CHs

3 CH3
NH2
HC ©/ ©\ N-CH:
|
3 CH3
NH, \ ek
H3C\ 7
HOC\N ~ SO H N
3 |
| CH
CH, l s
OH" NH, OH
H\N - \SOSH HOC\N - OH
|
(|3H3 l CH3

—J
~SO,H “OH

Figure 4.9 Photocatalytic degradation pathway of MB. The intermediates generated
during the photodegradation process were analyzed by liquid chromatography and
mass spectrometry. They are presented according to their decreasing molecular
weight.) (Redrawn from ref. 2.)
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The effective diffusivity of molecules in pores, D, with respect to the bulk diffusiv-
ity, Dg, can be correlated with 4, the ratio of molecule to pore radius, r,/rp, and P,
which is a function of the solvent properties (i.e. viscosity), typically ranging from 2
to 20.

Dy _(-27 4.11)
D, 1+PA

This equation can be used when the solute molecules are both sufficiently larger than
the solvent molecules and sufficiently smaller than the pores. Both requirements are
satisfied in the present case. The pore diameters in the nanoporous samples range
from 9 to 23 nm, as obtained from nitrogen adsorption, using 0.72 nm as the lower
limit for the diameter of MB, correspond to 4 values of 0.08 and 0.03, respectively.
Assuming an average value of P = 2, typical for polar solvents such as water,**! the
effective pore diffusivities are reduced by only 11% for 23 nm pores and 27% for 9
nm pores compared to the non-confined reaction. For comparison, taking an upper-
limit pore size of 6 nm (Figure 4.10) the diffusivity in the reference sample was re-
duced by at least 38%. In general, pore diffusivities of more than 70—80% with re-
spect to bulk diffusivities are considered ideal. Consequently, the pore sizes of our
nanoporous WO3 samples do not impose significant diffusion limitations, in contrast
to the reference sample. This is further confirmed in Figure 4.6b, which shows that the
trend of degradation rate of MB in the nanoporous samples follows closely the ob-
served changes in surface area. In contrast, the activity of the reference sample is sig-
nificantly lower than expected from its surface area. It seems that, in the absence of
diffusion limitation, the photocatalytic performance of the nanoporous samples is di-
rectly controlled by the surface area, hence by the number of adsorbed dye molecules.
Consequently, maximising the surface area, i.e. by optimising pore size and wall

thickness, will likely further improve the performance of WOs.

-

1 L a sl 1 a3l
2 3456 10 2 3456100
Pore diameter / nm

Pore volume / cm3g-
- T

Figure 4.10 Pore size distribution of the reference sample, which is also shown in
Figure 4.4a, here it is enlarged.
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4.4 Conclusions

In summary, we used PI-h-PEO as a structure-directing agent for the controlled syn-
thesis of crystalline WO; photocatalysts with well-organised mesopores. These me-
chanically stable architectures consist either of micellar or cylindrical pores with uni-
form diameters and can be controlled by varying the polymer-to-inorganic ratio.
These structures are excellent photocatalysts for the degradation of organic com-
pounds as they reduce diffusion limitations of the reagents into the pores and so facili-
tate enhanced dye adsorption and conversion. These materials may also be of interest
for the use as supports for noble metal catalysts, in electrochromic devices, and as

model systems for studying pore transport processes in metal oxides.
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Enhanced Electrochromism in
Gyroid-Structured Vanadium Oxide

5.1 Introduction

Electrochromism is the reversible optical change process in a material induced by an
external electric field.!"! When a voltage is applied, the electrochromic (EC) material
is electrochemically oxidized or reduced, inducing the redistribution of electrons be-
tween different redox states, thus causing an absorption change. The history of elec-
trochromism goes back to 1930s, when electrochemical coloration was discovered in
bulk tungsten oxide. The first electrochromic device (ECD) based on tungsten oxide
films was made by Deb in 1969, which created an intense interest among research-

ers and the general public alike over the past several decades.

Many inorganic and organic materials such as most transition metal oxides, metal
hexacyanometallates, viologens and conducting polymers exhibit electrochromism
throughout the electromagnetic spectrum.!'! They can be generally classified into two
types in terms of their coloration mechanism: cathodic EC materials, colouring under
charge insertion; anodic EC materials, colouring under charge extraction.””! Among
various EC materials, our interest is currently focused on transition metal oxides.
Most transition metal oxides have been widely used as EC materials, as shown in the
periodic table (Figure 5.1). Oxides of W, Mo, Ti, Nb and Ta exhibit cathodic colora-
tion (highlighted in blue colour in Figure 5.1); while oxides of Cr, Mn, Fe, Co, Ni, Rh
and Ir show anodic coloration (highlighted in red colour in Figure 5.1); V oxide has
an intermediate nature and shows weak cathodic and anodic coloration in different
wavelength regions.”*”! Transition metal oxides as EC materials are of great interest
due to their greater photochemical, mechanical and thermal stability, and device life-
time, compared to organic EC materials, which may suffer from photochemical deg-

radation.!"] The reversible optical property change is caused by an electron-transfer
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reaction accompanied by a compensating transfer of mobile cations (I") between

metal oxide (MO) and electrolyte:™

- +
MO +xe” +xI" <1 MO (5.1
‘hydrogen ‘helium
1 2
H He
3 5 10
Li | Be B|C|N|O|F|Ne
R T mmwmris B B
12 13 14 15 16 17 18
A
Na | Mg Al |Si| P | S |Cl|Ar
potassium “calcium scandium titanium vanadium chromium | manganese ron ‘cobalt nickel copper zinc “gallium ‘germanium arsenic selenium bromine krypton
19 20 21 22 23 24 25 26 27 28 29 30 31 3; 33 34 35 36
2 .

K |Ca|Sc| Ti Cr Mn|Fe |Co|Ni |Cu|Zn |Ga |Ge | As | Se | Br | Kr
rubidium strontium yttrium zirconium niobium molybdenum | technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
37 38 39 40 a 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb|Sr|Y |Zr |[Nb|/Mo| Tc |[Ru|Rh |Pd|Ag|Cd|In |Sn |Sb|Te | I | Xe
85.468 87.62 88.906 91.224 92.906 95.96 98] 101.07 10291 106.42 107.87 1241 11482 11871 12176 127.60 126.90 13129
T O B B S BT e W e e T
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

A
Cs | Ba Hf | Ta| W |Re|Os | Ir | Pt |[Au|Hg| Tl |Pb | Bi | Po | At | Rn
13291 137.33 178.49 180.95 183.84 186.21 190.23 19222 195.08 196.97 200.59 204.38 207.2 208.98 [209) (210 (222)
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Figure 5.1 The periodic table, excluding the lanthanides and actinides. The oxides of
blue highlighted elements show cathodic coloration, the oxides of red highlighted
elements show anodic coloration. (Redrawn from ref. 5.)

A prototype ECD is illustrated in Figure 5.2. It includes five layers: two transparent
conductor layers, e.g. tin-doped indium oxide (ITO) and fluorine-doped tin oxide
(FTO). Conductor layers are usually deposited on glass. Polyester foils can also be
used as the substrates for conductor layers when making flexible devices. The central
part is electrolyte, which is in contact with an EC layer and an ion storage layer on
each side, respectively. In an ideal situation, the EC property of ion storage layer
should be complementary to that of the EC layer. When a voltage (on the order of one
volt) is applied, ions are shuttled between the ion storage layer and the EC layer, in-
ducing the colour change. Reversing voltage or short-circuiting brings ECD back to
the original state. If the EC materials are not dissolved in electrolyte, ECDs can ex-

hibit memory effect, whereby energy is only required during switching.[4]
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Transmitted light I,

Electrochromic layer

T lon conductor/electrolyte ions

lon storage layer

Incident light |,

Figure 5.2 Basic design of an ECD, including two layers of transparent conducting
oxide films deposited on glass or plastic substrates, an electrochromic layer and an ion
storage layer sandwiched by an electrolyte layer.

ECDs have been attracting much attention because of their commercial applications in
smart windows, displays and rear-view mirrors.!"! They are attractive due to their low
operating potential of the order of one volt.!"! Most ECDs have memory effect, requir-
ing little or no additional power to maintain the coloration states. Moreover, large sur-
face area ECDs can be cheaply manufactured on flexible substrates, making them at-
tractive for a wide range of potential applications. ECDs have been commercially
available for some time as low-cost and low-power displays.m The performance of
conventional flat EC films is, however, limited by slow coloration switching speeds
and low coloration contrasts. In ECDs, the switching speed is determined by the diffu-
sion rate of ions during redox reaction processes, while the coloration contrast is de-
termined by the number of reaction sites. Conventional flat EC films consist of a solid
structure with relatively small surface area and therefore a limited number of active
sites. Their typical sandwich construction involves relatively long diffusion distances,

leading to a slow switching speed. According to the Fick’s law of diffusion,
Nx?) = 24/Dt ,where x is the diffusion distance, ¢ is the diffusion time, and D is the

diffusion coefficient, one obvious option to overcome the slow switching response is
to decrease the diffusion distance of ions, that is to reduce the thickness of EC

film.!"**) For instance, for a 500 nm thick EC film, the response time is 1 sec. The
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response time is expected to speed up to 10 ms when the EC film is as thin as 50 nm.
Nevertheless, the coloration contrast of such a thin film is definitely insufficient for
practical applications. The simultaneous improvements in coloration contrast as well
as switching speed remain highly desirable in this field. EC films with an intercon-
nected and fully accessible porous structure, allowing the ease of access of ions to a
large area of intercalation sites, can lead to a significantly reduced diffusion length. In
very thin films, these materials can combine a high coloration contrast with an in-

creased switching speed.

Vanadium oxide is an abundant, low cost material which is commonly used in

2] and supercapaci-

ECDs!""'") and other energy devices such as lithium-ion batteries
tors.'"¥ Under an applied potential, vanadium oxide displays cathodic and anodic col-
oration in different wavelength regions and is therefore particularly attractive for mul-
ticolour ECDs."*! Recently there have been attempts to fabricate porous vanadium ox-
ide films with the aim to improve its lithium ion intercalation properties.!'"' Al-
though this brought about an improvement in EC performance, the reported switching
time remained 1-2 orders of magnitude above the desired video rate (24 frames per
sec, switching time < 40 ms)."”) This is mainly due to the use of sub-optimal macro-
porous structures in terms of the structural dimension, connectivity and integrity.
Conceptually, an ideal EC film should be composed of a fully interconnected network

with a narrow pore size distribution, enabling effective electrolyte infiltration and

good charge transport. The diffusion distance of lithium ions at the video rate in vana-
dium oxide is+/(x*) =2+Dt ~4nm (D < 10" cm® s, 1 < 40 ms). Thus the feature

size of struts should be around 8 nm.!" Further reduction of the structural feature size
is probably counterproductive because of the lowered conductivity, arising quantum

effects and lack of structural stability of the network. The gyroid morphology with

Ia3d symmetry derived from block-copolymer self-assembly is a promising candi-
date. A first successful application of a gyroid-structured metal oxide has been dem-
onstrated in dye-sensitized solar cells.l"” The gyroid structure has never been ex-
ploited in ECDs. Here, we employ a strategy based on block-copolymer derived
nanostructure templating as a simple, scalable and low cost technique for fabricating

gyroid-structured vanadium oxide films. And we demonstrate that the ECD assembled
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using gyroid-structured vanadium oxide show significantly improved device perform-

ance. (This work was done in collaboration with Maik Scherer.)

5.2 Experimental

Templates preparation

FTO coated glass substrates were cleaned by immersing in a piranha solution at 80 °C
for 15 min, rinsing with DI water, and drying on a hotplate. FTO substrates were sub-
sequently silanized!"” by immersing in 4.3 mM octyltrichlorosilane in cyclohexane
for 10 sec. In order to obtain a well defined area for the calculation of the charge den-

sity, silanized substrates were patterned with a thin layer of SU-8 by photolithography.

Poly(4-fluorostyrene-r-styrene)-b-poly(p,L-lactide) (P(F)S-b-PLA) (Figure 5.3) with a
molecular weight of 23.8 kg mol™ and containing 39.9 wt% PLA was used in this
study. Thin polymer films were prepared by spin coating a 10 wt% toluene solution
onto silanized FTO substrates. The polymer films were heated at 175 °C under nitro-
gen atmosphere for 20 min at a ramp rate of 2.5 °C min™', during which the phase
transition from a disordered worm-like morphology to the gyroid morphology oc-
curred. After quenching to room temperature, the films were soaked in 0.3 M NaOH
solution containing 1 : 1 (wt) mixture of water and methanol for several hrs during
which the degradation of the PLA phase took place."™') (The polymer was synthe-
sized and the gyroid-structured polymer template was fabricated by Maik Scherer.)
The resulting nanoporous PS templates were thoroughly rinsed with methanol and
blow dried. Colloidal templates were fabricated by drop casting a 10 wt% aqueous
suspension of PS microspheres (0.4 pm) onto cleaned FTO substrates and dried at

room temperature in air.

R=H, F

Figure 5.3 Chemical structure of P(F)S-b-PLA.
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Vanadium oxide replication

The electrolyte solution was prepared by dissolving VOSO4xH,0 (3.23 g) in DI wa-
ter (8.75 g) and ethanol (8.75 g). The pH of the electrolyte was ~1.6. Electrodeposi-
tion was performed at a constant potential of 1.5 V for 120 sec for the replication of
gyroid polymer templates and 30 sec for the replication of colloidal templates with
similar thickness. The standard three-electrode electrochemical cell configuration was
employed using FTO substrate as the working electrode (WE), Pt mesh as the counter
electrode (CE) and Ag/AgCl as the reference electrode (RE). After deposition, films
were rinsed with DI water and then soaked in toluene for a few min to remove the re-
maining PS polymer templates or soaked for approximately 30 min to remove the col-
loidal templates. The resulting vanadium oxide films were then annealed at 275 °C for

2 hrs in air at a ramp rate of 1 °C min™.

ECD assembly

As illustrated in Figure 5.4, the ECD was fabricated by mounting a few layers of pre-
cut thermoplastic gasket (Parafilm) as a spacer which was melted at ~150 °C for 30
sec and another FTO substrate was immediately placed on top as the CE. Then, 1| M
LiClOy4 in propylene carbonate (PC) electrolyte was injected into the mounted cell un-
til all air was displaced. Finally an Ag/AgCl wire was inserted as RE and the device
was sealed with epoxy glue. The Ag/AgCl wire was fabricated by electrochemically
oxidizing an Ag wire in a 3 M KCI aqueous solution at a constant current density of

10 mA ¢cm™ for 15 sec.

Figure 5.4 Schematic of our ECD. The ECD was fabricated by employing the gyroid-
structured vanadium oxide film deposited on FTO as the WE, another FTO substrate
as the CE and an Ag/AgCl wire as the RE.
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Characterization

Cyclic voltammograms (CVs) were recorded in a 1 M LiClO4/PC solution. The dy-
namic optical response of vanadium oxide films was recorded using an optical micro-
scope (Olympus BX51, 5% objective, NA: 0.1) equipped with an Ocean Optics 65000
spectrometer (100 pum slit) and a 50 pm diameter optical fiber (Ocean Optics P50-2-
VIS-NIR) under alternating square potentials of =1 V with duration of 2 sec for each

potential step.

5.3 Results and discussion

The replication process is described in Figure 5.5. Figure 5.6 shows SEM images of
typical top surface and cross section of a porous gyroid-structured polymer film after

the selectively removal of the minority PLA phase.

Remove lectrochemica Remove AL
PLA eplication | >, template (( ‘(\"r€r
— >
9

- i, @%‘@h

Figure 5.5 Schematic of the replication process. (a) Microphase separation of P(F)S-
b-PLA block-copolymer forms the gyroid morphology. (b) Selective removal of the
PLA phase yields a nanoporous polymer template. (c) Electrodeposition of vanadium
oxide into the nanoporous template. (d) Removal of the remaining P(F)S phase yields
a gyroid-structured vanadium oxide replica. (Drawn by Maik Scherer.)

Figure 5.6 (a) Surface and (b) cross sectional SEM images of a nanoporous gyroid-
structured polymer template after removing the PLA phase.

Electrodeposition of vanadium oxide into the polymer template was performed at a
constant potential of 1.5 V vs. Ag/AgCl from a 1:1 (wt) mixture of DI water and etha-

nol solution containing 1 M VOSO4-xH,0. The low surface tension of ethanol enabled
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the infiltration of the electrolyte into the hydrophobic PS pores. The electrodeposition

of vanadium oxide occurs in two steps:*”)

oxidation into a soluble species

VO** +H,0 > VO; +2H" +e-, (5.2)
followed by precipitation

2VO; +H,0 > V,0, +2H". (5.3)

The replicated vanadium oxide film thickness was approximately 1.1 + 0.1 pm. The
vanadium oxide replica formed upon removal of the remaining PS template possessed
a highly ordered gyroid structure throughout the entire film (Figures 5.7-5.9). This
nanostructure remained intact during the heat treatment up to around 300 °C. The
XRD pattern (Figure 5.10) shows only a very weak and broad (001) reflection peak,
indicating vanadium oxide is amorphous in nature. Above 300 °C, the growth of crys-

tallites larger than the gyroid strut size destroyed the morphology.

Figure 5.7 SEM images of the surface of a gyroid-structured vanadium oxide film
after the heat treatment at 275 °C. Scale bars are 200 nm.
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Figure 5.8 SEM images of the surface of a highly-ordered gyroid-structured vana-
dium oxide film after the heat treatment at 275 °C with [211] orientation show the
near perfect replication of the polymer template.

Flgure 5. 9Crosssect10nalSEM 1mages of a gyroid- _structured vanadium oxide film
after the heat treatment at 275 °C.

\ FTO

wew

(001) L Gyroid ’l

20 30 40
260(°)
Figure 5.10 XRD patterns of blank FTO substrate and gyroid-structured vanadium
oxide after the heat treatment at 275 °C. Only a (001) reflection peak is shown, indi-
cating the amorphous nature of vanadium oxide.
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To investigate the role of the length scale of nanostructure, vanadium oxide inverse
opals (I0) using 400 nm PS spheres as template were also fabricated (Figure 5.11).
The deposition and heat treatment conditions were similar except a much shorter
deposition time (approximately 30 sec) was used. This is due to larger pore size lead-
ing to relatively faster deposition rate of vanadium oxide into colloidal templates than
in gyroid polymer templates. This gives an approximately 1.8 + 0.2 pm thick vana-

dium oxide IO film.

Figure 5.11 Vanadium oxide 1O film after template removal and annealing at 275 °C.

Dynamic optical response of the gyroid and 1O structured vanadium oxide films were
monitored using an optical microscope while alternating potential of the devices be-
tween —1 V and +1 V (Figures 5.12-5.13). Under a cathodic potential of —1 V, lithium
ions and electrons are intercalated into vanadium oxide, giving rise to a fairly homo-
geneous transmittance of ~ 50% across the entire spectral range in the gyroid-
structured film, which appears blue-grey. An anodic potential of +1 V causes the ex-
traction of lithium ions and electrons from vanadium oxide and simultaneously a very
high transmittance above 500 nm and substantial absorption in the 400—500 nm range,
causing the yellow coloration. In comparison, the 10 vanadium oxide film is less
transparent over the entire spectral range, irrespective of the applied potential. The
gyroid-structured device shows a maximal transmittance variation of AT = 0.501 at A
=430 nm where the IO only reaches a value of AT = 0.147. While the colour contrast
of the gyroid-structured film benefits from a pronounced variation across the entire
visible range, the colour change in the IO-structured film stems only from the

400—500 nm range.
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Figure 5.12 Photos of an ECD at two equilibrium states (—1 V and +1 V vs. Ag/AgCl).
The ECD was fabricated using gyroid-structured vanadium oxide film as the WE,
FTO as the CE and an Ag/AgCl wire as the RE. The design pattern is the crest of
University of Cambridge University. Scale bars are 1 cm.

a b 1o c
o g +1v 805 [ og9.624.0ms &
e § gz B § 0.4 [ at=0s01 7
> = 0.6 = 1 .
(O] £ ‘("/&"h\\iv_.ﬂ 0.3 1295.543.7 ms
i w 0.4+ mo 2 I -
1.0 s 0.2]- £0.2-
08 = =041 f
06 0.0 ! I I I I b1 e
04 400 500 600 700 800 400 500 600 700 800 3 4 5
02 o ‘ =
Eloo _ . g ;g §0.5—
§ Za £ o6l | S04l
> |E 0.6 e b=
g E © § 0.4 / § 0.3 2566194 ™S ~138.9:8.6 ms
s |8 02l ™ 502 _@u
2 © . L1 00 YA Lo T N
- 400 500 600 700 800 400 500 600 700 800 0 1 2 3 4 5
Wavelength (nm) Wavelength (nm) Time (s)

Figure 5.13 Comparison of the performance of ECDs assembled using gyroid-
structured (top row) and IO (bottom row) vanadium oxide films, respectively. (a)
Transmittance variation upon alternating potential steps (£1 V/2sec). (b) Transmit-
tance spectra of two states (£1 V). (c) Switching curves for A = 430 nm extracted from

(a).

An important aspect of ECDs is the switching time under an applied electric field. The
gyroid-structured vanadium oxide showed sharp and distinct transitions between the
colored/oxidized and bleached/reduced states. This switching behaviour was analyzed
in more detail by monitoring the transmittance at 430 nm. The characteristic response
times were determined by fitting the switching curves with an exponential function.
The gyroid device showed short switching times of 95.5 + 3.7 ms for the bleaching
step and 89.6 = 4.0 ms for the coloration step. In contrast, the IO device showed a
much slower response with switching times of 138.9 = 8.6 ms and 256.6 £ 9.4 ms.
The faster response of gyroid device compared to 10 device can be further proved by
well-resolved redox peaks of CVs (Figure 5.14). Moreover the coloration efﬁciency“]
(AOD/q), (where optical density OD = log (7/Tp), Tp is the initial transmittance, g is

the charge density) was increased for the gyroid device compared to the 10 device.
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The coloration efficiency at 430 nm of a gyroid device was —30.3 + 3.1 cm’® C' com-
pared to —22.7 £ 2.1 cm’ C of an 10 device when reaching equilibrium during the
coloration step. Another important aspect of ECD is cycle stability. Both gyroid and
IO devices exhibited good long-term cycle stability with less than 20% drop in colora-
tion contrast after hundreds of switching cycles. And both gyroid and 1O structures

remained intact after cycling, as confirmed by SEM.

—Gyroid
——Inverse opal

Current density (mA/cm?)
o
T

1 1

1
-1.0 -0.5 0.0 0.5 1.0
Potential (V)

Figure 5.14 CV of gyroid-structured and 1O vanadium oxide films. The measure-
ments were conducted in an electrolyte comprising 1 M LiClO4/PC. A Pt mesh was
used as the CE and an Ag/AgCl wire was used as the RE.

5.4 Conclusions

We have demonstrated the fabrication of 3D highly interconnected gyroid-structured
vanadium oxide films using electrodeposition through block-copolymer derived
nanoporous templates. The high surface area of the gyroid structure provides more ion
intercalation sites leading to more intense coloration. Also, the obtained intercon-
nected and fully accessible nanoporous network facilitates the penetration of electro-
lyte into the bulk of the material thereby greatly shortening the diffusion length of
ions, leading to a fast coloration switching response. In particular, the 90 ms switch-
ing speed surpasses previous inorganic ECDs, and lies within a factor of two of video
rate. The enhanced ion intercalation property can be extended to other transition metal
oxides as well as various conducting polymers. This work also paves the way for the
applications in other types of devices where interfacial processes play important roles,

such as lithium ion batteries, supercapacitors and sensors.
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Surface-Enhanced Raman
Spectroscopy on Electrochromic
Materials

6.1 Introduction

The electrochromic materials exhibit a reversible colour change associated with the
ion intercalation/extraction processes under an applied electric field.") The in situ in-
vestigation of such interfacial processes has long attracted great scientific and techno-
logical interest for better understanding the fundamental mechanisms and developing
devices with the improved performance. Combining Raman spectroscopy in particular
surface-enhanced Raman spectroscopy (SERS) with electrochemical processes, has
been demonstrated to be a powerful tool in probing events occurring at interfaces.”!
With the fingerprint nature of the Raman spectrum and the significantly enhanced
signal intensities, SERS is an ideal surface analysis technique to probe interfacial
chemistry at the molecular level. Conventional electrochemical-SERS works only on
a limited type of metal electrodes, such as coinage metals (Au, Ag and Cu)!® and tran-
sition metals (Rh, Pd and Ni).”” However, nanostructured substrates are typically re-
quired to achieve a sufficient SERS enhancement.™” This limits its potential usage in
semiconductor electrodes which are commonly used in various applications, such as
lithium batteries, supercapacitors and photovoltaics. The noble metal nanoparticles
(NPs), such as Au and Ag NPs, due to the excitation of surface plasmon resonances
(SPR), can greatly concentrate the local electromagnetic field, dramatically enhancing
the Raman scattering.[(’] They have been employed as Raman enhancers to investigate

the non-SERS active substances, including single crystal metals?®! and living cells.®!

In this chapter, we show that AuNPs can be used on electrochromic vanadium oxide

films to act as a SERS nanosensor which reports the molecular changes at the inter-

face. We employ a sandwich junction geometry assembled by placing AuNPs onto the
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vanadium oxide film pre-adsorbed with probe molecules to investigate the local ion
intercalation/extraction processes via in situ electrochemical-SERS. Vanadium oxide
is an abundant, low-cost material that is commonly used as an ion intercalation mate-
rial,'""? due to its multiple valence states and its layered structure which can ac-
commodate large number of ions while maintaining structural integrity. Upon apply-
ing an electric field, vanadium oxide undergoes redox reaction accompanied by the
intercalation/extraction of ions into/out of the network. The unique sandwich geome-
try employed here allows the SERS investigation of the influence of structural and
compositional changes of the underlying vanadium oxide film upon a change in the
electrochemical potential. We find that the Raman frequencies as well as the spectral
intensities of the adsorbed molecules strongly correlate with the ion intercala-

tion/extraction processes in vanadium oxide film.

6.2 Experimental

Electrodeposition of a vanadium oxide film

The electrodeposition of a vanadium oxide film onto an ITO substrate was performed
at a constant potential of 1.5 V for 120 sec, the details of which are described in Chap-
ter 5. The as-deposited film was rinsed with DI water, dried, and subsequently an-

nealed at 400 °C in air for 4 hrs at a ramp rate of 3 °C min™.

Preparation of AuNP-dithiol-vanadium-oxide junctions

In this particular study 4,4'-dimercaptostilbene (dithiol) was used as the probe mole-
cule at the interface. The annealed vanadium oxide film was immersed in a 1 mM tet-
rahydrofuran (THF) solution of dithiol for approximately 2 hrs to form a monolayer of
dithiol on the vanadium oxide surface. The sample was subsequently rinsed with THF
to remove the excess dithiol on the surface. Then a drop (~20 pl) of AuNPs suspen-
sion (diameter of 250 nm) was cast onto the dithiol-functionalized vanadium oxide

surface for a few minutes, followed by rinsing and air-drying to remove unattached

AuNPs.

Characterization
The in situ electrochemical-SERS measurement was performed in a custom-built cell

with a removable optical glass window (cover glass). The pre-treated vanadium oxide
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film was used as the working electrode, a Pt wire as the counter electrode and an
Ag/AgCl wire as the reference electrode. The electrolyte was 1 M Na,SO4 aqueous
solution. The Raman spectra were acquired using a Renishaw inVia Raman system
equipped with an integral microscope. A microscope objective (50%, NA: 0.5) was
positioned above the cell in order to locate the AuNPs spot. A 633 nm laser was used

as the excitation source.

6.3 Results and Discussion

Figure 6.1a sketches the structure of the AuNP-dithiol-vanadium-oxide junction and
the in-situ electrochemical-SERS measurement scheme. As can be seen from the SEM
image (Figure 6.1b), the crystallized vanadium oxide film has a rough surface. After
the heat-treatment at 400 °C, vanadium oxide film was coated with dithiol molecules
by immersing in a | mM THF solution of dithiol for 2 hrs. Then AuNPs of an average
diameter of 250 nm were cast onto the dithiol-functionalized vanadium oxide film to
construct a sandwich structure. The sample was subsequently transferred into a cus-
tom-built spectro-electrochemical cell for the in-situ electrochemical-SERS measure-
ment. The SERS spectra were obtained from the AuNP-dithiol-vanadium-oxide junc-
tion sites while simultaneously varying potentials. The spectra were typically col-
lected when the current profile reached a steady state. Although efforts were made to
probe only junctions which correspond to single NPs, due to the diffraction limitation
of optical microscopy, some of the probed sites could be dimeric junctions. However,
this does not affect our conclusions as the AuNP sandwich geometry on vanadium
oxide still reports the SERS signals from the interfacial junctions, as only the mole-
cules localized at the junction between the AuNP and the underlying vanadium oxide

experience the enhanced electromagnetic field.

Figure 6.2a shows typical SERS spectra collected from the same AuNP-dithiol-
vanadium-oxide junction site after applying —1 V and +1 V vs. Ag/AgCl. Three dis-
tinct vibrational modes of dithiol are clearly observed at ~1078 cm’! (Vring-7a> I.€. Vring-
s), 1584 cm’! (Vring-8b» i.€. Vc.c-c) and 1631 cm’! (vc:c).[13 I The vibrational modes cor-
responding to vanadium oxide were obscured because of the intense signal from di-
thiol. Most notably, the intensities of all bands are more enhanced at —1 V than at +1

V. In addition, when the applied potential was switched from +1 V to =1 V, Vying.7a
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shows an upward shift and viine.sp shows a downward shift, as can be seen more

clearly in Figures 6.2b-c.
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Figure 6.1 (a) Schematic showing the structure of the AuNP-dithiol-vanadium-oxide
junction and the in-situ electrochemical-SERS measurement scheme. (b) A SEM im-
age and (c¢) XRD pattern of the annealed vanadium oxide film, indicating its crystal-
line nature.
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Figure 6.2 (a) SERS spectra obtained from a representative AuNP-dithiol-vanadium-
oxide junction site upon applying potentials of —1V and +1V vs. Ag/AgCl. Spectra in
(b) and (c) were extracted from (a), highlighting the variations. Backgrounds have
been subtracted.
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At -1V, V" is reduced to V4+, but the number of O in the structure remains undis-
turbed. The resulting imbalance in electric neutrality is compensated by the charge of
Na' ions intercalated into the interlamellar region, producing Na,V,0s with a slightly
larger volume."¥ The V** ion has the electronic configuration 3d'. The partial filling
of the 3d shell causes the electron cloud to be displaced preferentially towards O, in-
ducing a slightly negative charge (O%), which essentially acts as an electron donating
group to dithiol. The excess negative charge can be transmitted through the backbone
of dithiol and stabilized as a carbanion (Csf). The electric neutrality of dithiol is
achieved by a slight positive charge on S (S°"). This process can be described by re-
ferring to the resonance structures for dithiol attached to reduced vanandium oxide in
Figure 6.3a. While at +1 V, V°" has a completely empty 3d shell, attracting the elec-
tron cloud of O, which in turn makes the terminal O act as an electron withdrawing
group to dithiol. This displacement of electric charge can be stabilized by the forma-
tion of carbocation (C®"), as illustrated by the resonance structures in Figure 6.3b. C*
is less stable than C°* due to the lack of an electron withdrawing group in the dithiol;
while C*" can be resonance stabilized by displacing the electron cloud of the C—S
bond. Another possible resonance structure is that the C*'—S bond can acquire a slight
double bond character since C°' is stabilized by attracting a lone pair of electrons
from the adjacent S, however, this is inhibited because S is bonded to Au. Also con-

sidering the bond strength of Cpenzene—S (~86 keal rnol'l)[ls]

is much higher than Au—S
(~50 kcal mol'l)[l(’], the Au—S bond would be much weakened in this situation, caus-
ing the structure to break down, hence, will not be visible in our SERS experiments.
In addition, C> has sp’ hybridization, thus adopting tetrahedral geometry, which in
turn disrupts the planar structure of benzene ring. All taken together, these factors ac-
count for the downward shift of Vyngsp in the SERS spectrum at —1 V. The drastic
change in the electronic structure of the benzene ring as a result of the presence of
electron donating/withdrawing group also significantly modulates the vibration cou-

pling between S and the benzene ring, which might account for the upward shift of

Vring-7a at =1 V.
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Figure 6.3 Resonance structures of dithiol upon applying potentials of (a) =1 V and
(b) +1 V vs. Ag/AgCl onto AuNP-dithiol-vanadium-oxide junctions. The change of
the valence state of vanadium significantly modifies the electronic structure of the
benzene ring, resulting in variations of the Raman shifts of Viing.7a and Viing-sp.

These variations of Raman frequencies induced by the charge status of O under the
influence of an external electric field are reversible when cycling the applied poten-
tials on AuNP-dithiol-vanadium-oxide junctions between —1 V and +1V vs. Ag/AgCl
(Figure 6.4). Slightly larger shifts were observed within the 1% cycle, indicating an
initial irreversible charge change caused by the permanent intercalation of Na" ions.
This type of initial irreversible ion insertion is commonly observed in lithium interca-
lation oxide materials."'®) After the initial irreversible insertion, subsequent interca-

lation/extraction is fully reversible.
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Figure 6.4 Raman shifts of (a) Viing-7a and (b) viing.sp When cycling potentials between
—1 Vand +1 V vs. Ag/AgCl. The shifts were found reversible as the number of poten-
tial cycles increased except slightly larger shifts observed during the 1% cycle.
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All bands in the SERS spectra of dithiol also underwent intensity fluctuations upon
alternating potentials between —1 V and +1V vs. Ag/AgCl. Figure 6.5a depicts the re-
lationship of intensity ratios of three major bands (V(ring-7a), V(ring-8b) and v(c=c)) between
—1 V and +1 V within each cycle on the number of cycles. The SERS signal is overall
more enhanced at —1 V than at +1 V. The observed increase in SERS intensity at =1 V
could be rationalized in terms of anion-induced reorientation of the dithiol molecule,
which was often seen in the system of some organic dye molecules.'” The dithiol
molecule is likely reoriented from a more parallel to more vertical position with re-
spect to the metal surface, inducing higher electromagnetic enhancement. Similar to
the enhanced Raman shifts observed in the 1% cycle (Figure 6.4), all intensity ratios
also show an initial large decrease. In subsequent cycles the ratio between the intensi-
ties at —1V and +1V are quite similar and stable. However, it is worth pointing out
that the intensity ratio of v(c—c) at £1 V is much larger than those of V(ring-7a) and V(ring-gb)
at £1 V. Figure 6.5b displays the variations of Iic=c/7s) as a function of the applied po-
tential for each of the cycles. We have used the intensity of V(ing.7a) @s an internal in-
tensity reference because Ving 7) is relatively inert to the variation of potentials.!! The
ratio starts from ~0.8 at the 1 —1 V step, and then fluctuates between ~0.4 and ~ 0.15
in the following cycles. This fluctuation of the v(c-c) intensity clearly indicates the
change in orientation, and we postulate that a trans-cis isomerisation process occurs as
the potential is cycled. The trans to cis conversion typically occurs under UV irradia-
tion.”***! However, when applying —1 V, due to the increase of the Fermi level of the
electrode,™ the excitation energy matches the required conversion energy, because of
the charge transfer from the metal oxide electrode to the adsorbed dithiol molecule.
This leads to the trans to cis conversion under the excitation of 633 nm laser. When
the potential is positively cycled to +1 V, the excitation does not meet the energy re-
quired for conversion, therefore the trans to cis transformation does not occur or any
converted cis-form, which is less stable reverts back to the trans-form. This potential

dependent of the trans to cis transformation is illustrated in Figure 6.6.
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Figure 6.5 (a) The dependence of Ljvy/+1v Of V(ing-7a), V(ring-8b) and v(c=c) on the number
of £1 V potential cycles. (b) Variations of Ic-¢/I7, when cycling potentials between —1
V and +1 V. The v(c=c) exhibits much larger intensity variations between —1 V and +1
V compared tO V(ring-7a) and V(ring-gb), Which is likely due to the change in orientation
associated with the trans-cis isomerisation when cycling potentials.
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Figure 6.6 Schematic diagram of the trans-cis conversion driven by the charge trans-
fer from the metal oxide electrode to the adsorbed molecule in an electrochemical-
SERS system. The increase of the Fermi level of the electrode at —1 V leads to a
match between the excitation energy and the trans to cis conversion energy.

6.4 Conclusions

In conclusion, in situ electrochemical-SERS spectra were acquired from AuNP-
dithiol-vanadium-oxide junctions. This sandwich geometry which was constructed by
placing AuNPs onto dithiol-functionalized vanadium oxide films allowed an investi-
gation of the influence of the electrochemical potential on Raman signatures of dithiol
molecules. The variations of spectra in terms of Raman shifts and intensities can be

correlated with the ion intercalation/extraction processes at the vanadium ox-
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ide/electrolyte interface. The results presented in this work may open up new ap-
proaches for the investigation of adsorbates and reaction pathways at the interface of a

variety of semiconductor films.
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Metal-Oxide Nanoparticle
Enhanced Raman Scattering

7.1 Introduction

Transition-metal oxides, due to the strong correlations of their d electrons, give rise to
a wide variety of phenomena such as magnetism, ionic conduction, metal-insulator
transitions, multiferroicity and superconductivity.!'! As a result, they have found a
wide range of applications that include fuel cells, batteries, catalysts, sensors and mi-
croelectronics.!'! Despite the importance of molecular binding and surface reactivity,
their utilization in plasmonic applications has been prevented by their surface plasmon
resonance (SPR) in infrared wavelength region.[z'ﬁ] Surface-enhanced Raman scatter-
ing (SERS) is a popular plasmonic application utilizing ultraviolet (UV), visible (VIS)
or near-infrared (NIR) excitation, overcoming the extremely small scattering cross
section (~107" cm® per molecule) in conventional Raman scattering!”’. It is a non-

(8

invasive and non-destructive fingerprint characterization™ with extensive applications

in chemical and biological sensing. The amplification in SERS stems primarily from

the electromagnetic (EM) enhancement (up to 10!

obtained by excitation of
SPR.!"" This is accompanied by the typically smaller and system-dependent chemical
enhancement, which is a result of the formation of charge-transfer complexes between
the adsorbate and the surface.!'!) Therefore, for efficient and sensitive SERS detection
of molecules, nanoscale structures fabricated entirely from coinage metals (especially
Ag and Au) have been the materials of choice since their SPR is easily excited in the
VIS or NIR regions. On the other hand, the use of metal-oxide nanoscale materials for

enhanced Raman scattering has remained confined to a few charge-transfer com-

plexes,[lz'm limiting their widespread applications.

In this work, we demonstrate that Raman scattering can be greatly amplified simply
by placing metal-oxide nanoparticles (MONPs) onto flat metallic surfaces. In order to

differentiate this approach from the various metallic NP- (or NP array-) enhanced
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Raman scattering strategies!'>'®!

we christen it metal-oxide nanoparticle-enhanced
Raman scattering (MONERS). Although its construction is analogous, it is unlike sys-
tems where the enhancements are due to coupling between the localized SPR (LSPR)
of the metallic NP and the propagating surface plasmon plaritons of the underlying

metallic substrate,!'”'*]

or the modification of LSPR modes of the plasmonic NP by a
dielectric substrate.'”?” In the present case, the MONPs are non-plasmonic and do
not have a LSPR in the wavelength range studied. Moreover, our method is generic,
and applicable to a variety of MONPs fabricated from materials such as Fe;O4, TiO,,
WOs3 and ZnO. Advantages of using MONPs in comparison to metallic NPs are that
they are abundant, low cost, easily modified, biologically compatible, and most im-
portantly they bring additional functionalities to the system. For example Fe;O4 NPs
have been widely used in magnetically assisted bio-separations, controlled drug deliv-
ery and magnetic resonance imaging;[zl] while TiO, NPs are widely used in nano-
formulations such as sun-creams, and are of great interest for applications in dye-

[22] (3] and biosensors.**! Probing enhanced Raman scat-

sensitized solar cells,"” catalysis
tering signals by utilizing MONERS therefore opens up significant opportunities in a
variety of fields involving metal-oxide materials and their interfaces. We demonstrate
this by directly monitoring an interfacial chemical reaction and we show an exemplar
application utilizing the advantages offered by a MONERS system by tracking the
photocatalytic decomposition of an organic dye catalyzed by TiO, NPs. (This work

was done in collaboration with Tanya Hutter.)

7.2 Experimental

Flat Au substrates

Two types of flat Au substrates were used. The fabrication procedures were as follows.
(1) Ultraflat Au substrate:**! an approximately 80 nm thick Au layer was first evapo-
rated onto a clean mica sheet, followed by a Cr layer with a thickness of around 5 nm.
The substrates were then plasma etched for 5 min to ensure hydrophilicity of the sur-
face. Droplets (~20 pl each) of sodium trisilicate solution were then cast onto the Cr
side, followed by a two-stage heating process, first at 70 °C and then at 120 °C for 12
hrs each. The Au substrate can then be easily peeled from the mica substrate when

needed. (2) Evaporated Au substrate: a Cr layer with a thickness of around 5 nm was
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first evaporated onto a clean Si wafer, followed by an approximately 80 nm thick Au

layer.

Preparation of MONERS-active NPs on Au surfaces

NPs on functionalized Au surfaces: The Au substrate was immersed in a 1 mM tetra-
hydrofuran (THF) solution of 4,4'-dimercaptostilbene (dithiol) for approximately 1 hr
to form a fully saturated self-assembled monolayer of dithiol on the Au surface. The
sample was subsequently rinsed with THF to remove the excess dithiol on the surface.
Then a drop (~20 pl) of MONP suspension (sFe3;O4, cFes04 NPs, TiO;-rutile NPs;
WO; NPs, < 100 nm particle size; ZnO NPs, < 130 nm particle size; Au NPs, diame-
ter of 100 nm) was cast onto dithiol-functionalized Au surfaces and left for a few
minutes, followed by rinsing and air-drying to remove unattached MONPs. NPs on 4-
mercaptobenzoic acid (MBA)-functionalized Au surfaces: The Au substrate was im-
mersed in a 1 mM ethanol solution of MBA for overnight. NPs on dye-functionalized
Au surfaces: The Au substrate was immersed in a 100 uM aqueous solution of me-
thylene blue (MB) or aqueous solution of nile blue 690 (NB) for approximately 1 hr.
The samples were prepared in the same manner as described for preparing NPs on di-

thiol-functionalized Au surfaces.

Synthesis of Fe;0, NPs

sFe;04 NPs were synthesized by a solvothermal method following a procedure
adapted from Deng et al. [26] Briefly, FeCl;-6H,O (0.67 g) and CH3COONa (1.8g)
were dissolved in ethylene glycol (20 mL). After stirring for 1 hr, the viscous slurry
was transferred into a Teflon-lined autoclave (50 mL capacity). The autoclave was
heated to 200 °C for 5 hrs, and then allowed to cool down to room temperature. The

product was washed several times with ethanol and dried at 60 °C in vacuum for 6 hrs.

cFe;0; NPs were synthesized by a solvothermal method following a procedure
adapted from Li et al. [27] Briefly, FeCl;-6H,0 (1 g), 1,6-hexanediamine (5.95 g) and
CH;3COONa (2.0 g) were dissolved in ethylene glycol (30 mL). After stirring at 50 °C
for 1 hr, the solution was transferred into a Teflon-lined autoclave (50 mL capacity).

The autoclave was heated to 200 °C for 6 hrs, and then allowed to cool down to room
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temperature. The product was washed several times with ethanol and dried at 60 °C in

vacuum for 6 hrs.

Calculation of the Raman enhancement factor (EF)™"
The Raman EF of MONP-Au was estimated by comparing the intensities of the 8b
band of the unenhanced Raman scattering (/raman) from a 5 mM THF solution of di-
thiol, obtained by focusing the laser light into a quartz cuvette, and the corresponding
enhanced Raman scattering (ERS) signals (/grs) obtained from the MONP-dithiol-Au
system. The detection volume of the solution-phase dithiol sample (Vy) was calculated
using the equation V= (depth of focus) x (focus area) = (1.4n4/NA*) x n(0.47/2NA)*.
The surface density of the adsorbed dithiol molecules on the Au surface and the num-
ber density of the dithiol molecules in solution are ps = 3.3 molecules nm™, and p, = 3
x 10 molecules nm™, respectively. The enhanced area (4) was taken as the area on
the Au substrate that experiences a local field enhancement |E/Eo|*

1/2|EmaX/E0|4, where Epx is the maximum local-field amplitude. The EF of the NP-

larger than

dithiol-Au system was obtained by comparing the unenhanced Raman signal from a
single dithiol molecule with the ERS signal from a single dithiol molecule sand-
wiched between the NPs and the Au surface, using the relationship, EF =
[Lers/(psA) )/ [Iraman/(pvV7)]. The calculation of EF for the NP-MBA-Au system was ob-
tained in a similar manner. The unenhanced Raman scattering was obtained from a 25
mM ethanol solution of MBA by focusing the laser light into a quartz cuvette. The
enhanced areas are different in dithiol and MBA systems due to the differences of the

[29

length of molecules (the length of dithiol is taken as 1.3 nm,”’ and the length of

MBA is taken as 0.7 nm[zg]).

Simulation

A two-dimensional model using COMSOL Multiphysics v4.2, a commercial finite-
element mode solver, was constructed to gain a quantitative understanding of the
Fe;04 NP system and to enable parametric studies. The simulation was performed in
two steps: the first step is for the substrate only, using Floquet boundary conditions
combined with a port-boundary for the field excitation. The second step solved the
scattered field caused by the Fe;O4 NP on the substrate. Perfectly matched layers were

used at the boundary to absorb the scattered radiation in all directions, particularly to
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prevent scattering artifacts from edges. p-polarized light at incident angles of 45° and
0° to the surface normal was used. The simulations were performed for wavelengths
in the range of 375—-1000 nm. The complex refractive indices of AuP% and Fe;O4 (31]
as a function of wavelength were taken from the literature. (The simulation was car-

ried out by Tanya Hutter.)

Functionalization of MONPs

MONPs were added to a THF solution of dithiol in an amount sufficient to achieve
full coverage of dithiol molecules per NP. Similar solutions in ethanol or water were
used for functionalization with other molecules. Taking Fe;O4 NPs as an example,
and assuming that the surface density®*! of dithiol molecules on MONPs is p= 3.3
molecules nm™, and the average diameter of Fe;04 NPs is 254 + 71 nm, full coverage
is calculated as 6.7x10° molecules per NP. The suspensions were stirred overnight to
ensure complete absorption of the thiol molecules onto MONPs before collecting the

spectra.

Photocatalysis

A Hg lamp (100 W) was used with a filter to exclude all light above 400 nm. The Au
substrate was immersed in a 100 pM aqueous solution of MB for approximately 1 hr.
A droplet of TiO,-P25 aqueous suspension was drop cast onto an Au substrate for 1
min followed by rinsing and air-drying to remove unattached NPs. The MONERS

spectra were taken at the same NP spots (6 spots) after different UV exposure times.

Characterization

Sample surface topography was examined with a Veeco EnviroScope AFM. The
dark-field scattering spectra were collected using an optical microscope (Olympus
BX51) equipped with an Ocean Optics QE65000 spectrometer (spectral range:
200—1100 nm) and a 50 pum diameter optical fiber (Ocean Optics QP50-2-VIS-BX).
Objectives with magnifications of 20x (NA: 0.45) and 100x (NA: 0.80) were used.
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7.3 Results and Discussion

To demonstrate MONERS, we coated a monolayer of dithiol on flat Au substrates and
the respective NPs were then allowed to adsorb onto the monolayer, as illustrated
schematically in Figure 7.1a. At the outset, we investigated Fe;O4 NPs (average di-
ameter 254 £ 71 nm). The MONERS effect is generated at the single-particle level; to
show this, the concentration of suspensions and the adsorption time were controlled
such that the Fe;O4 NPs were well separated from each other (Figure 7.1¢). Figures
7.1d and e show, respectively, a SEM image and a MONERS image of a typical
Fe;04 NP on a dithiol-functionalized Au surface. Intense molecular signals were ob-
served localized to the Fe;O4 NP spot only (Figure 7.1e). Without the attachment of
Fe3;04 NPs, no Raman signal from the dithiol was detected. To rule out the possibility
that roughness might play a role in the enhancement, Au surfaces with a very high
degree of flatness (Figure 7.2a) were prepared by a template-stripping method against
mica.'””! These Au surfaces, with a RMS roughness of 0.3 nm, showed similar levels
of Raman signal enhancement compared to the normal flat Au surfaces fabricated by
thermal evaporation (Figure 7.2b). Neither type of Au substrate showed any molecular
signal in the absence of MONPs, confirming that Raman enhancements indeed only
arise from the interaction between the MONPs and Au surfaces. Although we primar-
ily discuss here the case where molecules have been adsorbed on the surfaces before
NP attachment, the MONERS effect works equally well with molecules adsorbed on
NPs (Figure 7.1b and Figure 7.3).

80



Chapter 7

Enhanced
Raman

||||||||||||||||

Figure 7.1 (a) Schematic of a MONP on a functionalized Au surface and (b) sche-
matic of a functionalized MONP brought onto a bare Au surface. (c) A representative
SEM image of well-separated Fe;O4 NPs. (d) A SEM image of an Fe;O4 NP; and (e) a
MONERS image of an Fe;O4 NP on a dithiol-functionalized Au surface obtained by
excitation with a 532 nm laser. The MONERS image was reconstructed by using the
integrated intensities of the 1581 cm™ and 1628 cm™ Raman peaks of dithiol.
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Figure 7.2 AFM topographies of ultraflat and evaporated Au substrates. (a) Ultraflat

Au substrate: RMS roughness = 0.275 nm. (b) Evaporated Au substrate: RMS rough-
ness = 1.1 nm.
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Figure 7.3 A MONERS spectrum from single MBA-functionalized Fe;O4 NP ab-
sorbed onto a bare Au surface with 532 nm excitation. The background has been sub-
tracted.

To explore the universality of the MONERS effect, we carried out experiments with a
variety of MONPs in addition to the single Fe;O4 (sFe;O4) NPs mentioned above,
each possessing a different crystalline structure (Figure 7.4), band gap and refractive
index (Table 7.1). MONERS spectra collected from different MONPs with the dithiol
molecules on the surface obtained with 533 nm and 633 nm laser excitations are
shown in Figure 7.5. It is evident that all of these display the MONERS effect. This
was again surprising, because some of these MONPs were irregularly shaped and a
few of them formed agglomerates (typically 100—400 nm; see Figure 7.6). In the case
of cFe;04, WO; and ZnO, even though the particles used were clusters composed of
small NPs, remarkably large MONERS signals were still observed from molecules on
the Au surface. Strong MONERS signals were also obtained with TiO,-rutile NPs as
well as TiO-anatase and the commercially available TiO,-P25 (Degussa) NPs (data
not shown). In all the MONERS spectra shown in Figure 7.5, four distinct vibrational
modes of dithiol were clearly observed, at 1078 cm™ (ring mode-7a), 1186 cm™ (ring
mode-9a), 1581 cm™ (ring mode-8b) and 1628 cm™ (v(c:c)).[3 31 In addition to the vi-
brational modes of dithiol, some bands were also observed below 900 cm™. These are
characteristic of the MONPs used and are attributed to various phonon modes of the
metal oxides, as also confirmed by the bulk Raman spectra collected from the corre-

sponding MONP powders (Figure 7.7).
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Figure 7.4 XRD patterns of various MONPs. The patterns are indexed as follows:
sFe304, cFe;04 (JCPDS 75-1610); TiO,-rutile (JCPDS 65-0191); WO; (JCPDS 43-

1035); ZnO (JCPDS 65-3411).

Table 7.1 Band gaps and refractive indices of various MONPs.

Eg(eV) N 532 nm N 633 nm [ 7 785 nm
Fe;0, 0.1 ]2.28B1 235 [2.34
TiO,-rutile | 3.0 7| 2.50 BT | 2.49 2.49
WO, 2607122208210 [2.09
ZnO 3.39112.03M71 1.99 1.96
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Figure 7.5 The MONERS spectra from various MONPs on dithiol-functionalized Au
surfaces with (a) 532 nm and (b) 633 nm excitations, respectively. The backgrounds
have been subtracted and the spectra have been offset for clarity.
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Figure 7.6 SEM images of various MONPs, including cFe;0,, TiO,-rutile, WO; and
ZnO on dithiol-functionalized Au surfaces. All scale bars are 100 nm.
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Figure 7.7 Raman reference spectra of various MONPs powders under excitation
with a 532 nm laser. The backgrounds have been subtracted and the spectra have been
offset for clarity. sFe;O4 and cFe3O4:[41] The two distinct peaks observed at 214 cm’!
and 274 cm™ are assigned to the Ty, and T,, modes, which are usually absent from the
MONERS spectra of Fe;O4-dithiol-Au. The weak broad band seen between 600 cm’
and 700 cm™ is attributed to the A;, mode. The broad band centred at 1280 cm™ is
due to the COO™ residue remaining from the synthesis process. TiO,-rutile:**! The
broad band at 235 cm™ is assigned to a second-order phonon, and the bands observed
at 447 cm™ and 609 cm™ are identified as Eq and A;, modes, respectively. WO;:[*"
The band observed at 277 cm™ is assigned to O—W—0 deformation vibrations. The
broad, asymmetric band at 720 cm™ and the strong band at 810 cm™ are characteristic
of monoclinic WO; and are assigned to the stretching O—W—0 modes of the bridging
oxygens of WOy octahedra. ZnO:*" The peak at 330 cm™ is assigned to the E,(TO)
mode. The peak at 433 cm™ is characteristic of the wurtzite lattice, assigned to the E,
mode and the strong intensity indicates good crystallinity. The peak at 574 cm’ corre-
sponds to the A;(LO) phonon. The broad features between 1020 cm™ and 1200 cm™
are characteristic of ZnO, assigned to two-phonon modes (2LO). The broad band at
1450 cm™ is assigned to the three-phonon combination A;(TO) + E;(LO) + E,.
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The enhancements obtained in the MONERS system were typically 3—4 orders of
magnitude compared to corresponding normal Raman measurements (Table 7.2).
These are comparable to or higher than what has been achieved from nanostructured
transition metals themselves,'**! for which reported enhancement values range be-
tween 10 and 10*. The reported enhancements obtained for the transition metals, Fe
(x1942)"*" and Zn (x221),**! are lower than the enhancements with MONERS. This
is due to the higher absorption (inter-band transitions) in the VIS and NIR regions in
transition metals compared to the transition-metal oxides investigated here. Although
the enhancements are lower than in an analogous AuNP-on-Au system (Table 7.2 and
Figures 7.8 and 7.9),2**! they are sufficiently intense to give high signal-to-noise ra-
tios in MONERS spectra (Figure 7.5). Signals could be repeatedly recorded from the
same NP more than 50 times under conditions below the degradation threshold. Varia-
tions in EFs across all systems are a manifestation of nanoscale differences in size,
shape and nanoscale geometry. Nevertheless, given the large enhancements, espe-
cially compared to transition-metal nanostructures and the multi-functional aspects of

metal oxides, MONERS holds enormous potential to study interfacial phenomena.

Table 7.2 Average experimental EFs for various NP-dithiol-Au systems.”

NPs EF x10° (532 nm) | EF x10° (633 nm) | n(633 nm)
sFe3;04 (250 nm) | 7.3 £ 6.0 17+ 14 2351
cFe;0, 22 nm) [3.9+27 9.7+7.6 2.35 Pl
TiO,-rutile 42+32 23+ 15 2.49 B¢
WO; 7.7+59 45+52 2.10 P¥
ZnO 43+53 2.5+3.6 1.99 I
100 nm AuNP | 150 + 160 6400 = 5200

“ Data were collected from 30—50 different NP spots. The 8b band (1581 cm™) of
the dithiol is used for calculating the EF values. The refractive indices have been
taken from the literature.
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Figure 7.8 SEM image of a representative 100 nm diameter Au NP on dithiol-
functionalized Au substrate.
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Figure 7.9 Raman spectra of 100 nm diameter Au NP on dithiol-functionalized Au
surface under excitation with (a) 532 nm and (b) 633 nm lasers.

In order to interpret the observed results in terms of an EM mechanism, finite-element
simulations were carried out on the Fe;O4 NP on Au system with a gap distance of 1.3
nm, corresponding to the presence of the dithiol molecule.”” Because of the weak
spectral dependence, we consider enhancements in SERS from the quantity £*, where
E denotes |E,/Ey|. Here, E, refers to the localized scattered field in the y-direction mid-
way in the gap between the NP and the Au surface (Figure 7.10) and E| refers to the
incident field. We have used three laser sources (1ex) in our experiments, 532 nm, 633
nm and 785 nm. For a 200 nm Fe;O4 NP, the simulated |Ey/E0|4 is highest for 633 nm
excitation and lowest for 785 nm excitation (Figure 7.11). This is indeed consistent
with the observed experimental EFs of the sFe;04 MONERS system under excitation
with different wavelengths (Figure 7.11b). However, the broad MONERS resonance
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is effective over a much wider wavelength range than traditional plasmonic enhance-
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Figure 7.10 (a) Schematic of the simulation model of a 200 nm diameter Fe;O4 NP-
Au system. The gap distance is 1.3 nm. The variations of |Ey/E0|4 along the central line
(x-axis) in the gap are shown for incident angles of (b) 45° and (c) 0°, when illumi-

nated with 532 nm and 633 nm lasers.
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Figure 7.11 Comparisons of simulation and experimental results of Fe;04 NP on Au
surface. (a) Simulated |Ey/E0|4 for a 200 nm Fe;O04 NP on an Au surface with a gap
distance of 1.3 nm. The lines in the highlighted regions indicate the centre wavelength
for comparing enhancements for the three laser excitations used: 532, 633 and 785 nm.
(b) The corresponding incoming, outgoing wavelengths (based on the vibration mode
at 1581 cm™) and centre wavelengths are tabulated, along with the observed experi-
mental EFs.

Figure 7.12a displays the effect of the NP size on the enhancement over the VIS-NIR
range in the Fe;O4 NP-Au system under a p-polarized field at angles of incidence of
45° to the surface normal. Clearly, the enhancements increase with increasing NP di-
ameter up to 300 nm and then show a slight decrease. This is due to an increase in the
scattering cross-section with size, which, after a critical size, is radiatively damped
due to depolarization effects across the particle.[so] The simulated scattering cross-
section at a 45° angle of incidence for 200 nm Fe3O4 NPs is overlaid on the measured
dark-field scattering spectra in Figure 7.12b. There is a good correspondence between
them, as the size of the Fes04 NPs used here is of the order of 200 nm. The red shift
observed with increasing Fe;O4 NP size is very similar to the well-known size de-

pendence of SPR wavelengths found in all metallic NP systems.""
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Figure 7.12 (a) Simulations of the NP size dependence of |Ey/E0|4; the gap distance is
1.3 nm. (b) Dark-field scattering spectra (i-iii) of three representative Fe;04 NPs on
Au and on glass overlaid with a simulated spectrum (green). (c) Simulated |E}/E| dis-
tribution at 633 nm around a 200 nm Fe;O4 NP on Au with a gap distance of 1.3 nm
with 633 nm excitation. (d) Simulated spectral variation of |Ey/E0|4 for various values
of the gap distance. (e) |Eymax/Eo|4 of a 200 nm Fe3;04 NP on Au as a function of d/R,
which can be fitted by a power-law function (black curve).”*! p-polarized light at an
incident angle of 45° was used.

The simulation results indicate that the observed enhancement in MONERS is indeed
due to an optical modulation caused by the local dielectric perturbation by the
MONPs. When a Fe;O4 NP is brought very close to the Au surface, the local dielectric
constant is altered due to an EM interaction with the continuum of delocalized propa-
gating surface plasmons at the underlying Au surface, leading to a localization of the
electric field in the gap formed between the NP and the metal surface. An alternative
view considers enhanced scattering by the high-index NP, exciting surface plasmons
on a flat Au surface, which become confined in the gap, producing a large EM-field
enhancement. While the coupling of light into flat metal surfaces is impossible due to
the momentum mismatch between the wave-vectors of a free-space photon and a
plasmon confined to a surface, the high-index NP acts as an antenna, coupling light

into the gap above the metal surface. Although electric dipoles[53] and array of dielec-
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tric spheres[54]

near a metallic surface, as well as the case of a metal NP on a high di-
electric substrate!'”! have been predicted to enhance scattering, the coupling and en-
hancement with a high refractive index MONP on a plasmonic surface is uniquely ex-

amined here.

The evidence that indeed excitation of localized surface plasmons in the substrate oc-
curs on bringing MONPs close to the surface is seen in experiments of MONPs on Pt
surfaces which are only weakly plasmonic. On these surfaces, only weak MONERS
signals were detected (data not shown) although thiols form well organized self-
assembled monolayers on Pt similar to Au.">! Clearly, the size and type of NP mate-
rial are important in MONERS but the plasmonic properties of the substrate are sig-
nificant. A dielectric surface does not give any enhancement; Fe;O4 NPs on glass
gave no enhancement in experiments and yielded an MONERS EF of only ~23 in
simulations (Figure 7.13). Furthermore, by comparing the same vibrational modes of
different molecules between Au NP on an Au surface and sFe;O4-based MONERS
systems, we find consistent shifts in vibrational frequencies across all bands due to the
different chemical interactions but little difference in enhancements (Figure 7.14).
Also, the molecules mixed with MONPs alone did not produce any enhanced Raman
signals (Figure 7.15). Therefore, we rule out a “chemical effect” as a mechanism for

the observed enhancements in MONERS.

16007
1400 | ~©-200 nm Fe,O, NP-Au
—-200 nm Au NP-glass
1200} —e—200 nm Fe,O, NP-glass
*. 1000}
!
w 8001

500 600 700 800 900 1000
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Figure 7.13 Simulated values of |Ey/E0|4 for Fe;04 NP-Au, Au NP-glass, and Fe;O4
NP-glass systems. The diameters of all NPs are 200 nm. The gap distance is 1.3 nm
and the incident angle is 45°.
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Figure 7.14 Raman shifts of the 8b band in various systems under excitation with a
532 nm laser. The same mode for dithiol and MBA shows a shift in frequencies be-
tween the AuNP-on-Au and sFe;O4NP-on-Au systems but not vastly different en-
hancements between the two molecules for the same particle-on-substrate system. The
backgrounds have been subtracted.
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Figure 7.15 Raman spectrum of a dithiol-functionalized Fe;O4 NPs suspension in
THF under excitation with a 532 nm laser, showing a Raman scattering signal only
from the background solvent (THF). All the other dithiol-functionalized MONPs ex-
hibit similar spectra only from the solvent and not from the adsorbed molecule. The
background has been subtracted.
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The highest field enhancement is localized in the gap between the Fe;04 NP and the
Au substrate (Figures 7.10 and 7.12c¢). As expected, the enhancement effect in
MONERS is highly sensitive to the size of the gap (Figures 7.12d-e). The distribution
of E* becomes tighter and rapidly increases as the gap distance is decreased, due to
the higher field confinement, and scales as (d/R)"% Indeed, higher MONERS en-
hancements of 1.6 (+ 1.7) x 10° were obtained with MBA, where the MBA molecule
is approximately half the length of the dithiol molecule. The intense enhancement ob-
tained from MBA, along with many other dyes and molecules (Figure 7.16), also
proves that the enhancements demonstrated here show no selectivity towards probe
molecules, unlike the charge-transfer enhancement observed for semiconductor NPs

by other researchers.!*'*!
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Figure 7.16 The MONERS spectra of sFe;04 NP on dye-functionalized Au surfaces
under excitation with 532 nm and 633 nm lasers. The back curves are spectra col-
lected from the background, i.e. without the attachment of sFe;O4 NP. MB refers to
methylene blue, NB refers to nile bule.
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Significantly, no MONERS signals were obtained with dielectric particles, such as
Si0; and polystyrene, under our experimental conditions. Simulations reveal that such
SiO, NP-based MONERS system should indeed give two orders of magnitude lower
enhancements (Figure 7.17). This difference between Fe;O4 NP and SiO, NP systems
indicates that the field enhancement is influenced by the refractive index of the NP.
The correlation between the NP refractive indices and the EFs at 633 nm is evident
since the observed MONERS EFs of ZnO and WO; are indeed lower than those of
TiO,-rutile and Fe;O,4 (Table 7.2). This is consistent with our explanation that a
higher refractive index NP leads to more efficient scattering with better confinement

of the scattered field in the gap.

a
b c
50r 450 — 633 nm 80 0° — 633 nm
— 532 nm
0 1 1 1 o 1 1 1
-100 0 100 -100 0 100
x-axis (nm) x-axis (nm)

Figure 7.17 (a) Schematic of the simulation model of a 200 nm diameter SiO, NP-Au
system. The gap distance is 1.3 nm. The variations of |Ey/E0|4 along the central line (x-
axis) in the gap are shown for incident angles of (b) 45° and (¢) 0°, when illuminated
with 532 nm and 633 nm lasers.

A key property of Fe;O4 NPs is that they are ferromagnetic and hence, are used for
bio-separation. They assemble into linear chains under the influence of an external
magnetic field (Figure 7.18a). These chains are formed by a single layer or two layers
of Fe;04 NPs. As clearly seen from Raman map images (Figure 7.18b) the intense
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signals are localized only to the assembled chains of NPs. Spectra obtained from
MONERS chains under excitation from both 532 nm and 633 nm pump light (Figures
7.18c-d) show signals from molecules under the chains. This confirms the field en-
hancement is maximized in the gap between the particles and the surface, rather than
between the particles themselves. This is confirmed in simulations of a dimer on an
Au surface (Figures 7.18e and 7.19). Thus the ferromagnetic property in tandem with
the MONERS approach could be used to separate and detect biomolecules in situ in

solutions in real time.
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Figure 7.18 (a) A SEM image and (b) a MONERS image collected under excitation
with a 633 nm laser of representative Fe;O4 lines assembled on an MBA-
functionalized Au surface under the influence of an external magnetic field. The
MONERS image is reconstructed by using the integrated intensities of the 1588 cm™
peak of the MBA molecule. MONERS spectra from a spot on an Fe;O4 line on an
MBA-functionalized Au surface under excitations with (¢) 532 nm and (d) 633 nm
lasers. The backgrounds have been subtracted. (e) Simulated |E,/E,| distribution at 633
nm around a 200 nm diameter Fe;04 NP dimer on Au under excitation with 633 nm at
an incident angle of 0°. The gap distances between Fe;O4 NPs and between dimer and
substrate are both 1.3 nm. E, is the local field in the y direction; Ej is the incident
field.
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Figure 7.19 (a) Schematic of the simulation model of a 200 nm diameter Fe;O4 NP
dimer-Au system. The gap distances are 1.3 nm. The incident field is at an angle of 0°.
The variations of |Ey/Eo|4 along the central line in the gap (x;) compared with |E,/Eq|*
along the central line in the centre (x;) are shown for excitation with (b) 532 nm and
(c) 633 nm lasers. |E),/E0|4 along x; is negligible hence is not taken into consideration.

Furthermore, MONPs can not only assist in monitoring the molecular transformation
at an interface but also actively catalyse it. We have monitored the photocatalytic de-
composition of MB by TiO, NPs (P25, Degussa) by MONERS (Figure 7.20). The
spectra in Figure 7.20b clearly show that the characteristic Raman peaks of MB de-
crease in intensity with increased exposure to UV radiation. However, comparing the
different Raman modes in the spectra the molecular mechanism can be elucidated.
The 448 cm™, 500 cm™, 1510 ¢cm™ and 1624 c¢m peaks are assigned to C—N—C,
C—S—C, —-NH, deformation and C—C ring stretching modes, respectively."® Figure
7.20c shows that the C—N—C bond is cleaved in preference to the C—S—C bond lead-
ing to a decrease in the ratio of the corresponding peaks. The simultaneous increase in
the peak ratio of the —NH, deformation to the benzene ring mode agrees with the
above and confirms predominant scission of the central ring vis-a-vis the adjacent
benzene moieties, providing direct evidence of the degradation mechanism proposed
for MB on Ti0,.5” This clearly demonstrates that MONERS allows direct molecular

observation and understanding of chemical processes at a metal-oxide interface.
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Figure 7.20 (a) Schematic of MONP mediated photocatalysis and simultaneous
MONERS monitoring. (b) MB spectra after different exposures to UV irradiation
showing a rapid decrease of the peaks. The MB molecular structure is shown in the
inset. (c) The ratio of intensities of the 448 cm’™ to the 500 cm™ peaks decreases, indi-
cating predominant cleavage of the C—N—C bond while that of 1510 cm™ to the 1624
cm’' peaks increases as a result of ring scission leading to formation of —NH,.

7.4 Conclusions

In conclusion, the straightforward origin of the MONERS effect demonstrated here
gives enhanced Raman scattering mediated by MONPs, which has never been previ-
ously attempted. Although the construction is analogous to the metallic (Au or Ag)

NP-on-substrate systems,[17'20]

it is fundamentally different since MONPs are non-
plasmonic and the mechanism of coupling light into metallic surfaces is different.
More importantly this work opens up a significant area for the fundamental and ap-
plied study of chemically-active surfaces. We have shown an initial proof-of-concept
experiment to exemplify these distinct advantages, using MONPs to directly monitor
and elucidate the mechanism of photocatalytic decomposition of MB. MONERS will
thus aid in understanding many types of interfacial phenomena, including those in ca-
talysis and energy transfer in photovoltaics and photoelectrochemical systems, in ad-

dition to adding novel functionalities to traditional methods of detection and biosens-

ing.
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Chapter 8
Gold Nanoparticle on Gold Plane

8.1 Introduction

Plasmonic metallic nanostructures with carefully designed shape, architecture and size
can effectively couple incident light through the excitation of their surface plasmon
resonance (SPR) and thus enhance local electromagnetic fields significantly. This
unique capability of concentrating electromagnetic fields in sub-wavelength volumes
has found applications in surface-enhanced Raman spectroscopy (SERS).""! Among
various nanostructures, the nanoparticle-on-mirror (NPOM) configuration®! in which
a metallic nanoparticle (NP) is placed close (< 50 nm)w to a metallic surface is par-
ticularly interesting. This is due to its simple and straightforward construction yet rich
plasmonic properties caused by the hybridization between the localized surface plas-
mon of the metallic NP and the propagating surface plasmon polariton of the metallic
surface. This system is remarkably sensitive to various factors, including the size of
NP,"! the material composition of each component,'® the distance between the NP

471 angle of incidence® and surrounding dielectric me-

and the metallic surface,
dium.™” Within the nanometer region between the NP and the mirror, the electro-
magnetic field is enhanced by many orders of magnitude, creating a “hot-spot”, which
allows zeptomole SERS detection of molecules within the “hot spot” volume.!"” The
NPOM configuration is believed to be almost as effective for SERS™ as the well-
studied system of two closely coupled Au or Ag NPs, which has been shown to pos-

sess single molecule-SERS (SM-SERS) detection capability.[”'n ]

Recently, Kim et al. claimed to observe single or a very small number of charge-
transfer active 4-aminobenzenthiol (ABT) molecules based on a careful analysis of
the temporal SERS spectral features in an Au NP on Au film system.m] However, it
has been established that such temporal variations in signals can arise from a number
of factors other than SM-SERS.!"*! In a related development, Xia ef al. demonstrated

that SM-SERS detection can be achieved with an Ag-nanocube-on-Ag-film configura-
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tion but concluded that it only works because of the sharp edges of the cube compared
to a spherical NP."""*! Also they suggest that the higher enhancement factor (EF) of
~2x10® compared to an analogous system using spherical NP of ~9x10° is responsible
for their observation of SM-SERS. However, this contradicts to the work reported by
Le Ru ef al."® in which SM-SERS signals could be detected with EFs as low as 10°.
Hence, while the plasmonic properties of the NPOM configuration have been exam-

ined in some detail, its SM-SERS capability remains to be conclusively established.

Herein, we demonstrate that the SM-SERS detection is possible with the simplest case
of a spherical NP on a metallic surface. We use the bianalyte technique to provide a
conclusive proof of SM-SERS detection capability of the Au nanosphere on Au thin
film (AuNS-AuTF) system. In addition, we show that this AuNS-AuTF configuration
offers the SERS detection of a variety of chemicals including biomolecules, making it

extremely useful for biosensing, diagnosis and drug screening.

8.2 Experimental

Fabrication of the AuNS-AuTF configuration with various molecules

The AuTF was fabricated by thermal evaporation, as described in Chapter 6. In the
bottom-up approach (which will be described in the latter text), a pre-cut Au substrate
(approximately 5 mm X 5 mm) was immersed in the following solutions for 1 hr (in
the case of 4,4'-dimercaptostilbene (dithiol) only) or overnight to allow the formation
of a monolayer of probe molecules, unless otherwise specified. The following solu-
tions were used: 1 mM solution of dithiol in tetrahydrofuran (THF), 1 mM solution of
benzenethiol (BT) in ethanol, 1| mM solution of 4-mercaptobenzenthiol (MBA) in
ethanol, 1 mM solution of ABT in ethanol, 1 mM solution of 4-mercaptopyridine
(MPY) in ethanol, 1 mM solution of 4-cyanophenyl isothiocyanate (CYA) in ethanol,
10 mM solution of L-glutathione (GSH) in DI water, 1 mM solution of phenylalanine
(PHE) in DI water and 250 uM solution of L-tyrosine (TYR) in DI water. For the de-
tection of oxytocin (OT) using the bottom-up approach, OT was first dissolved in cit-
ric buffer solution (pH = 4.6, 0.1 M) at a concentration of 1 mM, and tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) was subsequently added to reach a
concentration of approximately 5 mM. The mixed solution was aged for 1-2 hrs in

order to activate the disulfide group, and then diluted to 250 uM in PBS solution, into
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which the Au substrate was immersed for 2—4 days. The Au substrates were subse-
quently rinsed with the corresponding solvents (DI water or ethanol) to remove excess
probe molecules from the surface. Then a drop (~20 pL) of AuNSs with the average
diameter of 100 nm was cast onto molecule-functionalized AuTF for a few minutes,
followed by rinsing and air-drying to remove unattached AuNSs. In the top-down
approach, 70 pL of 1 mM OT aqueous solution was mixed with 500 pL of 100 nm
AuNSs. After stirring overnight, the OT-functionalized AuNSs were separated by
centrifugation and redispersed in DI water. Then a drop (~20 pL) of these AuNSs was

cast onto clean AuTF, followed by the same treatment described above.

SM-SERS detection using bianalyte method

AuNS solution with a concentration of 0.0093 nM was incubated with a solution con-
taining both methylene blue (MB) and rhodamine 6G (R6G) at a concentration of 4
nM and 0.2 nM, respectively. The mixed solution was stirred for 2 hrs and then the
dye-functionalized AuNSs were separated by centrifugation and redispersed in DI
water. Then a drop (~20 pL) of these AuNSs was cast onto clean AuTF and followed
by rinsing and air-drying.

Simulation

The simulation was carried out by Tanya Hutter using the same parameters described

in Chapter 7.

Characterization

Raman spectra were acquired using a Renishaw inVia Raman system equipped with
an integral microscope. An objective with a magnification of 100x (Leica, NA: 0.85)
was used. Lasers with wavelength of 532 nm, 633 nm and 785 nm were used as the

excitation sources.
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8.3 Results and discussion

As illustrated in Figures 8.1a and b, the AuNS-AuTF configuration can be constructed
via two approaches: (I) a bottom-up approach: a monolayer of probe molecules is first
formed on the AuTF, and then the AuNSs are allowed to adsorb onto the monolayer;
(IT) a top-down approach: a monolayer of probe molecules is first adsorbed onto the
AuNSs, and then the molecule-functionalized AuNSs are adsorbed on top of the
AuTF. In both cases the gap distance between the nanoparticle and the surface is set
by the size of the adsorbed molecules. We first investigated the wavelength depend-
ence of enhancement in such a system in order to achieve the optimum conditions for
SERS. The bottom-up approach was chosen as it was more reproducible. We first
coated a monolayer of dithiol onto the AuTF fabricated on a silicon substrate by
thermal evaporation. The dithiol molecule was selected because of its rigid structure
and low susceptibility to chemical enhancement, which should allow studying exclu-
sively the contribution of electromagnetic enhancement. AuNSs of 100 nm in diame-
ter were then brought onto the dithiol-functionalized AuTF. The SERS measurements
were carried out by focusing the laser onto a single AuNS-dithiol-AuTF junction. The
EFs based on 8b-band (~1581 cm™) were 1.5x10°, 6.4x10° and 1.2x10° for excita-
tions of 532 nm, 633 nm and 785 nm, respectively (Figure 8.1c). The system was
modeled with the COMSOL Multiphysics software as a 100 nm AuNS on an AuTF
with a gap distance of 1.3 nm, corresponding to the size of the dithiol molecule.!"”
Figure 8.1d displays the field enhancement |E,/Ey| around a 100 nm AuNS on an
AuTF for p-polarized incident irradiation of 633 nm at an angle of 45° with respect to
the surface normal. The highest field enhancement is localized in the gap between the
AuNS and the AuTF, as expected. Because of the weak spectral dependence, we con-
sider the SERS enhancement as a scaling of £*. The average |Ey/E0|4 at angles of inci-
dence of both 0° and 45° for the three excitation wavelengths employed agree well
with the EFs obtained experimentally, as displayed in Figure 8.1c. Both simulation
and experimental results indicate that the highest SERS enhancement is achieved un-
der 633 nm excitation, which correlates well with the wavelength dependence of sin-
gle nanoparticle scattering in similar systems.[4’7] Therefore, the excitation of 633 nm

was used for the subsequent single molecule experiments.
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Figure 8.1 Schematic showing (a) the bottom-up approach and (b) the top-down ap-
proach to construct an AuNS-AuTF junction. (c) Experimental EFs and simulated
|Ey/E0|4 for excitations at 532 nm, 633 nm and 785 nm. (d) Simulated |E/E,| distribu-
tion at 633 nm around a 100 nm AuNS on AuTF with a gap distance of 1.3 nm with
633 nm excitation. p-polarized light at an incident angle of 45° was used.

To prove the SM-SERS detection capability of the AuNS-AuTF system we used the
bianalyte method.['*!181%) The bi-analyte method uses a mixture of two analytes with
similar chemical properties but contrasting Raman signals. If the SERS signals come
from either analyte more frequently than both analytes at the same time, indicating
their single (or very few) molecule origin. Note that recently isotopically edited
probes were demonstrated as the bi-analyte probes by Van Duyne and co-workers.!?"
Both analytes are expected to have the same adsorption properties, while still give
Raman spectra with measurable differences. Therefore, the isotopically substituted
dyes are considered as the ideal candidates for the bi-analyte technique. However, due
to not having such isotopically substituted dyes, we need to use two types of commer-
cially available dyes (MB and R6G) for our experiments. So, we initially carried out
measurements using MB and R6G via the bottom-up approach wherein a monolayer
of probe molecules was formed on the AuTF. However, this inevitably resulted in the
detection of a large number of molecules (many-molecule regime) due to their pres-
ence in the “hot-spot”. Hence the top-down approach was followed to reduce the
number of molecules adsorbed within the enhanced area. The experimental process is

described in Figure 8.2a. In a typical experiment, both MB and R6G molecules of the
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calculated amounts were incubated with the 100 nm AuNSs (final concentration of
0.0093 nM) in aqueous solution. The SERS spectra were collected from individual
AuNS at 633 nm excitation (incident power of 0.05 mW, integration time of 100 ms).
Initially the bi-analyte experiment was done on the sample with a MB : R6G molar
ratio of 1 : 1 and a final concentration of 4 nM for each analyte, corresponding to 430
molecules of each analyte per AuNS. The “hot-spot” (enhanced) area is calculated as
the area where the local enhancement |E/E0|4 is larger than ’/2|Emax/E0|4, where Epx 1S
the maximum local field amplitude." This gives the enhanced area as only 0.25% of
the total area of an AuNS for a separation of ~1.3 nm to the AuTF. Thus with the
above concentration only 1 MB and 1 R6G molecules are expected to be located
within the active volume. However, this ratio gave many more single-R6G events
than single-MB events (data not shown). This clearly indicates that the adsorption
efficiency of R6G is much higher than that of MB. Therefore the concentration of
R6G was adjusted to 20 times lower than MB to account for the limited adsorption of
MB. Out of ~500 spots examined with this ratio, 98 showed clear distinguishable
spectra and a histogram of the distribution of detection events for each of them is
summarized in Figure 8.2b. The different spectra corresponded uniquely to MB, R6G
and their mixture, as shown in Figures 8.2c-e. As the SERS signals originate from
either MB or R6G more frequently than from both analytes at the same time, we con-

clude that the AuNS-AuTF configuration is capable of detecting SM-SERS.
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Figure 8.2 (a) Schematic showing the SM-SERS experimental process using the bi-
analyte method. (b) Histogram displaying occurrences of single-dye and mixed-dyes
events. SERS spectra demonstrate three distinct events of observing (c) only MB, (d)
mixture of MB and R6G, (e) only R6G.

Having established the high detection sensitivity for the AuNS-AuTF configuration,
we sought to prove its ability for probing a variety of molecules (Figure 8.3). To ex-
amine the versatility of this system, we used it to detect BT, MBA, ABT, MPY and
CYA. Typical SERS spectra of each molecular species are displayed in Figure 8.3a.
The Raman peak assignments are in good agreement with the literature, and the de-
tailed assignments can be found in Tables A.1-A.5 in the appendix.[zl'zs] Characteris-
tic bands of benzene ring vibrations of BT, MBA and ABT can be clearly observed at
approximately 1075 cm™ (7a) and 1580 cm™ (8b). Apart from these two bands, ABT
shows some bands with b, symmetry (1140 cm™ (9b) and 1433cm™ (19b)) which are

known to possess charge-transfer activities and undergo blinking and fluctuation.!*!

In the case of CYA, the distinct y(N=C) mode was observed at 2221 cm™ .1}
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Figure 8.3 (a) SERS spectra of probing BT, MBA, ABT, MPY and CYA. (b) SERS
spectra of probing GSH, PHE and TYR. SERS spectra of probing OT via (c) the bot-
tom-up approach and (d) the top-down approach. The backgrounds have been sub-
tracted and the spectra are offset for clarity.

Furthermore since peptides and amino acids are important building blocks of living
cells, the study of which has an important role in biological sciences. Among various
techniques to acquire compositional and structural information of biomolecules,
SERS offers a very promising approach.**) It requires a simple sample preparation
process and consumes a very small amount of material, hence it is ideal for biochemi-
cal analysis. Compared to fluorescence-based techniques, it is label-free (there is no
need to stain), less susceptible to photobleaching and spectral overlap for multiple
labels. Thus, the application of SERS is rapidly growing in the field of biochemistry.
Here we demonstrate the detection of several biomolecules using the AuNS-AuTF
configuration, such as GSH, PHE and TYR, as displayed in Figure 8.3b. The detailed

27281 Some common

assignments can be found in Tables A.6-A.8 in the appendix.
features can be clearly identified, such as C—-C=N stretching mode, benzene ring vi-

brations, COO stretching mode and NH;" deformations.
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We also studied the detection of OT in both the bottom-up and top-down approaches.
The adsorption of OT in both cases had to be carried out differently as detailed in the
experimental section. The representative spectra are shown in Figures 8.3c-d, where
both similarities and differences of vibration bands can be clearly observed. The de-
tailed assignments can be found in Tables A.9-A.10 in the appendix.!****! The first
spectral feature worth pointing out is that the intensity of the SERS spectra obtained
using the bottom-up approach is approximately 5 times lower than that of the spec-
trum obtained using the top-down approach. This is due to the increase in separation
distance between the AuNS and the AuTF caused by the cleavage of S—S bridge and
the subsequent unfolding of the molecular structure in the bottom-up approach. In the
top-down approach, on the other hand, OT adsorbs onto the AuNS surface by a ran-
dom coil structure, resulting in a smaller separation distance.””” The distance depend-
ence in the AuNS-AuTF configuration leads to a difference in the enhanced electro-
magnetic fields the OT molecules exposed to.*”) The S-S bridge is of particular in-
terest because it gives additional information about the folding of OT structure. The
S-S stretching frequency depends on the torsion angle around the C—S bond adjacent
to the S-S bridge. Three bands at 493 cm™, 523 cm™ and 553 cm™ can be assigned to
GGG, TGG and TGT conformations, where the C—S—S—C torsion angle of 90° is rep-
resented as G and that of 180° is represented in T form.®” The characteristic doublet
of TYR is present at 813 cm™ and 847 cm™ in Figure 8.3d, but is much weaker in Fig-
ure 8.3c. It is a result of the Fermi resonance between the ring breathing mode and the
overtone of an out-of-plane ring bending vibration of the parasubstituted benzenes.*"
The ratio of the peak intensities is generally believed to indicate the state of the phe-
nolic group (free, hydrogen-bonded or ionised).[m The ratio here is 3, indicating a
free phenolic group. The analysis of amide bands (I and III) is useful to study the con-
formations in the polypeptide side-chains. However, the amide I band (~1660 cm™)
characteristic of a random coil structure can only be observed as weak shoulders at the
tail of TYR ring vibration bands between 1500 cm™ and 1650 cm™ (Figure 8.3d). In
addition, a weak feature at 1242 cm™ is assigned as the amide III band of a random
coil structure (Figure 8.3d). The weak intensities of amide I and III bands suggest that
the -CO-NH,— is close to parallel to the surface. While the absence of these bands in
Figure 8.3c indicates the unfolding of the OT structure causes the loss of the secon-
dary structure. The differences in the spectra described above are consistent with the

different methods of attachment used in the two approaches for sample preparation. In
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the bottom-up approach, the disulfide bond in OT had to be cleaved to achieve the
attachment to the Au surface while OT is probably in its native folded state in the top-

down approach.

8.4 Conclusions

In conclusion, we have demonstrated for the first time that the AuNS-AuTF configu-
ration is capable of detecting SM-SERS. We prove that spherical NPs on thin films
can give SM-SERS detection and sharp tips are not essential for this purpose. Fur-
thermore, we show that this configuration provides a convenient platform for SERS
studies of various types of molecules, such as dyes, thiols, peptides, amino acids and
proteins. We believe this system can find applications in a variety of fields including

chemical analysis, material science, biology and environmental monitoring.
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Conclusions and Future Work

Although the applications investigated in this thesis are varied, spanning from photo-
catalysis, electrochromism, to Raman spectroscopy, they share two common features:
they are based on metal oxides in the form of nanostructures, including nanoporous

structures and nanoparticles.

We started by applying our expertise in block-copolymer self-assembly to synthesize
nanoporous metal oxides. The initial attempt was carried out using a block-copolymer
directed sol-gel method. Well-ordered nanoporous tungsten oxide with good crystal-
linity was synthesized by using poly(isoprene)-block-poly(ethylene oxide) as a struc-
ture-directing agent in a sol-gel process. The nanoporous structure can be controlled
by altering the polymer-to-inorganic composition. We found that the photocatalytic
activity was maximized when the characteristic length scale of cylindrical pores was
approximately 20 nm. The presence of well-ordered nanopores reduces the diffusion
limitation on the organic compound into the tungsten oxide network, and hence im-
proves the photocatalytic performance. The present study could help to develop gen-
eral strategies for the improvement of devices based on tungsten oxide. In addition,
the nanoporous tungsten oxide can be used as a support for noble metal catalysts due
to its large pore size and accessible porous network. This was demonstrated by Zhao
et al. on Pt-loaded tungsten oxide nanotubes (300—1000 nm in diameter) showing an
improved photocatalytic activity.!'! Given the increased surface area in nanoporous
structure, we believe the photocatalytic performance can be improved further in our

system.

Electrochromism is a field that largely benefits from using nanoporous structured ma-
terials. The slow optical response resulting from the dense structure in conventional
electrochromic materials has been a major drawback of electrochromic devices and

hindered their practical applications. The gyroid morphology is an ideal candidate for
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solving this problem. We employed a simple replication strategy based on a gyroid-
structured polymer template derived from the microphase separation of poly(4-
fluorostyrene-r-styrene)-block-poly(p,L-lactide). The gyroid-structured vanadium ox-
ide was infiltrated via electrodeposition into the 10 nm voided channels. The results
demonstrated that the 3D interconnected gyroid structure and fully accessible
nanoporous network facilitated the penetration of electrolyte into the bulk of the mate-
rial, thereby greatly shortening the diffusion length of electrolyte ions, leading to a
fast coloration switching response. The 90 ms response time obtained is the fastest
switching speed ever achieved in a vanadium oxide based electrochromic device. Gy-
roid-structured vanadium oxide can be simply applied to devices where ion intercala-
tion processes play important roles, such as supercapacitors, lithium batteries and sen-
sors. Moreover, the analogous material systems such as inorganic metal oxides, con-
ducting polymers, metals as well as multicomponent material systems can be similarly
fabricated into a gyroid structure via various deposition techniques, for example elec-

trodeposition and atomic layer deposition.

While the electrochromic process can be characterized by monitoring transmission or
reflectance, an alternative approach to study this process at the molecular level is Ra-
man spectroscopy. By using Au nanoparticles as the Raman enhancer, in situ electro-
chemical-surface-enhanced Raman scattering (electrochemical-SERS) spectra of
molecules sandwiched between Au nanoparticles and metal oxide (vanadium oxide)
electrode were obtained. The variations of spectra in terms of Raman shifts and inten-
sities were correlated with the ion intercalation/extraction processes in the vanadium
oxide/electrolyte interface. This result is expected to inspire novel approaches for the

characterization of adsorption and reaction of molecules on metal oxide electrodes.

The sandwich geometry constructed by placing Au nanoparticles on top of metal ox-
ide surface inspired me to work on its reverse case, placing metal oxide nanoparticles
on top of a metal film. This led us to discover that a variety of metal oxide nanoparti-
cles with high refractive indices can act as antenna, coupling light into the gap be-
tween nanoparticles and the underlying Au film, exciting the surface plasmon reso-
nance of Au film. Thus, the Raman scattering signals of molecules located at the in-
terface is significantly enhanced. Given the wide-spread usages of metal oxides, metal

oxide nanoparticles enhanced Raman scattering (MONERS) therefore holds enormous
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potential in many fields involving metal oxides and their interfaces, such as catalysis,
photovoltaics and electrochemical energy storage and conversion systems. We dem-
onstrated an initial proof-of-concept experiment by directly monitoring an interfacial
photochemical reaction of an organic dye catalyzed by titania nanoparticles. This
work can be extended to analogous systems with different constituents, such as Ag, Al
and other nanoparticles with high refractive indices (e.g. Si nanoparticles). Studies on
materials with different optical properties can help us gain a comprehensive under-
standing of the system. In addition, this system can be optimized to improve the en-
hancement in two aspects. First, using nanostructured (including roughened) metal
substrates, which themselves possess a certain degree of enhancement. Second, using
metal oxide nanoparticles with sharp tips to improve the scattering. From the applica-
tion point of view, MONERS can also be applied to study many types of interfacial
phenomena, for instance, those in electrochemical systems, such as lithium batteries

and supercapacitors.

A side project derived from MONERS work was to construct an Au nanoparticle on
an Au film configuration. The SERS enhancement arises from the concentration of
electromagnetic field caused by the coupling between localized surface plasmon reso-
nance of Au nanoparticle and the propagating surface plasmon polaritons of the un-
derlying Au film. This simple geometry was proved to be an effective SERS substrate,

which was capable of detecting single molecule and a variety type of molecules.

I hope to have communicated in this thesis some interesting and practically useful ap-
plications employing nanostructured metal oxide materials. The work explored in this
PhD work has inspired a number of ideas that either have already been carried out
among the group or remain to be explored. For example, the electrochromic property
of gyroid-structured vanadium oxide has been successfully integrated into a superca-
pacitor device, as can be seen in Figure 9.1.) The highly ordered gyroid structure
with a high surface area and accessible pores is ideal for fast and efficient lithium ion
intercalation/extraction and faradaic surface reactions, which are proved to be crucial
for high energy and high power density electrochemical energy storage devices. The
supercapacitor devices fabricated from using gyroid-structured vanadium oxide elec-
trodes exhibit high capacitance and show an electrochromic colour change, indicating

the charge/discharge status of the capacitor. Moreover, the nanostructuring approach
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is being extended to some other materials and device applications. For example,
nanostructuring conducting polymers for building photovoltaic devices, nanostructur-
ing hematite for the application of water splitting. It would be interesting to see the
outcome of these further developments. Some collaborative work has also been initi-
ated with the aim of exploring the use of nanoparticle-on-plane configuration in bio-
logical science. For example, Au nanoparticles with 3D self-assembled plasmonic su-
perstructures kindly provided by Prof. Schliicker will be employed instead of spheri-
cal Au nanoparticles obtained commercially. These Au nanoparticles are composed of
80 nm Au core and multiple monodisperse 20 nm Au satellite particles, and encapsu-
lated with a protective glass shell. Up to ~2x10'° SERS enhancement can be achieved
in “hot spots” in the junction between the 80 nm Au core and the 20 nm Au satel-
lites.”! By placing such Au nanoparticles onto Au plane, the SERS enhancement can
be further increased due to the interaction of the localized surface plasmon of Au
nanoparticles and the propagating surface plasmon polariton of the Au plane. The
high SERS enhancement and easy functionalization of the glass shell will allow more

flexibility for the use in bioassay.
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Figure 9.1 (a) A Ragone plot of electrochemical energy storage devices and superca-
pacitor performances. (b) Schematic of a supercapcitor device based on two laterally
offset gyroid-structured vanadium oxide electrodes. (c¢) Cross-sectional SEM image of
a gyroid-structured vanadium oxide film on a FTO substrate. Photographs of an elec-
trochromic supercapacitor device displaying colour change upon charge and discharge.
(d) and (f) Charged state at £3.5 V for reverse polarity with green/grey reduced and
yellow oxidized electrode; (e) discharged green state at 0 V. (Adapted with permission

form ref. 2.)
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7 6

Figure 9.2 Synthesis of silica-encapsulated 3D self-assembled plasmonic superstruc-
tures: 80 nm Au nanoparticles (1) were incubated in a solution of Raman reporter
molecules (Ra), resulting in a self-assembled monolayer on the Au surface (2). An
ultrathin (~2—3 nm) silica shell (3) was coated by the condensation of sodium silicate.
The amino functionalization was achieved using a mixture of an alkylsilane and an
aminosilane, resulting in positively charged nanoparticles (4). Then negatively
charged 20 nm Au satellite nanoparticles (5) were attached onto the positively
charged core, yielding 3D plasmonic superstructures (6), which were then coated with
a silica shell (7). (Reprinted with permission from ref. 3.)
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Appendix

Approximate description of the modes: v, stretch; b, bend; 9, in-plane bend; y, out-of-
plane bend; m, wagging; t, torsion; 3, deformation, r, rock; tw, twist; s, scissor. For ring
vibrations, the corresponding vibrational modes of benzene and the symmetry species
under C,, symmetry are indicated.

Table A.1 Assignments of BT in Figure 8.3al"!

Raman shift (cm'l) Assignments

419 1(CC), 16a,

693 n(CH) + n(CS) + n(CC), 4b,
998 v(CC) +y(CCC), 18a

1022 B(CO), 12

1073 v(CS), 7a;

1470 v(CC) + o(CH), 19a,

1573 v(CC), 8b,

Table A.2 Assignments of MBA in Figure 8.3a !"!

Raman shift (cm™) Assignments

519 v(CCC), 16b,

1075 v(CS), 7a,

1175 d(CH), 9a,

1400 v(CC) + 8(CH), 19b,
1479 v(CC) + 8(CH), 19a,
1586 v(CC), 8b,

1712 v(CO)

Table A.3 Assignments of ABT in Figure 8.3a [

Raman shift (cm'l) Assignments

1006 vY(CC)+y(CCC), 18a
1076 v(CS), 7a,

1140 O(CH), 9b,

1188 d(CH), 9a,

1308 v(CC) + 6(CH), 14b,
1388 O(CH) + v(CC), 3b,
1433 v(CC) + 8(CH), 19b,
1471 v(CC) + 6(CH), 19a,
1583 v(CC), 8b,
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Table A.4 Assignments of MPY in Figure 8.3a 1*!

Raman shift (cm'l) Assignments

1001 v(ring breathing), 1a,
1053 B(CH), 18a,;

1090 B(CH), 18b,

1196 O0(CH), 9a,;

1452 v(C=C/C=N), 19b,
1571 v(CC), 8b,

1610 v(CC), 8a;

Table A.5 Assignments of CYA in Figure 8.3a [1.3.4]

Raman shift (cm'l) Assignments
1175 O(CH), 9a,
1238 v(CNC), 7a;
1593 v(CC), 8b,
2221 Y(N=C)

Table A.6 Assignments of GSH in Figure 8.3b"”!

Raman shift (cm™) Assignments

814 Vv(NC), 1(CH>)

836 b(COH), B(NCC)

929 b(CSH), r(CH,), v(NC)
1187 b(CH), w(CH,), v(NC)
1221 tw(CH,)

1250 w(CH,), b(CH), tw(CH,)
1452 b(CH,)

1531 O(NH), v(NC), v(CC)
1571 O(NH), v(NC), v(CC), 6(CO)
1600 Vasym(COO), r(CO0O)
1693 v(CO), B(CCO)

Table A.7 Assignments of PHE in Figure 8.3b!"%!

Raman shift (cm™)

Assignments

977

v(C—CO0)

1001 y(CC)+y(CCC), 18a,

1145 3(CH), 9by, Vasym(CCN)

1194 3(CH), 9a;, r(NH;")

1263, 1288 tw(CHy,)

1533 Bsym(NH3")

1569 V(CC), 8b2, Vasym(COO), Beym(NH3 ")
1601 V(CC), 8a1, Vasym(COO), Beym(NH3 ")
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Table A.8 Assignments of TYR in Figure 8.3b!""!

Raman shift (cm'l) Assignments

1111 r(NH3")

1143 S(CH), 9by, Vasym(CCN)

1191, 1214 d(CH), 9a;, r(NH3 ")

1239 B(COH)

1263, 1285 v(COH), tw(CH>)

1345 v(CN), 3(CH)

1442 v(CC) + 8(CH), 19b,, v(NH3")
1494 v(CC) + 8(CH), 19a,, s(CH,)
1536 Vasym(CO), Veym(C=C), Bsym(NH3")
1577 V(CQ), 8b2, Vasym(COO), Beym(NH3 ")
1621 V(C=C), Basym(NH3 )

Table A.9 Assignments of OT in Figure 8.3¢/*”]

Raman shift (cm™) Assignments

1136, 1169 3(CH), 9by, Vasym(CCN)
1204,1220 3(CH), 9a;, r(NH3 ")

1263 v(COH), tw(CH,), §(CCaH)
1336, 1375 v(CN), 3(CH)

1411 3(CH,)

1484 v(CC) + 3(CH), 19a;, s(CH,)
1534 Vasym(CO), Vsym(C=C), Bsym(NH3 ")
1575 v(CC), 8by, Bsym(NH3 )

1618 V(C=C), Basym(NH3 ")

1660 amide I random coil

Table A.10 Assignments of OT in Figure 8.3d"®"]

Raman shift (cm™) Assignments

493 v(SS) GGG

523 v(SS) TGG

553 v(SS) TGT

727 v(CS) Pc-T

794 Vasym(CSC)

813, 847 Tyr Fermi doublet

986 v(CC)

1020 v(CN)

1167 3(CH), 9by, Vasym(CCN)
1242 amide III random coil
1263 v(COH), tw(CH,), 6(CCaH)
1319 w(CH,)

1370 v(CN), 8(CH)
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1497 v(CC) + 6(CH), 19a;, s(CH,)
1529, 1555 Vasym(CO), Veym(C=C), Bsym(NHf)
1582 V(CC), 8b, Beym(NH3 ")

1619 V(C=C), Basym(NH3")

1653 amide I random coil
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